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v

Antibiotics have saved millions of lives and helped shape modern medicine. However, the 
emergence of multidrug-resistant pathogens has become a global health problem, and 
novel approaches to antimicrobial therapy are urgently needed.

Since their discovery in the early 1980s, antimicrobial peptides (AMPs) have attracted 
considerable interest as novel antibiotics. AMPs are produced by most living organisms and 
constitute the first line of defense against invading pathogens. AMPs display broad-spectrum 
antimicrobial activity, paired with rapid and selective bactericidal activity. Furthermore, 
they can display anti-biofilm, anticancer, anti-virulence, lipopolysaccharide-neutralizing, 
and immunomodulatory activities.

The aim of this volume of Methods in Molecular Biology: Antimicrobial Peptides is to 
provide basic and advanced laboratory protocols which would interest both the nonspecial-
ist researcher and the experienced researcher.

To this end, we have asked experts in the field to share some protocols used in their 
own laboratories. As a result, this book is divided in three parts: (1) inserted properties, 
design, synthesis and characterization of AMPs, (2) studying the interaction of AMPs with 
model systems or bacteria, and (3) assaying selected biological activities of AMPs.

Part one contains an excellent overview of antimicrobial peptides followed by protocols 
on design, synthesis, and characterization of AMPs by HPLC, NMR, as well as MS.

Part two describes a number of different techniques for studying the interaction of 
AMPs with model systems or bacteria, including fluorescence spectroscopy methods, circu-
lar dichroism, NMR, isothermal titration calorimetry, atomic force microscopy, patch-
clamp techniques, molecular dynamics, PCR, and many more.

Part three describes protocols for determining selected biological activities of AMPs, 
including minimum inhibitory concentration, anti-biofilm activity, anticancer activity, lipo-
polysaccharide and lipoteichoic acid neutralization, anti-virulence, anti-keratitis, and hemo-
lytic activity. AMP prodrugs are also covered.

I thank all authors for their excellent contributions, the series editor John M. Walker, 
and the editorial staff at Springer.

Finally, I’d like to thank past and present collaborators and students.

Copenhagen, Denmark� Paul R. Hansen 

Preface
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Paul R. Hansen (ed.), Antimicrobial Peptides: Methods and Protocols, Methods in Molecular Biology, vol. 1548,
DOI 10.1007/978-1-4939-6737-7_1, © Springer Science+Business Media LLC 2017

Chapter 1

Antimicrobial Peptides: An Introduction

Evan F. Haney*, Sarah C. Mansour*, and Robert E.W. Hancock

Abstract

The “golden era” of antibiotic discovery has long passed, but the need for new antibiotics has never been 
greater due to the emerging threat of antibiotic resistance. This urgency to develop new antibiotics has 
motivated researchers to find new methods to combat pathogenic microorganisms resulting in a surge of 
research focused around antimicrobial peptides (AMPs; also termed host defense peptides) and their 
potential as therapeutics. During the past few decades, more than 2000 AMPs have been identified from a 
diverse range of organisms (animals, fungi, plants, and bacteria). While these AMPs share a number of 
common features and a limited number of structural motifs; their sequences, activities, and targets differ 
considerably. In addition to their antimicrobial effects, AMPs can also exhibit immunomodulatory, anti-
biofilm, and anticancer activities. These diverse functions have spurred tremendous interest in research 
aimed at understanding the activity of AMPs, and various protocols have been described to assess different 
aspects of AMP function including screening and evaluating the activities of natural and synthetic AMPs, 
measuring interactions with membranes, optimizing peptide function, and scaling up peptide production. 
Here, we provide a general overview of AMPs and introduce some of the methodologies that have been 
used to advance AMP research.

Key words Antimicrobial peptides, Host defense peptides, Immunomodulatory function, Antibiofilm 
activity

1  Introduction

When two cationic antimicrobial peptides (AMPs), cecropins A 
and B, were identified in the hemolymph of silk moths in the early 
1980s [1], they were considered to be the primary mode of insect 
defense against invading pathogens. The subsequent discovery of 
magainins in Xenopus frogs [2] changed our view of these natural 
antibiotics, revealing that they are produced by vertebrates and 
other higher organisms. It has now been demonstrated that AMPs 
are produced by virtually every living organism [3] and they are 
considered an important first line of defense against invading 
pathogens [4, 5]. Generally speaking, these peptides have modest 

*Both authors are contributed equally to this work.
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direct antimicrobial activity under physiological conditions 
although there are exceptions (e.g., pig protegrin [6]), and syn-
thetic derivatives can be made with much greater potency. In 
mammals, natural AMPs are often produced by epithelial cells and 
they can be found in tissues, fluids, and at body surfaces such as the 
mucosa, which coincidentally are the same sites within the body 
that encounter a multitude of bacteria, both commensals and 
pathogens, on a daily basis [7]. In addition, AMPs are produced by 
various cells of the immune system, especially phagocytes, where 
they are present in granules. At sites of infection or inflammation, 
these phagocytic cells release their AMPs at concentrations that are 
likely high enough to directly target bacterial cells in the immedi-
ate vicinity [8].

While a diverse range of organisms produce AMPs, there are a 
number of common features that characterize these peptides. In 
general, AMPs are ribosomally synthesized polypeptide sequences, 
often produced as inactive pro-peptides that are processed into 
active antibacterial forms that typically range in size from 12 to 50 
residues [9]. A number of proteins (100–300 residues) also have 
the ability to inhibit bacterial growth or kill bacterial cells [7], and 
peptides with anionic sequences can be active under specific condi-
tions [10], but for the purposes of this overview, we will focus on 
the shorter cationic and amphipathic AMP sequences. The primary 
amino acid sequences of these AMPs are diverse and varied; how-
ever, they are characterized by an abundance of cationic residues 
(i.e., Arg and Lys) that confer a positive charge on these molecules 
at neutral pH [11]. In addition, AMPs typically have a high pro-
portion (up to 50 % or more) of hydrophobic amino acids [11]. 
These two features allow AMPs to fold (e.g., after interaction with 
membranes) into amphipathic secondary structures with the 
hydrophobic residues localizing on one side of the molecule and 
the cationic and polar residues appearing on the opposite face [12].

Online databases have been established as repositories of pep-
tides sequences with antibacterial properties [13–15]. The most 
extensive of these is the antimicrobial peptide database (APD) that 
was established in 2004 as a manually curated repository of natu-
rally occurring AMPs [16]. Since that time, more than 2600 AMP 
sequences from across all six kingdoms of life have been added [17]. 
The identification of new AMP sequences from natural sources 
remains an avenue of active research and reports of novel AMPs 
continue to appear in the literature. In addition, it has become 
widely appreciated that AMPs have other biological activities includ-
ing antiviral [18], anticancer [19], antibiofilm [20], and immuno-
modulatory activities [21, 22]. These additional roles for AMPs 
have stimulated continued interest into this class of molecule, and 
many of the techniques and methods used to study these processes 
are explored and discussed in chapters included in this book.

Evan F. Haney et al.
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Early studies of AMPs relied on purifying peptides from natural 
sources and assessing the antibacterial activity of these extracted 
samples. The disadvantage of this method is that it necessitates a 
large amount of raw biological sample to obtain modest quantities 
of peptide. For instance, to purify dermaseptin from the skin of 
Phyllomedusa sauvagii frogs, 1  g of dried skin was required to 
obtain only 40 μg of pure peptide [23]. Additionally, natural AMPs 
are often translated as larger precursor proteins, which are then 
proteolytically cleaved to generate the active AMP. For example, 
the human cathelicidin hCAP-18 is synthesized and stored intra-
cellularly as a larger preprotein [24] which is processed by prote-
ase-3 during secretion [25] to release the active form of the LL-37 
peptide. Interestingly, LL-37 can also be degraded by proteases at 
other sites in the body to generate alternative active forms of the 
peptide [26, 27]. Therefore, this posttranslational processing of 
AMPs makes it exceedingly difficult to purify these sequences from 
natural sources as the desired peptide may not be present in a 
unique and/or active form.

Fortunately, chemical synthesis of peptides has quickly become 
the preferred method for obtaining AMPs at high yield and purity. 
Solid-phase peptide synthesis is widely used to generate large quan-
tities of peptide using primarily Fmoc protecting groups on the 
elongating polypeptide chain [28]. Following cleavage from the 
solid-phase support, the AMP of interest is purified using reversed-
phase liquid chromatography, and the identity of the AMP can be 
confirmed by mass spectrometry. Since the activity of a peptide is 
directly related to its sequence, the potency of synthetic peptides is 
identical to natural peptides, and large quantities of highly pure 
AMPs can be quickly obtained at a reasonable price.

Synthesis of peptides offers several additional advantages to 
purification from natural sources. Since each amino acid is added 
sequentially to the AMP of interest, this allows researchers to pre-
cisely modify AMP sequences to modulate their antibacterial 
potency and investigate structure-activity relationships. In addi-
tion, synthetic peptides are not limited to the 20 naturally occur-
ring amino acids, and virtually any nonnatural amino acid can be 
inserted or mutated in an AMP to improve biological activity and 
stability. For example, substitution of two of the Arg residues in 
oncocin (an AMP derived from Oncopeltus antibacterial peptide-4) 
to ornithines increased the serum half-life of the peptide and 
improved the antibacterial potency against many Gram-negative 
pathogens [29]. Furthermore, synthetic chemistry provides the 
opportunity to use peptidomimetics such as all D-forms of AMPs 
[30] or sequences consisting of β-amino acids [31]. Peptidomimetics 
often retain the antimicrobial activity of the parent AMP molecule 
since general characteristics like positive charge and amphipathicity 
are preserved, but they are impervious to proteolytic degradation 
by enzymes [32].

1.1  Synthesis 
of AMPs

AMPs: An Intoduction
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In addition to synthetic peptides, many research groups have 
used molecular cloning technology to recombinantly express and 
purify AMPs. Conceptually, genetically engineering microorgan-
isms to synthesize peptides that kill them would seem to be a con-
tradictory proposition. However, this can be overcome by 
synthesizing AMPs with a large fusion partner that masks the anti-
microbial activity (and cleavability by intracellular proteases) of the 
recombinant peptide within the expressing cell. This fusion partner 
can then be cleaved from the AMP of interest and removed during 
subsequent purification. Examples of fusion partners that have 
been used to generate recombinant AMPs include SUMO [33], 
calmodulin [34], thioredoxin [35], and maltose-binding protein 
[36]. Another strategy involves genetically engineering eukaryotic 
yeast cells, such as Pichia pastoris, to produce the AMP of interest 
[37] since many AMPs are selectively toxic toward bacteria.

Various strategies have been used to identify novel AMP sequences 
or design peptides with enhanced activities. Some natural AMPs 
are actually the result of proteolytic cleavage of larger proteins 
which release the active peptide sequence. For instance, bovine lac-
toferricin is released from the iron-binding protein lactoferrin 
upon pepsin digestion in the gut [38], and pepsin hydrolysis of 
whey protein also releases AMPs with antimicrobial activity [39]. 
These studies suggest that AMPs could be generated in large quan-
tities as by-products from the food industry. This observation has 
led groups to search for AMP sequences in various other large pro-
tein molecules resulting in the identification of AMPs such as lac-
toferrampin from lactoferrin [40] and puroindoline from wheat 
endosperm [41]. Interestingly, AMPs have even been identified 
within larger antimicrobial proteins such as a helix-loop-helix pep-
tide that was proteolytically cleaved from hen egg white lysozyme 
[42]. Additionally, segments of larger proteins can serve as struc-
tural scaffolds to design novel AMPs from otherwise inactive 
sequences. For example, the membrane proximal region of the 
HIV glycoprotein, gp41, is a Trp-rich segment of the protein that 
interacts with the viral membrane at the interfacial region of the 
bilayer. Manipulation of this membrane-associated peptide scaffold 
to increase the overall positive charge and amphipathicity resulted 
in a new AMP sequence with antibacterial activity, whereas the par-
ent sequence was completely inactive [43].

Numerous reports aimed at optimizing AMPs for their antimi-
crobial potency have been reported in the literature (recently 
reviewed in [44, 45]). Often a small library of AMP derivatives are 
synthesized focusing on altering certain peptide characteristics 
such as increasing positive charge, hydrophobicity, or overall 
amphipathicity. This strategy has been applied numerous times 
with moderate success to incrementally improve the antibacterial 
activity of AMPs. Recent examples include AMPs based on trypto-

1.2  Identification 
and Design of Novel 
AMPs
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phan zipper-like β-hairpins [46], and mastoparan X derivatives 
[47]. Various computational tools have also been developed to 
help design AMPs, some of which are described in chapters in this 
book including the design of amphipathic α-helical peptides or 
orally active AMPs.

SPOT-synthesis of peptide arrays on cellulose membranes has 
allowed researchers to generate large libraries of synthetic peptides 
at a reasonable cost [48, 49]. To illustrate their usefulness, SPOT-
synthesized peptide arrays were used to generate a complete amino 
acid substitution library of a bovine bactenecin derivative [50]. All 
of these peptide derivatives were then screened against P. aerugi-
nosa to determine which substitutions improved the antibacterial 
activity and optimized peptides were generated which combined 
the most active substitutions resulting in AMPs with MICs as low 
as 0.5 μg/ml [50]. An extension of these methods involves the 
generation of quantitative structure activity relationships (QSAR) 
models that take into account hundreds of peptide sequences 
(based on so-called “descriptors” derived from the primary amino 
acid sequence that provide surrogates for secondary structure) and 
their antibacterial activities to generate computational models that 
accurately predict the antibacterial activity of peptides in silico. 
These models are then used to compute the antibacterial activity of 
thousands of virtual peptides to quite accurately identify novel 
AMPs with predicted enhanced antibacterial activity. This strategy 
was successfully employed to identify two novel AMPs, HHC-10 
and HHC-36, with potent and broad-spectrum activity against a 
wide range of multidrug-resistant bacterial isolates, as well as sys-
temic activity in mouse model infections [51].

AMPs are typically unstructured in aqueous solution but adopt an 
amphipathic conformation in the presence of a biological mem-
brane or membrane mimetics [12]. This ability to fold into an 
amphipathic structure is attributed to the abundance of cationic 
and hydrophobic amino acids that make up AMPs, and the specific 
membrane bound conformation is largely dictated by the primary 
sequence of the peptide. Numerous AMP conformations have 
been described, including α-helical, β-sheet, and extended and 
looped structures [52]. Some larger AMPs are stabilized by intra-
molecular disulfide bonds or by cyclization of the peptide back-
bone which limits the structural flexibility and maintains these 
peptides in a relatively restricted conformation [53]. Examples of 
AMPs from different structural classes are shown in Fig. 1.

Various methods have been used to study the structural charac-
teristics of peptides. Circular dichroism spectroscopy is a valuable 
method that provides information on the general conformation and 
structure of an AMP in solution as well as upon binding to micelles 
or vesicles. Recently it was demonstrated that CD spectroscopy could 
also be used to study the conformation of AMPs bound to whole 

1.3  Structure

AMPs: An Intoduction
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Fig. 1 Sequences and three-dimensional structures of selected AMPs from different structural classes. The 
human cathelicidin, LL-37, adopts an amphipathic α-helical conformation when bound to sodium dodecyl 
sulfate micelles [114]. Bovine lactoferricin (LFcinB), an AMP that is enzymatically released from the larger 
iron-binding protein, lactoferrin, adopts a β-sheet structure in solution [115]. Bovine indolicidin is a short 
13-residue AMP that adopts an elongated turn structure in the presence of dodecylphosphocholine (DPC) 
micelles [116]. Human beta-defensin-2 (HBD2) forms a triple stranded β-sheet with an α-helical N-terminal 
region [117]. In the primary amino acid sequences, cationic residues are highlighted in blue and anionic resi-
dues in red and disulfide-bonded Cys residues are denoted by a numerical subscript. Ribbon diagrams high-
light cationic residue in blue, anionic residues in red, hydrophobic side chains in dark gray and cysteine and 
disulfide bonds in gold. All other residues are colored in light green. The surface charge distribution represents 
the coulombic surface potential with the positively charged regions highlighted in blue, anionic regions in red 
and uncharged and/or hydrophobic regions appearing white. All the images were generated with Chimera 
molecular modeling software [118] version 1.10.2. PDB IDs for each peptide structure shown are 2K6O (LL-
37), 1LFC (LFcinB), 1G89 (indolicidin) and 1FQQ (HBD2)

Evan F. Haney et al.
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bacterial cells [54]. Oriented CD methods have been described which 
use macroscopically oriented membranes to determine the alignment 
of a peptide within a bilayer and provide important insights into the 
interactions between AMPs and lipid molecules [55].

To determine the high-resolution structure of polypeptides, 
two experimental techniques are available to researchers: nuclear 
magnetic resonance (NMR) spectroscopy and X-ray crystallogra-
phy. Unfortunately, most AMP sequences do not readily crystallize 
due to their small size and inherent flexibility in aqueous solution. 
On the other hand, NMR spectroscopy has proven to be an invalu-
able tool for studying the three-dimensional structures of AMPs 
and has provided important insights into how these peptides fold 
and interact with biological membranes [56]. NMR is an ideal 
method to determine the high-resolution structure of a given pep-
tide since they are relatively small molecules and their conforma-
tion can be solved using standard homonuclear proton NMR 
techniques of unlabeled peptide samples. The classical approach 
exploits nuclear overhauser effect spectroscopy (NOESY) to deter-
mine the inter-proton distance of the hydrogen atoms within a 
given peptide sample. If necessary, incorporation of NMR active 
nuclei such as N15 and C13 extends the structural information that 
can be obtained from NMR by providing probes for the nitrogen 
and carbon atoms within the peptide backbone. These can then be 
used in heteronuclear NMR experiments to probe the conforma-
tion of a peptide bound to larger lipid vesicles or they can give 
information regarding the orientation of a folded AMP within an 
oriented bilayer. In addition, NMR has provided structural insights 
into the molecular interactions between AMPs and bacterial cell 
components, such as lipopolysaccharides (LPS) [57].

AMPs exhibit a great number of fundamentally different activities, 
implying that there is no single target site or mechanism of action 
that is common to all AMPs. For bacterial species, the initial con-
tact with AMPs relies on an electrostatic attraction between the 
anionic molecules on the bacterial cell surface and the cationic resi-
dues within the AMPs. Specifically, AMPs are attracted to LPS 
found on the outer membrane of Gram-negative species and lipo-
teichoic acids from the cell wall of Gram-positive species. Once 
AMPs pass the bacterial cell wall, they interact preferentially with 
the negatively charged lipids found in bacterial cytoplasmic mem-
branes such as phosphatidylglycerol and cardiolipin [45]. AMPs 
displace the divalent cations that stabilize these phospholipids, 
resulting in membrane perturbation [58]. Due to their amphipa-
thic composition, AMPs also insert themselves within the bilayer, 
resulting in alterations to membrane structure, such as membrane 
thinning, changes in membrane curvature, and disruption of the 
bilayer permeability barrier [59].

1.4  Mechanisms 
of Action

AMPs: An Intoduction
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Several membrane-disrupting models have been described in the 
literature, such as the barrel-stave, toroidal-pore, aggregate, and 
carpet models. Briefly, in the “barrel-stave model,” AMPs insert 
within the bilayer by orienting their hydrophobic regions in the 
lipid core of the bilayer, forming a barrel-like transmembrane pore 
[60]. While this type of pore is widely described in the literature, 
there is very little evidence favoring this model for the cationic 
amphipathic peptides, and only the fungal peptide alamethicin is 
thought to form such a structure [60, 61]. In the “toroidal-pore 
model,” AMPs are proposed to insert within the membrane and 
cause the lipids within the bilayer to bend, forming a peptide-lined 
pore in which the AMPs associate with the polar head groups of 
the phospholipids. Magainins, protegrins, and melittin have been 
proposed to form pores using the toroidal-pore model [60], but 
again there is only modest support for the formation of such a 
toroidal structure, and molecular dynamics simulations of the 
interaction of these peptides with the membrane do not favor a 
formal peptide-lined toroidal channel but rather a series of discrete 
lipid-associated peptide molecules [62, 63]. The “aggregate 
model,” which our lab proposed [64], is a less formal model that 
indicates the formation of transient peptide-lipid aggregates that 
enable observed rapid current fluctuations in transmembrane con-
ductance as well as translocation of peptides across membranes. In 
the “carpet model” (and a variation termed the “detergent 
model”), AMPs fold into an amphipathic conformation and accu-
mulate on the membrane surface forming a carpet-like cover [65]. 
At a critically high concentration of AMP, the bilayer structure 
becomes disrupted (by either electrostatic or detergent effects) 
leading to the disintegration of membranes into smaller fragments 
or micelles [66]. Cecropins are insect-derived peptides that have 
been proposed to cause lysis via carpet-like mechanisms [67], but 
again there is little support for a sudden disintegration of biologi-
cal (cf. model) membranes, and in fact cecropin A is known to 
affect intracellular processes and alter transcription in E. coli at sub-
inhibitory concentrations [68]. Overall we still lack a cohesive 
model that explains how peptides alter the barrier properties of 
biological membranes.

While the initial peptide-AMP interactions rely on electrostatic 
forces, the effect of the peptides on the membrane differs depend-
ing on the biophysical properties of the peptide (secondary 
structure, amphipathicity, size, net charge, and oligomerization) 
along with the composition of the membrane [66]. In this context, 
a variety of techniques (many of which are highlighted in this 
book) can be used to better define AMP-membrane interactions, 
specifically peptide attachment, insertion, orientation, and translo-
cation. Many of these techniques rely on model membrane systems 
ranging from simple detergent micelles to vesicles containing 
phospholipids of varying head group and acyl chain composition. 
Model membrane studies can reveal important membrane interac-

1.5  Membrane-
Disrupting Models
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tions of AMPs; however, they represent bacterial membranes as 
simple bilayers and do not account for other bacterial surface 
domains, such as lipid rafts, membrane proteins and glycolipids 
[66]. To study more complex AMP and membrane/cell wall inter-
actions, confocal microscopy coupled with biotinylated or fluores-
cently labeled peptides can further uncover where AMPs localize in 
membranes and whether they possess bacterial penetrating proper-
ties. For instance, studies using biotinylated peptides have shown 
that magainin 2 binds to the cell surface, while buforin II accumu-
lates within the bacterial cytoplasm [69]. Other microscopic tech-
niques, such as electron microscopy [70] or atomic force microscopy 
[71], have been used to evaluate the effect of an AMP on the over-
all structure or the bacterial cell and/or evaluate morphological 
changes that might occur in the presence of peptide. Overall, these 
techniques provide insights into the involvement of specific mem-
brane components in peptide-membrane interactions.

Often forgotten is the fact that the membrane is the site at 
which important events occur that are required for viability includ-
ing cell wall biosynthesis and cell division. Thus, membrane per-
turbation by an AMP can have significant effects on these events. 
For example, lantibiotics, a class of post-transcriptionally modified 
AMP, are known to bind to a peptidoglycan precursor, lipid II, 
resulting in the inhibition of cell wall biosynthesis [72]. This is a 
known mechanism of action for several AMPs including the defen-
sins. Nisin is also known to cause membrane perturbation in a lipid 
II-dependent manner and interferes with cell wall synthesis by 
stimulating Staphylococcus autolysin, an enzyme known to hydro-
lyze the cell wall [73].

Many AMPs inhibit cellular functions at concentrations where they 
do not cause major damage to the cytoplasmic membrane but 
rather freely translocate across the bilayer [59]. It is therefore no 
coincidence that the signature compositions of AMPs are shared 
by so-called cell-penetrating peptides [74]. Once inside the bacte-
rial cell, AMPs can interact with intracellular targets, causing 
interference with important cellular and metabolic processes such 
as the inhibition of DNA, RNA, and protein synthesis as well as the 
inhibition of cytosolic enzymatic activity [45, 75]. Certain pep-
tides are known to target DNA and RNA. For example, fish pep-
tide pleurocidin inhibits macromolecular synthesis, affecting RNA 
and protein synthesis at lower concentrations [76]. Buforin II [77] 
and puroindoline [78] also bind directly to nucleic acids, presum-
ably due to their electrostatic attraction to the negatively charged 
phosphodiester bonds in the nucleic acid backbone.

As noted above, the targets of AMPs differ considerably, result-
ing in a diverse range of activities. Certain methods used for study-
ing the biological activities of AMPs are discussed below and 
summarized in Fig. 2.

1.6  Intracellular 
Targets

AMPs: An Intoduction
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AMPs were first recognized as antimicrobial agents. However, 
unlike conventional antibiotics that target specific bacterial pro-
teins or structures, AMPs have been proposed to have multiple 
targets, making them less likely to impose selective pressure on 
bacteria [59, 79]. Because of this, AMPs are considered to be 
excellent candidates for further development as a new class of anti-
microbials to combat the emerging threat of multidrug-resistant 
bacteria. Many in vitro screening methods exist for evaluating the 
susceptibility of a given organism to an AMP.  Determining the 
minimal inhibitory concentration (MIC), which is defined as the 
lowest concentration of the antimicrobial agent required to inhibit 
growth, is the gold standard method for determining and compar-
ing the efficacy of antimicrobials. The MIC is normally measured 
using agar or broth dilution methods, whereby a standardized 
inoculum of bacteria is incubated in serial dilutions of the agent of 
interest and special modifications are used for measuring peptide 

1.7  Antimicrobial 
Activity

Fig. 2 Summary of methods mentioned for evaluating different biological activities of AMPs. Generally, AMPs 
have been studied for their antimicrobial activity, but their antibiofilm, immunomodulatory, and anticancer 
roles are becoming more widely appreciated. The NMR structure of magainin 2 bound to DPC micelles (PDB 
ID—2MAG [119]) is shown for illustrative purposes
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MICs [80]. Agar disk diffusion testing is also often used for anti-
microbial susceptibility testing. In this method, bacteria are 
streaked onto agar to generate a bacterial lawn, and peptides are 
added to holes punched into the agar or to filter paper disks placed 
onto the agar surface. The AMP diffuses into the agar, inhibiting 
the growth of the bacteria which can be quantified as a “zone of 
inhibition” around the disk. While this method is cost-effective, it 
does not allow for the distinction of bacteriostatic and bactericidal 
agents, and the amount of AMP at the edge of the inhibition zone 
cannot be quantified.

While MIC measurements determine the susceptibility to an 
agent after longer incubation periods (16–20  h) [80], bacterial 
time-kill assays can determine short-term killing kinetics of a drug 
[81]. Thus, they can be used to determine concentration depen-
dence as well as time-dependent bactericidal activity of AMPs [81]. 
Bioluminescent bacteria can also be used to screen real-time killing 
by AMPs [82]. Moreover, fluorescent dyes paired with fluorescent 
microscopy or flow cytometry can be used to determine bacterial 
viability after exposure to AMPs. For example, propodium iodide, 
a DNA intercalating agent, is often used to detect perforated cells 
[83]. While the use of fluorimetric assays reveals lysis and cellular 
damage, they are often more challenging as they require specific 
expensive equipment (e.g., flow cytometry and fluorescent micro-
scope) and throughput is low; therefore, they are conducted less 
often.

It should be noted that the medium conditions used in these 
assays can dramatically alter the bacterial susceptibility to AMPs. 
For example, the presence of cations (Ca2+ and Mg2+), physiologi-
cal salt concentrations and serum can impede the activity of AMPs 
[84]. As a result, media that do not properly represent the host 
environment (e.g., phosphate buffer) may misrepresent the in vivo 
therapeutic potential of AMPs.

Biofilms are structured aggregates of bacteria that are highly resis-
tant to conventional antibiotics [85]. Biofilms represent a major 
growth state of bacteria in the environment and they contribute to 
as much as two thirds of all human infections [86]. Recently it has 
been shown that some AMPs possess antibiofilm activity that is 
independent of their antimicrobial activity against free-swimming 
(planktonic) cells. The concept that cationic peptides could serve as 
antibiofilm therapies first arose when LL-37, at one 16th its MIC, 
was shown to inhibit Pseudomonas aeruginosa biofilm formation as 
well as disperse preformed biofilms [87]. This led to an explosion of 
research aimed at identifying agents (both naturally occurring and 
synthetic) with antibiofilm potential [30, 88–90]. Many of the best 
antibiofilm peptides inhibit and dissipate biofilms at concentrations 
well below their MIC against planktonic cells, implying a mecha-
nism of action that is distinct from the antimicrobial activity. 

1.8  Antibiofilm 
Activity
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Mechanistic studies have shown that the antibiofilm activity exerted 
by synthetic bactenecin derivatives is due to the peptide targeting 
for degradation the stringent stress response signaling molecule, 
guanosine tetraphosphate (ppGpp) [89]. Under nutrient limiting 
conditions, bacteria produce ppGpp and this conserved response 
has been proposed as being required for the initiation and mainte-
nance of protective biofilms. By targeting ppGpp, AMPs not only 
prevent biofilm formation and cause dispersal of preformed bio-
films, but they also make bacteria more susceptible to conventional 
antibiotics [91]. Intriguingly, since the stringent response is highly 
conserved, antibiofilm peptides have very broad-spectrum activity.

Interest in antibiofilm compounds is intensifying since it is 
widely appreciated that biofilms contribute to a significant number 
of clinical infections. As a result, a number of techniques have been 
described to assess the antibiofilm activity of an AMP against bio-
films formed by various pathogenic bacteria. The simplest method 
to quantify biofilm growth uses crystal violet dye to stain biofilm 
mass attached to plastic surfaces and evaluate the reduction in 
amount of biofilm in the presence of an AMP [92]. This approach 
can be used to determine the lowest concentration of a peptide 
required to inhibit biofilm formation or minimal biofilm inhibitory 
concentration (MBIC). Other static biofilm assays include the 
Calgary Biofilm Device and the BioFilm Ring test [92]. The 
Calgary Biofilm Device comprises of a 96-well dish with a lid con-
sisting of 96 pegs to which biofilms adhere and grow [93]. Crystal 
violet can then be used to quantify the adherent biofilm mass on 
the pegs. In the BioFilm Ring test, bacterial biofilms are grown in 
the presence of magnetic beads ultimately immobilizing them, and 
the biofilm production can be measured by determining the mobil-
ity of the remaining beads [94]. However, all of these static meth-
ods measure attachment to and growth on surfaces that are limited 
by access to fresh growth medium, have high backgrounds 
(attached non-biofilm cells and cell components), and involve fairly 
immature biofilms, so they are not ideal for assessing biofilm inhi-
bition. The colony biofilm assay [95] can also measure antibiofilm 
activity of AMPs by growing biofilms on peptide-infused agar, but 
there is some question as to the validity of bacterial colonies as a 
biofilm model. Antibiofilm activity can also be assessed using flow 
cell instruments coupled with confocal imaging which better visu-
alizes biofilm attachment and growth in the presence of AMPs, but 
this has relatively low throughput [89].

How antimicrobial peptides work in vivo has remained a subject of 
debate since their antimicrobial activity determined under in vitro 
conditions often does not reflect physiologically relevant conditions 
(divalent cations and polyanions found in blood and organs) which 
severely reduce antimicrobial activity [21]. For example, the activity 
of LL-37 is strongly dampened in media with ionic composition 

1.9  Immuno
modulatory Function
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similar to that found within the human body [84]. Furthermore, 
while defensins have demonstrated membrane permeabilizing activ-
ity under in vitro model membrane assays, their antimicrobial activ-
ity is generally very weak under physiologically relevant salt 
conditions [59]. Despite these findings, the therapeutic efficacy of 
AMPs has been demonstrated in several animal models, inferring 
that AMPs may have a different mode of action in vivo. This con-
cept is best illustrated by the activity of the synthetic peptide, IDR-
1. This peptide offered protection in several murine Gram-negative 
and Gram-positive infection models, despite being an ineffective 
antimicrobial agent (MIC > 128 μg/mL) [96]. This protection was 
shown to be due to IDR-1 selectively enhancing monocyte che-
moattraction while also reducing harmful proinflammatory 
responses [96].

Several other studies have shown that AMPs are capable of 
favorably modulating and enhancing the host immune response 
[21]. One major immunomodulatory activity of AMPs is their 
ability to stimulate cellular recruitment by promoting expression of 
chemokines by leukocytes [97]. Interestingly, AMPs and certain 
chemokines have strong similarities in that they are amphipathic 
cations and at sufficiently high concentrations, AMPs can exhibit 
direct chemokine activity [98]. Another important feature of 
AMPs is their ability to modulate proinflammatory responses by 
interfering with TLR-ligand-induced proinflammatory pathways 
[99]. Controlling inflammatory pathways may be beneficial during 
bacterial infections where excessive inflammation and cytokine 
production result in organ failure and septic shock syndrome [75]. 
Certain AMPs also possess wound healing capabilities by promot-
ing the production of restructuring metalloproteinases and epithe-
lial cell metabolism as well as the migration of epithelial and 
keratinocyte cells [100, 101]. AMPs can also promote cellular dif-
ferentiation of macrophages and dendritic cells, resulting in the 
polarization of immune responses including activation of adaptive 
immunity [102, 103]. Interestingly, LL-37, despite its weak anti-
microbial activity (but moderate antibiofilm activity), possesses all 
of these immunomodulatory activities and is often referred as a 
“host defense peptide” [84]. Similarly, the 12-amino acid innate 
defense regulator peptide IDR-1018 has optimized broad immu-
nomodulatory activities, resulting in protection in numerous ani-
mal models, as well as excellent antibiofilm activity [21]. Because 
of their ability to modulate the host immune response, some pos-
tulate that this immunomodulatory activity is the most biologically 
relevant function of natural AMPs [104].

Peptide-induced chemotaxis can be investigated using 
Transwell or Boyden chamber assays that study leukocyte migra-
tion in vitro [105]. Furthermore, enzyme-linked immunosorbent 
assays (ELISAs) can be used to quantify specific chemokine and 
cytokine production profiles from various peptide-stimulated cell 
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lines and primary cells [106]. Additionally, many of the signaling 
pathways and transcription factors dysregulated by peptides have 
been studied using transcriptomics (RNA-seq, microarrays, sophis-
ticated bioinformatics) [96, 107]. Finally, chemical inhibitors [96] 
or small interfering RNAs (siRNAs) are often employed to silence 
suspected pathways and verify molecular targets.

Along with the various host-targeted activities, certain AMPs are 
cytolytic towards tumor cells and, as a result, are also referred to as 
anticancer peptides (ACPs). Since tumor cells typically grow more 
rapidly than healthy cells, conventional chemotherapy treatments 
target rapidly dividing cells. Unfortunately, these drugs negatively 
impact all rapidly dividing cells throughout the body often result-
ing in hair loss, mucositis (inflammation of digestive tract), throm-
bocytopenia, and myelosuppression [66]. On the other hand, 
ACPs exhibit specific toxicity toward cancer cells, which makes 
them attractive as potential chemotherapeutics. The preferential 
killing of malignant cells is due to electrostatic interactions between 
ACPs and cancer cells. Malignant cells possess a strong overall neg-
ative charge on their cell surface due to the presence of anionic 
molecules (i.e., heparin sulfate, O-glycosylated mucins, sialylated 
gangliosides, and phosphatidylserine) [19, 66]. Conversely, nor-
mal healthy mammalian cells are very weakly anionic due to their 
high zwitterionic phospholipid content. Furthermore, while can-
cer cell membranes are exceptionally fluid, allowing ACPs to pen-
etrate [108], healthy mammalian cell membranes contain a large 
amount of cholesterol, which makes their membranes more rigid 
and blocks the entry of ACPs [66]. Despite the specificity of ACPs 
for cancer cells however, some peptides can exert broad cytotoxic 
effects on mammalian cells as observed with melittin [109] and 
defensins [110].

Cytotoxicity can be assessed using a variety of colorimetric 
assays such as the tetrazolium dye methylthiazolyldipohenyl tetra-
zolium bromide (MTT) or water-soluble tetrazolium (WST)-1 
and lactate dehydrogenase (LDH) assays. The WST-1 and MTT 
assays both measure metabolic activity by quantifying the activity 
of enzymes required for cellular proliferation and respiration, 
respectively [111]. The LDH assay measures cytolysis of eukary-
otic cells by quantifying the release of cytosolic lactate dehydroge-
nase [112]. Hemolysis assays can also be employed to measure the 
hemolytic activity of an AMP on erythrocytes.

AMPs are thought to interact with cancer cells using analo-
gous membranolytic mechanisms to those exerted on bacteria. 
Permeation via membranolytic events can also result in mitochon-
drial disruption resulting in swelling and release of cytochrome C, 
eventually leading to apoptosis [113]. Interestingly, not all AMPs 
target cancer cells and the properties that make certain AMPs 
active against malignant cells are unknown [66].

1.10  Anticancer 
Activity
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2  Concluding Remarks

The emergence of multidrug-resistant strains of pathogenic bacte-
ria coupled with a dwindling supply of antibiotics presents an 
urgent need to develop new classes of antimicrobial agents. The 
potential of AMPs as a prospective solution to this impending 
health crisis has led many research groups to study these peptides 
and understand how they exert their antimicrobial and immuno-
modulatory activities. A number of experimental techniques have 
been used over the years to study AMPs which has dramatically 
improved our understanding of how these peptides exert their 
antibacterial effects. In this volume of Methods in Molecular 
Biology, a number of these methodologies are described covering 
a diverse range of topics including synthesis and design of AMPs, 
structural characterization of AMPs, assessment of antimicrobial 
activity, and elucidation of the mechanism of action for a given 
sequence. In addition, some AMPs and peptides related to AMPs 
exhibit additional biological activities including antibiofilm, anti-
cancer and immune modulation, and experimental techniques 
employed to study these additional roles are also highlighted.
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Chapter 2

Tools for Designing Amphipathic Helical  
Antimicrobial Peptides

Davor Juretić, Damir Vukičević, and Alessandro Tossi

Abstract

Methods are described for the design of amphipathic helical AMPs, to improve potency and/or increase 
selectivity with respect to host cells. One method is based on the statistical analysis of known helical AMPs 
to derive a sequence template and ranges of charge, hydrophobicity, and amphipathicity (hydrophobic 
moment) values that lead to broad-spectrum activity, but leaves optimization for selectivity to subsequent 
rounds of SAR determinations. A second method uses a small database of anuran AMPs with known 
potency (MIC values vs. E. coli) and selectivity (HC50 values vs. human erythrocytes), as well as the con-
cept of longitudinal moment, to suggest sequences or sequence variations that can improve selectivity. 
These methods can assist in the initial design of novel AMPs with useful properties in vitro, but further 
development requires knowledge-based decisions and a sound prior understanding of how structural and 
physical attributes of this class of peptides affect their mechanism of action against bacteria and host cells.

Key words α-Helical AMPs, Anuran AMPs, Amphipathicity, Hydrophobic moment, Longitudinal 
moment, D-descriptor

1  Introduction

Given their potential for helping to meet the current antibiotics resis-
tance crisis, a lot of effort has been spent on the redesign of natural 
or design of artificial antimicrobial peptides (AMPs) to improve their 
therapeutic applicability. Methods vary from simply tinkering with 
natural sequences to improve potency, selectivity, and/or bioavail-
ability to de novo design using complex computational and QSAR 
methods analogous to those applied for small molecule drugs [1]. In 
this chapter, we present two methods that our groups have applied to 
derive novel amphipathic helical AMPs, based on the analysis of mul-
tiple sequences of natural AMPs that have maintained or converged 
to this structure in their evolution [2].

The first method is based on the use of a sequence template 
derived from the statistical analysis of aligned sequences of helical 
AMPs from widely different species. This analysis, apart from 
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allowing to extract conserved structural motifs, suggested 
appropriate value ranges for some simple physicochemical attributes 
(charge, hydrophobicity, amphipathicity). The template has guided 
the design of novel peptides using either natural or non-
proteinogenic amino acid residues [2–4]. It does not rely on com-
plex computational algorithms and is aimed at obtaining lead 
sequences with useful, broad-spectrum in vitro antimicrobial activi-
ties, which then need to be refined for other required attributes 
(selectivity, stability, bioavailability, etc.) in subsequent rounds of 
syntheses and SAR analysis [5, 6]. The second method comple-
ments the first, with a more sophisticated analysis of sequence char-
acteristics, taking into account positional frequencies of residues 
with respect to one another and residue frequencies related to selec-
tivity [7]. This method required the creation of a database of anuran 
AMPs with quantified antimicrobial and cytotoxic activities, also to 
allow predicting a selectivity index (SI). An algorithm based on the 
longitudinal asymmetry of residue hydrophobicity (longitudinal 
moment), which appears to be significantly related with selectivity, 
is used in this prediction process. This method can be used either to 
design AMPs de novo or suggest mutations to existing AMP 
sequences that might increase their selectivity [7–9].

The design of AMPs in any case necessitates knowledge-based 
decisions that in turn require a sound prior understanding of how 
structural and physical attributes of this class of peptides affect 
their mechanism of action against bacteria (mainly, but not only, 
membrane effects) and cytotoxic activity against host cells. In this 
respect, peptides of the amphipathic α-helical structural group are 
by far the most studied and best understood among AMPs, and 
within this group, those of anuran origin are preponderant.

2  Tools

AMP design requires the collection of various types of data: pep-
tide sequences, quantitative measures of biological activities, and 
amino acid and peptide physical attributes. Databases that contain 
these data and the computational tools needed to extract them are 
often freely available online. Unfortunately, these resources are fre-
quently subject to site changes or discontinuation, if not curated 
with constancy.

There are several databases dedicated to AMP sequences, some spe-
cific to particular types of organisms, and others, more general.

	 1.	A comprehensive list of these has been assembled [10] and a 
tool is provided for obtaining a set of nonredundant sequences 
from them (http://mobiosd-hub.com/doveranalyzer/). It 
provides some such sets, which include sequences from some 
of the older databases that are no longer available.

2.1  AMP Sequence 
Databases
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	 2.	Among the more general AMP databases that are currently 
available, APD3 [11] provides over 2600 natural peptide 
sequences (http://aps.unmc.edu/AP/main.php), while 
DBAASP [12] provides sequence, structural, and functional 
information for thousands of natural and synthetic AMPs 
(http://dbaasp.org). The DADP database provides about 
2000 sequences for anuran peptides [13].

	 3.	Alternatively, one can assemble one’s own database by search-
ing the large institutional databases such as UniProtKB, using 
appropriate keywords. In this respect, rather than carrying out 
text searches using terms such as “antimicrobial,” “antibacte-
rial,” “antifungal,” “bactericidal,” etc., one could first use the 
corresponding available UniProt keyword, such as 
“Antimicrobial [KW-0929],” “Fungicide [KW-0295],” 
“Amphibian defense peptide [0878],” and Defensin [0211], 
as this significantly focuses the search.

Selection of sequences for deriving templates does not require that 
these be accompanied by quantitative activity data, if the design 
method aims to obtain a generic antimicrobial activity; their pres-
ence in a dedicated AMP database may be a sufficient criterion. If 
selectivity is required of the design method, then quantitative and 
comparable activity data should be associated with peptide 
sequences used to develop it.

	 1.	While some biological activity data is provided in AMP 
sequence databases, it is generally necessary to follow the asso-
ciated literature entries and carry out comprehensive literature 
surveys in PubMed to obtain these data from the original 
literature.

	 2.	Data should be collected for a statistically useful number of 
sequences (at least 30 for each training and testing data sets) so 
it is advisable to seek the most common antimicrobial activity 
estimate; MIC is determined by the serial dilution method. 
Nonetheless, sufficient data may be available only for the most 
frequently used bacterium: Gram-negative E. coli (for the next 
most frequent, Gram-positive S. aureus, MIC data is signifi-
cantly less abundant). Always verify that a comparable bacterial 
load (CFU/ml) and similar medium conditions were used to 
determine the MIC (see Note 1).

	 3.	Cytotoxic activity is assessed in terms of HC50, as the hemolysis 
assay is by far the most frequent assay used for AMPs. Even so, 
it is the limiting data item, as it is tenfold less abundant than E. 
coli MIC values. Always verify that comparable cell loads and 
conditions were used (see Note 2).

	 4.	The ratio of hemolytic to antibacterial activity provides a com-
monly used selectivity index, SI = HC50/MIC (see Note 3).

2.2  AMP 
Activity Data
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Helical AMP features most often used in SAR studies are net charge, 
mean (per residue) side-chain hydrophobicity (<H>), and mean 
hydrophobic moment (amphipathicity, <μH>). The amplitudes of 
the polar and hydrophobic sectors (angles subtended on a helical 
wheel projection; see Fig. 1a, c), which are related to the amphipa-
thicity, may also be considered. Another relevant parameter, the 
propensity for helix formation (α), can be predicted, but then 
requires experimental verification (normally CD spectroscopy).

	 1.	There are many different side-chain hydrophobicity index (Hi) 
scales, in the AAindex database (http://www.genome.jp/
aaindex) [14] that can be used to calculate <H> and <μH>. 
Note that Hi values vary quite markedly in different scales. For 

2.3  Tools 
for Determining 
Peptide Attributes 
and Improving 
Selectivity

Fig. 1 Sequence and physicochemical attributes that can contribute to the potency and selectivity of helical 
AMPs. (a) Polar and hydrophobic sectors should be well separated on a helical wheel projection. The size of 
the sector is given by the angle it subtends (N° if AA in the sector × 20°); (b) <H> and <μH> are determined 
by using hydrophobicity index (Hi) scales; the normalized consensus CCS scale is shown [15]. <H> = Σ(Hi)i/N 
where N is the number of residues; (c) <μH> is the sum of vectors with scalar values equivalent to the Hi 
values for each side chain and orientation as on a helical wheel projection. Polar residues (negative Hi) point 
toward the helix axis, hydrophobic one away from it (see equation). (d) Method for calculating the longitudinal 
asymmetry moment <λH> [7] [see equation and Subheading 2.3, item 5]; (e) AA selectivity scale determined 
from a set of anuran helical AMPs with high SI values [7]; (f) equations for calculating <μH> and <λH>, Hn is 
the hydrophobicity index scalar value, N is total number of residues, n is the position, δ is the angle between 
vectors (100° for calculating <μH>); Qn is the averaged hydrophobicity of the sequence environment [7] (see 
Subheading 2.3, item 5 and [Notes 5 and 6])
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our initial sequence template, we used an ad hoc developed 
consensus scale based on 150 such scales (CCS scale; see 
Fig. 1b) [15].

	 2.	Several online tools quantify <H> and <μH> based on sequence 
and presumed helical or other conformations (e.g., 
HydroMCalc at http://splitbioinf.pmfst.hr/HydroMCalcV/ 
HydroMCalc.html and HELIQUEST at http://heliquest.
ipmc.cnrs.fr) [16] and provide helical wheel projections. Values 
depend markedly on the chosen Hi scale. The comparison of 
<H> or <μH> determined with different scales is meaningful 
only for normalized scales (see Note 4). One can also use the 
equation in Fig. 1f to set up an Excel spreadsheet ad hoc to 
calculate <μH> (see Note 5).

	 3.	To obtain polar or hydrophobic sector angles, first define the 
sector size in terms of the number of continuous adjacent resi-
dues of the each type on a helical wheel projection and then 
multiply by 20° (see Fig. 1a).

	 4.	Helix propensity can be predicted using applications such as 
Quark, which provides 3D models from peptide sequences 
[17]. Once peptides are synthesized, helix stability can be 
quantified in terms of the helix content as determined by CD 
spectroscopy under favorable conditions (e.g., in 50 % trifluo-
roethanol): a q q q a q= [ ] - [ ]( ) [ ] - [ ]( )TFE H O H O2 2/ . q[ ]H O2  is 
the molar per/residue ellipticity in aqueous solution at 222 nm 
(predominantly random coil form), and [θ]α is that of a per-
fectly helical peptide of the same size. Accounting for end 
effects, [θ]α can be calculated by the method of Chen; 
[θ]α = 39,000(1 − n/4) deg/cm/dmol where n is the residue 
number of residues and 39,000 molar per/residue ellipticity 
value with no end effects (perfect infinite helix) [18].

	 5.	A prediction of AMP selectivity for anuran or anuran-like pep-
tide sequences is made by the D-descriptor algorithm. It can 
be obtained as a first output of the Mutator tool (http://
split4.pmfst.hr/mutator), which then also suggests single or 
double mutations to improve it (see Subheading  3.3). The 
underlying algorithm first uses a sliding window to calculate 
mean hydrophobicity Qn at each position (sequence environ-
ment) (see Note 6). It then bends the sequence into a 90° arc 
so that peptide N-terminal is at the y-axis and its C-terminal at 
the x-axis. A vector is associated with each amino acid so that 
its direction points away or toward the origin of the coordi-
nate system depending on the arc and the Qn sign, while its 
length is equal to the Qn value (see Fig. 1d). Vector summa-
tion includes a weighting procedure giving greater weight to 
amino acids closer to N-terminus. This allows extracting a 
single vector, the longitudinal moment (<λH>), whose direc-
tion (the angle with respect to the x-axis) and size preserves 

Tools for Designing AMPs

http://splitbioinf.pmfst.hr/HydroMCalcV/
http://split4.pmfst.hr/mutator
http://split4.pmfst.hr/mutator


28

the lengthwise asymmetry information and encapsulates the 
sequence hydrophobicity profile. We found that SI correlates 
best with the cosine of the angle between longitudinal 
moments calculated using the scales of Janin and of Guy (see 
Note 7) [1, 7].

3  Methods

The template shown in Fig. 2a was originally developed from the 
alignment of over 150 helical AMP sequences from both vertebrate 
and invertebrate animals (mostly insects, frogs, and mammals) pres-
ent in the AMSDb database (now discontinued). Many more are 
now available. Sequences were aligned simply from the N-terminus, 
based on the observation that >70 % of helical AMP sequences had 
a conserved Gly residue at this position. With more focused 
sequence collections (such as related families of anuran AMPs [13] 
or mammalian helical cathelicidins [19]), internal conserved 
sequence motifs can also be used for pegging the alignment.

	 1.	The template has been successfully used to design AMPs with 
as few as 13 residues. Normally, 18 residues were considered (a 
full helical wheel). Gly was placed at the C-terminus, and a 
further Tyr residue was added at the C-terminus to allow a 
more accurate spectrophotometric quantification without 
interference in CD spectra [3].

3.1  Basic Sequence 
Template Method

Fig. 2 Sequence template obtained from a set of over 150 helical AMPs of vertebrate and invertebrate animal 
origin. (a) The template is shown on a helical wheel projection. Hlc = HydrophiLiC, the type of polar residue 
most frequently found is indicated (cationic +, anionic− or neutral 0); Hbc = HydrophoBiC; Xaa = undefined/
variable position, Gly and Pro are frequently found here; (b) net charge distribution among the analyzed helical 
AMPs; (c) relative amphipathicity (<μHrel>) for the analyzed AMPs. Amphipathicity was determined assuming 
that the considered peptide segment was perfectly helical, with no end effects or contribution for N- and 
C-terminals. Note that most AMPs fall between 0.3 and 0.6 range (30–60 % the amphipathicity of a perfectly 
amphipathic peptide composed only of nine Arg and nine Phe, with the maximum and minimum Hi in the CCS 
scale, μH = 6.4)
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	 2.	Charge is modulated by altering the ratio of cationic, anionic, 
and neutral polar residues in hydrophilic (Hfc) positions, as 
suggested by the template (see Note 8). This can be done with-
out markedly altering μH, if residues with similar Hi values are 
used (e.g., R/K, E/D, and Q/N are all within the −10 to −6 
range in the CCS scale; see Fig. 1b). Statistically, a charge of 
4+/5+ was most frequent among considered AMPs (see 
Fig. 2b). The template allows for >9+, but in that case, electro-
static repulsion in the polar sector reduces helix-forming pro-
pensity (see step 5).

	 3.	<H> is modulated either by altering nonpolar residues (Hi 
variation is much wider for these, ranging from −1 to +10 in 
the CCS scale; see Fig.  1b) or by altering the width of the 
hydrophobic sector using variable positions 7 and 14 (Xaa; see 
Fig. 2a). Natural helical AMPs tend to have about 50 % hydro-
phobic residues, and <H> tends to be close to 0 or slightly 
negative [2, 4, 20].

	 4.	Amphipathicity is also modulated mainly by altering the hydro-
phobic sector as described in step 3. Note that a relative 
amphipathicity (<μHrel>) of 0.5–0.6 is sufficient for good 
activity [4, 20] (see Note 9).

	 5.	Helix-forming propensity can be modulated in several differ-
ent ways. To increase it, one can place helix-favoring residues 
in the hydrophobic sector (aminoisobutyric acid is most often 
used but aminocylcopentanecarboxylic acid is even better 
[21]). This may be required to counteract the destabilizing 
effect of electrostatic repulsion in the polar sector, if the pep-
tide’s charge is required to be very high. To decrease helix 
stability/propensity, the helix-destabilizing residue Pro can be 
placed at one or more interface positions 7, 13, and 14, or 
d-amino acids can be placed in either or both the polar/hydro-
phobic sectors (see Note 10). Introducing Gly at one or more 
of the interface positions (e.g., 7 or 14) increases helix flexibil-
ity, but with differing effects on biological activity, depending 
on the position [6].

This template has been successfully used to design peptides 
with a potent and broad-spectrum antibacterial activity, which in 
some cases is extended to yeast and fungi. Peptides however tended 
to have a significant cytotoxicity. In general, by increasing stability, 
charge, and amphipathicity simultaneously, one could increase 
potency but at the expense of decreased selectivity. This seemed to 
depend strongly in the helix-forming propensity. It was also possi-
ble to use the template to identify novel natural AMPs in the 
sequence databases, and then suggest modifications to improve 
them [22].

Tools for Designing AMPs
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As indicated in the previous section, the use of an adequate tem-
plate generally assures a reasonable antimicrobial potency but not 
necessarily an acceptable selectivity toward host cells. One may 
need to tinker with the sequence in several subsequent rounds of 
SAR studies to achieve this, but it is generally quite difficult to 
reduce cytotoxic activity without affecting potency. In a second 
design method, analysis of the sequence of anuran helical AMPs 
with defined SI indicated other sequence features that could 
improve selectivity. The concept of lengthwise asymmetry (longi-
tudinal moment <λH>) in residue moments was also introduced as 
a relevant physical feature related to selectivity.

	 1.	Analysis of anuran AMPs with high SI values resulted in a table 
of AA selectivity indices (see Fig. 1d). Peptide design took this 
into account so that at least a third of residues were from 
among five AA most frequently present in highly selective 
AMPs (E, D, Q, H, G).

	 2.	This analysis also resulted in tables that help define motif regu-
larity in AMP helices; for any given residue, the most frequent 
residue present in positions i (successor) and i + 4 (adjacent on 
helix face), respectively, is defined (see [7]).

	 3.	Indications in steps 1 and 2 can then be implemented together 
with indications provided in Subheading 3.1, namely, Gly at 
position 1, separation of polar and nonpolar residues in the 
helical wheel projection, a charge of at least +4, and <H> 
between −1.2 and 0, when designing novel AMPs.

	 4.	A final prerequisite is that the SI index, calculated according to 
the D-descriptor algorithm (see item 5 in Subheading 2.3), is 
as high as possible (see Note 11).

This method has been successfully used to design artificial 
AMPs called adepantins, with very low hemolytic activities [7, 8]. 
However, to train the D-descriptor algorithm, it was only possible 
to obtain a sufficient number of AMPs with high SI values relative 
to MIC against E. coli. As a consequence, although the resulting 
selectivity is good, activity is generally high only toward Gram-
negative bacteria. Once a sufficient data set is found for S. aureus, 
activity may become more broad spectrum. Alternatively, one can 
use the D-descriptor algorithm to suggest modifications of AMPs 
already known to have good activity against Gram-positive bacte-
ria, rather than to assist ab initio AMP design (see Subheading 3.3).

The D-descriptor algorithm can be used independently of the 
design rules set out in Subheading 3.2. In fact, some peptides such 
as PGLa, which are predicted and confirmed to have high SI val-
ues, do not conform so well to the residue selectivity frequencies 
described above (see Subheading 3.2, steps 1 and 2). It is possible 
to use the algorithm to suggest possible point mutations to a 

3.2  Increasing 
Selectivity: The 
D-Descriptor 
Algorithm

3.3  Increasing 
Selectivity of AMPs
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known AMP sequence that might increase its selectivity. Variations 
should however remain compatible with typical helical AMP char-
acteristics (see Subheadings 3.1 and 3.2), as this reduces the risk of 
losing potency while increasing selectivity.

	 1.	The D-descriptor has been developed using anuran AMPs in 
the training and testing data sets. Its use is therefore not 
encouraged with AMPs of other origin. However, the underly-
ing concept may be generally applicable to helical AMPs from 
other organisms, and it has been effective in improving the 
selectivity of teleost AMPs [23].

	 2.	The “Mutator” algorithm (see Subheading 2.3, step 5) is based 
on a set of 26 AMPs with a potent antimicrobial activity and 
measured SI > 20 and uses the normalized Hi scales of Janin 
and Guy to calculate <λH> and then predict SI. It also uses 
Eisenberg’s scale to determine <μH> as a filtering parameter 
[9]. It systematically carries out one or two mutations along 
the sequence but only reports those that predict an SI increase 
of at least 10 and which conform to the criteria set out in 
Subheading 3.2 (see Note 12).

	 3.	The resulting sequences should in any case be inspected to deter-
mine compliance with typical AMP parameters (Subheading 3.1), 
such as sector separation on a helical wheel projection and q, 
<H>, and <μH> being within the expected ranges.

	 4.	Adepantins, produced de novo by using the Designer algo-
rithm [7], all had 23 amino acid residues. Shorter adepantins 
could be designed by inserting appropriate instruction in the 
source code; however they had weaker antimicrobial activity 
and decreased selectivity (lower SI), indicating that additional 
optimization is needed for computational design of such 
peptides.

4  Notes

	 1.	Changing the bacterial load will result in an altered MIC, as for 
a given AMP concentration, the peptide/cell ratio changes. 
However, the relationship is not linear. It has been reported 
for a small helical AMP that an increase in CFU by a factor of 
5 (e.g., 1 × 105 → 5 × 105) shifts the MIC by a factor of 2 [24]. 
Determination of MIC is described in Chapter 22.

	 2.	Hemolysis assays are often reported using 0.5 % RBC suspen-
sions, but also 5–6 %. The latter result in a significantly lower 
concentration-dependent lysis by AMPs. Furthermore, hemo-
lysis data should only be considered if determined using eryth-
rocytes from fresh human blood. The lytic effect of AMPs on 
erythrocytes from other animals (bovine, sheep, rat, or mouse 
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erythrocytes are sometimes used) can be quite different. A 
protocol for determination of hemolysis of AMPs against red 
blood cells is described in Chapter 31.

	 3.	This is sometimes called the therapeutic index (TI), a rather 
inappropriate term, which is also used to indicate the active/
lethal dose of a drug. Given that MICs are determined by serial 
dilution, the SI tends to vary in a discontinuous manner, and 
for AMPs with the same HC50 but different MICs, the SI will 
vary by multiples of a factor of 2.

	 4.	Alternatively use the “relative hydrophobic moment” 
μHrel = μH/μHmax, where μHmax refers to a perfectly 
amphipathic 18-residue (one complete helix turn) peptide 
composed only of the most hydrophobic and hydrophilic 
amino acids in a given Hi scale. This is a sort of % maximum 
amphipathicity which may be more homogenous using differ-
ent scales.

	 5.	In this equation, N indicates a total residue number, n indi-
cates the position, and nδ is the angle of successive side-chain 
Hi vectors, where δ = 100° for an α-helix and Hn is the Hi value 
at each position.

	 6.	There are several different ways of assigning positional hydropho-
bicity. The simplest is to assign it the Hi value for the side chain of 
the AA in that position. Alternatively one can assign a mean 
hydrophobicity Hn  calculated from a window of a given size asso-
ciated with the central amino acid n, at any given position. Another 
option is to calculate the sequence environment Qn, omitting the 
central amino acid n. Mutator uses the last option.

	 7.	An exhaustive examination was made of many possibilities 
(e.g., different arc bending angles and use of 1, 2, or 3 longi-
tudinal moment vectors based on different Hi scales), but the 
final choice fell on the cosine of the angle between these two 
scales for an arc of 90° (D value). This resulted in the best cor-
relation with the measured SI values of known anuran AMPs 
(r2 = 0.83), where SI = 50–45D.

	 8.	C-terminal amidation (often present in natural AMPs) increases 
charge by +1. Decide if histidine is to be considered cationic or 
neutral.

	 9.	<μH> is normally calculated as a global property involving the 
whole sequence, as shown in Fig. 1c. However, natural AMPs 
are unlikely to conform well to this approximation. It could be 
more appropriate to use a sliding window of appropriate length 
(say, 11–12 residues) to obtain a μH profile. Furthermore, it is 
likely that the helical conformation will be somewhat distorted 
on membrane interaction, so that a certain flexibility could also 
be introduced in the projection angle mentioned in Note 5 
(say, δ = 80–120°) [24, 25].
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	10.	Single d-AA substitutions do not strongly destabilize 
membrane-bound helical peptides but can significantly 
decrease cytotoxicity [26]. Placing two successive d-AA resi-
dues in the sequence has a more marked effect [27].

	11.	On its own, the D-descriptor algorithm just indicates if a pep-
tide is likely to be selective but not if it is likely to be a potent 
antimicrobial. That is why it is combined with the design rules 
listed in Subheading 3.2. Note that for predictions close to the 
maximum output value of the algorithm (~95), the measured 
SI value could be significantly higher.

	12.	If Mutator predicts SI > 85 for a starting peptide, it cannot sug-
gest any substitution given the imposed improvement limit of 
at least 10 and the maximum possible SI of 95 (see 
Subheading 3.3 step 2 and Notes 7 and 11). One can some-
times get around this limit by first finding a substitution that 
reduces SI to <85, then keeping that position fixed and finding 
other substitutions that improve the SI back to the 85–95 
range, and finally returning the first AA to the original.
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Chapter 3

Chemical Synthesis of Antimicrobial Peptides

Lena Münzker, Alberto Oddo, and Paul R. Hansen

Abstract

Solid-phase peptide synthesis (SPPS) is the method of choice for chemical synthesis of peptides. In this 
nonspecialist review, we describe commonly used resins, linkers, protecting groups, and coupling reagents 
in 9-fluorenylmethyloxycarbonyl (Fmoc) SPPS.  Finally, a detailed protocol for manual Fmoc SPPS is 
presented.

Key words 9-Fluorenylmethyloxycarbonyl (Fmoc) solid-phase peptide synthesis, DIC, Oxyma

1  Introduction

Solid-phase peptide synthesis (SPPS), introduced by Bruce 
Merrifield in 1963 [1], is a strategy for the synthesis of peptides 
which entails the repetitive coupling of the C-terminus of pro-
tected amino acids to an insoluble resin support. The attachment 
to a solid support via a cleavable linker enables the use of large 
excesses of reagents and facilitates an effective removal of by-
products to obtain peptides of high purity. Moreover, the method 
permits the automation of the whole process and is, nowadays, the 
most commonly used strategy for peptide synthesis. For specialist 
reviews on SPPS, see [2–6] (Scheme 1).

In the initial step of synthesis, the first amino acid is attached (typi-
cally by its carboxyl function) to the resin via a linker. To avoid 
polymerization, protecting groups shield the α-amino moiety, as 
well as reactive side-chain functionalities. The use of orthogonal 
protecting groups, such as acid and base labile, allows for the selec-
tive removal of the Nα-protecting group without affecting the side-
chain protecting groups.

The peptide is synthesized stepwise until the desired length is 
achieved; however, researchers claim that only the synthesis of pep-
tides of up to 50 amino acids in length is routinely feasible [7]. 
Depending on the linker and the protection strategy adopted, it is 

1.1  General Concept: 
Transient/
Semipermanent 
Protection Strategy
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then possible to (a) selectively remove the side-chain protecting 
groups, or (b) release the (still protected) peptide from the solid 
support, or (c) do both at the same time to obtain the free peptide. 
For peptides longer than 50 residues, fragment condensation [8] 
or native chemical ligation may be considered [9].

Initially, Merrifield’s synthesis featured Boc groups (1) on the Nα- 
and benzyl-based (2) side-chain protecting groups (Fig.  1). 
Although both groups are acid labile, this protection scheme can 
be applied to SPPS due to their differential acid lability: Boc groups 
can be removed with 50 % trifluoroacetic acid (TFA), whereas the 
removal of benzyl-based protecting groups and the cleavage from 
the resin require very strong acids, such as hydrogen fluoride (HF) 

1.2  Boc/Bzl-Fmoc/
tBu Protection 
Schemes

Scheme 1 Overview of solid-phase peptide synthesis. PG: protecting group, 
X = OH or NH2

Lena Münzker et al.
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and trifluoromethanesulfonic acid (TFMSA). Nevertheless, the use 
of these toxic and highly volatile reagents is hazardous and requires 
special equipment. For a recent review on Boc SPPS, see Pedersen 
et al. [10]. In comparison, the Fmoc strategy is truly orthogonal, 
using the base-labile Fmoc (3) for Nα-protection and acid-labile 
groups, e.g., tert-butyl (4) for side-chain protection.

The removal of the Fmoc group via base-induced β-elimination 
results in the release of carbon dioxide and dibenzofulvene, a reac-
tive electrophile. Secondary amines, such as piperidine, function 
both as bases and as scavengers for the released dibenzofulvene and 
prevent the irreversible reattachment of the latter to the amino 
group. Although Boc chemistry presents several advantages, such 
as increased solubility, less expensive building blocks, and compat-
ibility with electrophilic side chains, Fmoc SPPS is widely preferred 
as it overcomes the application of HF.

For the remainder of this review, only Fmoc SPPS will be 
described.

A resin for SPPS needs to be chemically, mechanically, and physi-
cally stable. Apart from that, parameters such as the bead size, the 
degree of cross-linking, the particle size distribution, and the swell-
ing capacity are considered, depending on the envisaged applica-
tion. Most resins fall in one of three categories [11]: classic 
polystyrene (PS) resins, PS functionalized with polyethylene glycol 
(PEG) resins, and cross-linked PEG resins.

In polystyrene supports, the matrix is cross-linked with 1–2 % 
divinylbenzene (DVB) which results in the best compromise 
between mechanical stability and swelling properties in low to 
middle polarity solvents, such as DMF (dimethylformamide) and 
DCM (dichloromethane). Polystyrene resins are mostly suitable 

1.3  Resins

Fig. 1 Most important protecting groups used in Boc and Fmoc SPPS

Chemical Synthesis of Antimicrobial Peptides



38

for small peptides, since the highly hydrophobic environment of 
the resin amplifies the aggregative behavior of longer peptides, 
making the N-terminus less accessible during synthesis [12].

TentaGel (TG) resins are a hybrid composed of polyethylene 
glycol (PEG) coupled to a low cross-linked polystyrene matrix. 
They contain 50–70 % (w/w) of PEG grafted to polystyrene that is 
cross-linked by an ether linkage [13]. PEG shows both hydropho-
bic and hydrophilic properties, and due to the high ratio of PEG in 
the resin, the graft copolymer’s physicochemical properties are 
dependent on the PEG residues. TG resins facilitate the synthesis 
of longer peptide sequences, and their pressure stability allows for 
use in batch and continuous flow conditions.

PEGA (poly(ethylene glycol)-poly-(N,N-dimethylacrylamide) 
copolymer) resins, which were developed by Meldal and coworkers 
[14], have especially excellent swelling properties in water, as they 
do not contain any hydrophobic polystyrene. This makes them also 
applicable to protein interaction studies. However, their sticky 
nature only allows easy handling in the swollen state, and, once the 
resin is dry, the beads are easily damaged. In contrast to that, CM 
(ChemMatrix), which was first reported in 2006 [15], shows han-
dling properties that are comparable to PS or TG resins. Moreover, 
as the resin only contains primary ether bonds, it offers high chem-
ical stability.

A linker is a bifunctional moiety that allows a cleavable connection 
between the peptide chain and the resin backbone—in most cases 
via the C-terminal α-carboxyl group. Alternatively, the peptide 
chain is anchored via a side chain or by a backbone amide linker 
(BAL). In the latter case, the first amino acid bears a 
carboxy-protecting group that can be removed to obtain the free 
α-carboxylic acid, enabling C-terminal modifications on solid 
phase.

Inevitably, the linker dictates the conditions for the peptide 
cleavage and therefore the overall synthetic strategy. Therefore, a 
large variety of linkers compatible with Fmoc SPPS have been 
developed. For the synthesis of peptide acids, the most popular are 
the 2-chlorotrityl (5) [16] and the Wang linker (6) [17]. The for-
mer may also be used for synthesis of protected peptides. The Rink 
amide linker (7) [18] is the most widely used for the generation of 
peptide amides, and the BAL linker (8) [19] may be used for 
C-modified [20] or cyclic peptides [21] (Fig. 2).

Coupling reagents are necessary for the formation of an amide 
bond between the free N-terminus of one residue and the carboxyl 
function of another amino acid [22]. The reagent leads to the acti-
vation of the carboxy function by offering a favorable leaving 
group, which can be easily displaced by the resin-bound amino 
group. The activated species is most often an ester (9) (Fig. 3a). 

1.4  Linkers

1.5  Coupling 
Reagents

Lena Münzker et al.
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However, activation of the carboxyl group can lead to racemiza-
tion of a chiral α-carbon via two major pathways, both of which are 
base catalyzed [23], direct enolization (10–12) (Fig.  3b), and 
5(4H)-oxazolone formation (13–18) (Fig. 3c).

The most commonly used coupling reagents can be divided 
into three groups: carbodiimides, phosphonium salts, and amin-
ium salts.

Carbodiimides, first described by Sheehan and Hess in 1955 
[24], include DCC (19) and DIC (20). Generally, DIC is pre-
ferred over DCC since the urea by-product formed is soluble in 
DMF and less toxic. Carbodiimides lead to the formation of 
O-acylisourea, a reactive species which then undergoes aminolysis 
by the N-terminus of the resin-bound amino acid, thus resulting in 
an amide bond. Alternatively, (a) oxazolone formation can occur 
and result in racemization, or (b) the O-acylisourea intermediate 
can be rearranged to the unreactive N-acylurea, which terminates 
the chain elongation. Therefore, carbodiimides are commonly 
used with N-hydroxy derivatives, such as HOBt (21) [25], HOAt 
(22) [26], and Oxyma (23) [27] in order to suppress these unde-
sired side reactions. Oxyma, recently introduced by El-Faham and 
Albericio, exhibits superior capacity to decrease racemization and 
avoids the risk of explosion of HOBt and HOAt.

Fig. 2 The most commonly used linkers in Fmoc SPPS: 2-chlorotrityl, Wang, Rink, and backbone amide linker

Chemical Synthesis of Antimicrobial Peptides
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Phosphonium-based coupling reagents constitute an efficient 
alternative to carbodiimides. BOP (24) was the first reagent of this 
type [28]. Nowadays, the application of BOP is widely displaced 
by other coupling reagents (such as PyBOP (25) [29], PyAOP 
(26) [30], and PyBroP (27) [31]) due to the release of the carci-
nogenic hexamethylphosphorotriamide (HMPA) as a by-product. 
Instead of a dimethylamine moiety, the compounds PyBOP, 
PyAOP, and PyBroP contain a pyrrolidine and react without releas-
ing HMPA in the activation step. These reagents are typically used 

Fig. 3 (a) Activated ester. (b) Racemization via direct enolization. (c) Racemization via 5(4H)-oxazolone 
formation

Lena Münzker et al.
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in combination with a non-nucleophilic tertiary amine, e.g., diiso-
propylethylamine (DIEA) or trimethylpyridine (TMP). The addi-
tion of N-hydroxy derivatives can further improve the coupling 
process and reduce the loss of configuration.

In aminium salts, such as HBTU (28) and TBTU (29) [32, 
33], HATU (30) and TATU (31) [26], a positive nitrogen atom 
replaces the phosphonium residue. As for phosphonium salts, the 
coupling reaction requires the addition of base. El-Faham and 
Albericio recently described the morpholino-based aminium 
reagent COMU (32) [34, 35]. Increased efficiency compared to 
HATU/HBTU, compatibility with microwave-assisted SPPS, 
non-toxicity, and higher solubility in DMF make it an interesting 
alternative to the formers. However, COMU is not stable in DMF, 
thus being unsuitable for automated synthesis.

An overview of several different coupling reagents of various 
classes is given in Fig. 4.

Protecting groups are needed in order to shield the nucleophilic 
functions of the amino acid side chains [36]. The side chains of Ser, 
Thr, Tyr, Glu, and Asp are typically protected by the acid-labile 
tert-butyl (tBu) group [37]. For Lys and Trp, the Boc group is 
preferred [38]. The 2,2,4,6,7-pentamethyl-dihydrobenzofuran-5-
sulfonyl (Pbf) [39] is used for Arg. The trityl (Trt) group [40] is 
widely used for Cys, Asn, Gln, and His. Finally, a number of pro-
tecting groups are also available for special purposes and have been 
reviewed elsewhere [3, 36].

In Fmoc SPPS, the peptide is typically released from the resin using 
a cocktail of acid and scavengers. The latters are necessary to cap-
ture reactive species produced during the acidolytic treatment. The 
acid is most often TFA in concentrations between 1 and 95 %.

Examples of established cleavage cocktails include:

Reagent K: TFA/thioanisole/H2O/phenol/EDT (82.5:5:5:5:2.5) 
[41]

Reagent L: TFA/TIS/dithiothreitol/H2O (88:2:5:5) [42]
Reagent R: TFA/thioanisole/ethandithiole/anisole (90:5:3:2) 

[43]
Reagent B: TFA/phenol/H2O/triisopropylsilane (88:5:5:2) [44]

For protected peptide acids on a 2-chlorotrityl resin: acetic 
acid/TFE/dichloromethane [45] (20:20:60) or 1 % TFA in DCM

For most purposes, a combination of TFA/H2O/triisopropyl-
silane (95:2.5:2.5) (v/v) works well in our hands [46]. However, 
thiols must be added to ensure peptides containing Cys remain in 
their reduced state. We recommend dithiothreitol (DTT, as in 
Reagent L) over ethanedithiol (EDT) and 2-mercaptoethanol; it is 
solid and far less obnoxious.

1.6  Protecting 
Groups

1.7  Cleavage 
Cocktails

Chemical Synthesis of Antimicrobial Peptides
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It may often be helpful to carry out a test cleavage run using 
less than 10 mg of resin to determine the best cleavage cocktail.

The cleavage solution is collected after 2 h, TFA reduced to a 
volume of approx. 200 μL by a stream of nitrogen, and the peptide 
precipitated in cold ether and centrifuged. The peptide is then 
washed twice with ether. After drying, the peptide is then dissolved 
in 10–20 % CH3CN in 0.1 % aqueous TFA and lyophilized to give 
a fluffy white powder.
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LC-MS or analytical reverse-phase HPLC and MALDI-time-of-
flight mass spectrometry are the methods of choice to analyze syn-
thetic antimicrobial peptides. Analytical and preparative HPLC are 
most often done on a C-18 column using 0.1 % aqueous TFA and 
0.1 % TFA in neat acetonitrile as buffers. An established matrix for 
MALDI-TOF-MS is based on α-cyano-4-hydroxycinnamic acid 
(10 mg/mL in CH3CN:H2O 1:1, plus 0.1 % TFA). Alternatively, 
the HPLC UV and mass spectra may be generated by a LC-MS 
instrument. A detailed HPLC and LC-MS procedure is given in 
Chapter 5.

2  Materials and Preparations

A protocol for manual Fmoc SPPS protocol using DIC and Oxyma 
as coupling reagents is described.

A preloaded 2-chlorotrityl or Wang resin is recommended if a free 
peptide acid is desired. A non-preloaded Tentagel®/Hypogel® 
resin functionalized with a RAM linker is widely used for the syn-
thesis of peptide amides.

Depending on how much peptide is desired, the following formula 
can be used to calculate the amount of resin needed:

	

g of Resin
mmol of Peptide wanted

Resin loading
mmol
g

=
( )

æ

è
ç

ö

ø
÷

	

The protocol described here is based on the use of 5 mL syringes 
equipped with a polytetrafluoroethylene (PTFE) filter as reactors 
for 50–200  mg of resin (synthesis scale of approximately 
0.05 mmol) connected to a suction device (see Notes 1 and 2). 
The syringes are equipped with 200 μL pipette tips and placed in 
the suction plate (Fig. 5). However, the suction plate is not strictly 
necessary.

Based on the synthesis scale calculated before, five equivalents of 
Oxyma are needed for each coupling.

It is helpful to calculate the total number of couplings and 
prepare a 0.4–0.6  M stock solution in DMF (the final volume 
should be sufficient to completely cover the resin; this, in turn, will 
depend on the resin loading):

	
mgOxyma mg mmol synthesis scale mmol number of c= ´ ´ ( )éë ùû ´142 11 5. / oouplings[ ]	

1.8  Analysis

2.1  Choosing 
the Resin

2.2  Calculation 
of the Amount of Resin 
Needed

2.3  Syringes 
and Suction Device

2.4  Oxyma 
and Amino Acid 
Solutions
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The total amount shall then be dissolved in DMF to achieve a 
0.4–0.6 M concentration.

The total number of couplings dictates how many individual 
tubes the Oxyma solution should be divided in. The amino acid 
samples will be dissolved in the Oxyma solution as described in 
Subheading 2.5. We recommend using a spreadsheet to calculate 
the amounts automatically.

The Oxyma stock solution prepared in Subheading 2.4 is used to 
prepare equimolar solutions of the amino acids by dissolving them 
in an appropriate volume. For each coupling one individual sample 
tube containing five equivalents of amino acid and Oxyma should 
be prepared.

The required amount of protected amino acid for each cou-
pling should be weighed out in an individual tube according to the 
following formula:

	 mg Amino acid Molecular weight synthesis scale mmol= ´ ´ ( )éë ùû5

Equally divide the Oxyma stock solution among the amino acid 
samples. Alternatively, prepare a stock solution of amino acid and 
Oxyma and then divide it into individual tubes.

The tubes can be stored in a refrigerator at +4 °C for up to 
2 weeks. Let them warm up to room temperature before use.

DIC is added to the reagent solution just before coupling. The 
appropriate amount is calculated as follows:

2.5  Amino Acid 
Solutions

Fig. 5 Setup for manual SPPS

Lena Münzker et al.
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µL DIC mg mmol synthesis scale mmol mg= ´ ´ ( )éë ùûéë ùû126 20 5 0 81. / / . / mmL

Prepare a 20 % piperidine in DMF solution by measuring 20 mL 
piperidine and 80 mL of DMF and then mixing them in a glass 
bottle with a screw cap.

3  Methods

	 1.	Remove the piston from the syringe, weigh out the resin 
directly inside the syringe (see Note 3), reinsert the piston, and 
push it just above the resin.

	 2.	Draw 3 mL of DMF into the syringe from a beaker.
	 3.	Use a pressure cap to close the bottom and let it swell in DMF 

for at least 30 min.

	 1.	Remove the piston and place the syringe on the suction plate.
	 2.	If any resin residue is left on the pistonhead, wash it down with 

DMF.
	 3.	Wash three times with DMF.

	 1.	Add DIC to the Oxyma/amino acid solution and mix.
	 2.	Draw the coupling solution into the syringe.
	 3.	Cover the syringe with tinfoil and leave on a shaker.
	 4.	After 1.5 h drain the coupling solution.
	 5.	If a recoupling is desired, do a quick wash (Subheading 3.2, 

steps 1–3) and then repeat steps 1–4.

	 1.	Remove the piston and place the syringe on a suction plate.
	 2.	If any resin residue is left on the pistonhead, wash it down with 

DMF.
	 3.	Wash with DMF (3×), DCM (3×), and DMF again (5×).

	 1.	Transfer 2–3 mL of the 20 % piperidine in DMF solution into 
the syringe.

	 2.	After 4  min drain the solution and do a quick wash (see 
Subheading 3.2).

	 3.	Repeat steps 1 and 2 twice.
	 4.	For peptides longer than 10 residues, we recommend extend-

ing the time of the last two deprotection cycles to 7 min each.
	 5.	Put the piston back in place and change the syringe tip.

2.6  Deprotection 
Solution to Remove 
the Fmoc Group

3.1  Synthesis Start

3.2  Quick Wash

3.3  Amino Acid 
Coupling

3.4  Full Wash

3.5  Fmoc-Group 
Removal (See Note 4)
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	 1.	For each subsequent amino acid, repeat Subheading 3.3, steps 
1–5, until the sequence is completed.

	 1.	Full wash as in Subheading 3.4, steps 1–3.
	 2.	Fmoc deprotection as in Subheading 3.5, steps 1–5.
	 3.	Full wash as in Subheading 3.4, steps 1–3.
	 4.	Wash the resin five times with ethanol.
	 5.	Insert the piston and push it halfway down, then discard the 

tip and leave the reactor in a lyophilizer overnight.

	 1.	For each peptide, freshly prepare at least 6 mL of TFA/H2O/
triisopropylsilane (95:2.5:2.5) (v/v) cleavage cocktail (see 
Note 5).

	 2.	Push the piston to the bottom of the syringe.
	 3.	Transfer 3.5 mL of cleavage cocktail to a beaker and draw it 

into the syringe.
	 4.	Cap the bottom of the syringe with a pressure cap.
	 5.	Leave the syringe on a shaker for at least 2 h.
	 6.	Minding possible pressure inside the syringe, carefully remove 

the bottom cap and use the piston to push the cleavage solu-
tion into a 5 mL cryotube.

	 7.	Remove the piston.
	 8.	Wash the resin twice with cleavage cocktail collecting the elu-

ate in the cryotube.
	 9.	Evaporate the solution using a gentle stream of N2.
	10.	When less than 0.5 mL are left, add 4 mL of cold diethyl ether 

(see Note 6).
	11.	Put the cap on and shake gently.
	12.	Centrifuge for 4–6 min.
	13.	Remove the supernatant using a pipette.
	14.	Resuspend the solid into another 3–4 mL of cold ether.
	15.	Repeat steps 12–14 for a total of three washes.
	16.	Let the residual ether evaporate by leaving the cryotube open 

in the fume hood.
	17.	Dissolve the crude product in 1–2 mL of 10–20 % acetonitrile 

in H2O.
	18.	Freeze-dry to obtain fluffy white crystals (see Note 7).

3.6  Full Wash (as 
in Subheading 3.4)

3.7  Reiteration 
of Coupling 
and Deprotection 
Cycle

3.8  Final Fmoc-
Group Removal

3.9  Cleavage
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4  Notes

	 1.	If a propylene 5 mL syringe equipped with PTFE filter is used, 
make sure that the piston does not have a rubber O-ring since 
it is labile to the chemicals used. Furthermore, we recommend 
pressure caps to close the narrow end of the syringe. As an 
alternative approach, 5 mL propylene reactors equipped with a 
PTFE filter are commercially available. If no suction device is 
available, syringes must be used by drawing and ejecting solu-
tions using the piston.

	 2.	The in-house-made Teflon® synthesis plate contains five holes 
which can accommodate syringes equipped with 200  μL 
pipette tips (Fig. 5). A 2.5 L Büchner flask with a sidearm is 
used to collect waste via a vacuum pump, Omnifit® fittings, 
and a three-way flow switch. The flask is equipped rubber ring 
adapter and with a cork stopper with a drilled hole.

	 3.	When synthesizing multiple peptides in parallel, we recom-
mend using tape of different colors to label the reactors.

	 4.	Most resins (preloaded or not) are Fmoc protected (notable 
exceptions are 2-chlorotrityl resins).

	 5.	TFA-containing cleavage cocktails and other caustic substances 
are highly corrosive and must be handled with care. All opera-
tions should be carried out in a fume hood, and safety goggles, 
coat, and gloves should be worn at all times.

	 6.	Hexane may be used to precipitate short (≤6 AA) and lipo-
philic peptides which may be partly soluble in diethyl ether.

	 7.	The peptide will be obtained as a TFA salt. If a hydrochloride 
is desired, see Chapter 10, Note 1.
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Chapter 4

Microwave-Assisted Synthesis of Antimicrobial Peptides

Suhas Ramesh, Beatriz G. de la Torre, Fernando Albericio, 
Hendrik G. Kruger, and Thavendran Govender

Abstract

Antimicrobial peptides (AMPs) are emerging as one of the unsurpassed therapeutic tools to treat various 
devastating diseases that are affecting millions of lives. Conventional synthesis of peptides requires longer 
times, and hence automated microwave technology could be regarded as an alternative implement which 
offers advantages like less reaction times and higher yields. In this sense, we herein describe a methodology 
to prepare AMPs through solid-phase peptide synthesis under microwave conditions. We have used LL37 
as an example to discuss the synthetic protocol including the difficulties involved in the preparation of so-
called long and difficult peptides and also remedial procedures to overcome these obstacles.

Key words Antimicrobial peptides, Microwave, Automated, LL37, SPPS

1  Introduction

One of the principal limitations to the use of therapeutic peptides 
is the cost factor [1–4]. There are three routes (i.e., liquid-phase, 
solid-phase, and recombinant technology) for the production of 
peptides and each with their pros and cons.

Liquid phase is useful for short peptides (<10 mer) and less 
expensive and has good purity profiles. The cycle times are rela-
tively longer, with much more operational steps and often with 
lower yields [5].

Solid-phase synthesis is far more rapid, automatable, and scal-
able without the need to isolate intermediates resulting in faster 
production cycles. The downside to this approach is the cost of the 
raw materials and the probability of getting a complex impurity 
profile [5].

Recombinant technology has the advantage of creating pep-
tides that are larger than 10 mer with high purities. It does suffer 
from higher development costs and unit operations [6]. Unlike the 
other two methods, it cannot tolerate any unnatural amino acids.
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Peptides up to 30 mer are normally more efficiently produced 
via chemical synthesis, while longer ones and proteins benefit from 
recombinant approaches. The costs may be lowered by a factor of a 
hundred, but the technical difficulties should not be underestimated. 
An estimated one million liters of fermentation mixture will be nec-
essary to produce 100 kg of recombinant peptide. Pharmaceutical 
companies do not see this approach as feasible for the ton-scale pro-
duction of AMPs required by developing countries.

The T-20 peptide (Fuzeon, Roche) is the most famous exam-
ple of a multi-ton chemical synthesis of a peptide drug. It is synthe-
sized through a combination of solid-phase and solution-phase 
methodologies. This single move by Roche has resulted in lower 
costs of synthesis reagents and making peptide synthesis more fea-
sible [6]. The bottleneck in peptide synthesis has always been the 
purification step, and there is therefore a demand for higher-quality 
peptides.

The growing popularity of microwave-assisted peptide syn-
thesis technology in combination with low-cost reagents is address-
ing this and modifying the current landscape even further [7]. 
Microwave heating is normally applied to the coupling and depro-
tection steps with significant reduction in reaction times and 
increased crude purities of the peptides. There are currently several 
manufacturers of dedicated microwave peptide synthesizers, and 
the instruments vary based on automation, reaction vessel sizes, 
and mode of mixing (Table 1).

AMPs are mainly categorized into two modes of action i.e. 
mainly cell wall disruption and secondarily intracellular targets. They 
are normally about 10–50 amino acids in length and comprised of 

Table 1 
A selection of microwave peptide synthesizers

Manufacturer Instrument Operation Reaction vessels (mL) Mixing mode

CEM Discover Bio Manual 4, 25 N2 bubbling

CEM Liberty Blue Automated 30, 125 N2 bubbling

Biotage Initiator + SP Wave Manual 2, 5, 10 Oscillation

Biotage Initiator + Alstra Automated 5, 10, 30 Oscillation

AAPPTEC Infinity 2400 Automated 5, 25, 50, 100, 300 Oscillation and/
or N2 bubbling

Protein 
Technologies

Prelude X Automated 10, 45 Oscillation and/
or N2 bubbling

Protein 
Technologies

Symphony X Automated 10, 45 Oscillation and/
or N2 bubbling

Protein 
Technologies

Tribute Automated 10, 45 Oscillation and/
or N2 bubbling
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a significant percentage of lysine and arginine residues resulting in 
an overall positive charge [1–4]. This in combination with a sub-
stantial portion of hydrophobic residues results in peptides with 
amphipathic conformations to facilitate its cell disruption mode of 
action.

Several studies have also confirmed that certain classes of AMPs 
have intracellular targets. These peptides normally have prolines in 
combination with lysines and are able to interact with DNA and 
RNA.

Here we present a microwave-assisted synthesis of the antimi-
crobial peptide LL37.

2  Materials

Prepare all solutions (amino acids, coupling reagents, additives) in 
HPLC-grade N,N-dimethylformamide (DMF) freshly. Backflush 
the microwave peptide synthesizer using DMF before the launch 
of the synthesis. All connections are to be checked before starting 
the instrument. Also make sure that the cylinder has enough nitro-
gen before turning the instrument on. Perform the respective pres-
sure and transfer volume calibration tests.

	 1.	Fmoc amino acids.
	 2.	HOBt (1-hydroxybenzotriazole).
	 3.	NMP (N-methyl-2-pyrrolidone).
	 4.	Dimethylformamide (DMF).
	 5.	Acetonitrile.
	 6.	Diisopropylamine (DIEA).
	 7.	Piperidine.
	 8.	α-Cyano-4-hydroxycinnamic acid (HCCA).
	 9.	Trifluoroacetic acid (TFA).
	10.	Triisopropylsilane (TIS).
	11.	ChemMatrix® resin (see Note 1).

	 1.	Coupling solution: 2  M diisopropylethyl amine (DIEA) in 
N-methyl-2-pyrrolidone (NMP) (see Note 2).

	 2.	Fmoc deprotection solution: piperidine in DMF (1:4) and 
0.1 M HOBt (see Note 3).

	 3.	HPLC buffer A: 0.1 % trifluoroacetic acid (TFA) in water.
	 4.	HPLC buffer B: 0.1 % TFA in acetonitrile. The same solvents 

hold good for analytical high performance liquid chromatog-
raphy (HPLC).

	 5.	MALDI-TOF-MS solution: HCCA in TA30 w/v (30 % ACN 
in 70 % of 0.1 % TFA in water) (1:9).

2.1  Chemicals

2.2  Solutions 
and Buffers

Synthesis of AMPs under Microwave
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	 1.	CEM Liberty automated microwave peptide synthesizer.
	 2.	Semi-preparative HPLC, C18 preparative column 

(250 × 10 × 21.2 mm).
	 3.	Analytical HPLC, C18 column (3 μm × 4.6 × 50 mm).
	 4.	MALDI-TOF-MS.
	 5.	Sonicator.
	 6.	Centrifuge.

3  Methods

Herein a peptide synthesis of 0.1 mmol scale is demonstrated.

	 1.	Weigh out the required quantity of Fmoc amino acids into each 
bottle and dissolve in the specified amount of DMF. Sonicate 
the solution to get uniform concentrations. The above holds 
good for the activating reagent (0.5 M).

	 2.	Calibrate the instrument (pressure and volume). Adjust low 
and high pressure using the valve of the gauge present on the 
rear end of the instrument. Low and high pressure should be 
in between 2 and 4.5 psi and 15–16.5 psi, respectively. For vol-
ume calibration, verify “Add DMF-Top” and “Add DMF-
Bottom” by specifying desired volume of dispensing.

	 3.	Clean all the manifolds using DMF.
	 4.	Initially load the amino acid sequence to the instrument by 

following the path shown below: (see Note 4)
Sequence → New folder → New sequence → create the sequence by 

a click on the desired amino acids → Save
	 5.	Create a method as follows:
Methods → New root folder → New method → fill all the parameters 

like, loading, deprotection, C-terminal, cleavage, etc. → Apply 
to all → Save → Close (see Note 5)

	 6.	Click on the method, verify for the correctness, and drag it to 
the loading position.

	 1.	Weigh out 0.1  mmol of Rink amide-ChemMatrix resin 
(0.6 mmol/g loading) into the reaction vessel.

	 2.	Swell the resin using DMF and drain (3×).
	 3.	Treat the resin with 20 % piperidine to remove Fmoc protect-

ing group. Perform deprotection using 45 W microwave power 
at 90  °C for 65  s. This is followed by washings with DMF 
(Top-3× and Bottom-2×). Normally 7 mL DMF is used for 
washings at this scale (see Note 6).

2.3  Instruments

3.1  Preparations 
and Setup of CEM 
Liberty Peptide 
Synthesizer

3.2  Peptide 
Synthesis and Final 
Cleavage

Suhas Ramesh et al.
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	 4.	 Add amino acid (2.5 mL), activator (1.0 mL), and activator 
base (0.5 mL) (see Notes 7 and 8) and conduct the reaction at 
90 °C for 120 s (see Note 9).

	 5.	 Wash the resin using DMF; Top-2× and Bottom-1×.
	 6.	 Repeat the steps 4 and 5 till the completion of the sequence.
	 7.	 At the end of the synthesis, perform deprotection as shown in 

step 3.
	 8.	 Take the peptide-resin out of the reaction vessel and dry.
	 9.	 Treat the dried peptidyl-resin with 2 mL of cocktail solution 

(TFA:TIS:H2O :: 95:2.5:2.5) and, for 2  h, add 5  mL cold 
diethyl ether to precipitate the peptide (see Note 10).

	10.	Centrifuge at 955 × g for 10 min, discard the ether layer, rewash 
with ether, discard and dissolve the peptide in 10 mL water, 
filter and store at 4 °C before purification.

	 1.	LCMS should be used to monitor peptides that are 6 amino 
acids or less while MALDI-TOF-MS is a better option for 
larger peptides.

	 2.	Any mass less than your desired peptide represents deletion/s 
and any mass larger normally represents an incomplete removal 
of orthogonal protecting groups (bare in mind Na+ and K+ 
salts) (see Notes 11–13).

	 1.	Equip the semi-preparative HPLC for purification with C18 
column at 220 nm detection (see Note 14).

	 2.	Condition and wash the column prior to start purification with 
95 % mobile phase B.

	 3.	After the wash, stabilize the column with mobile phase B (see 
Note 15).

	 4.	Set the method with a fixed flow and solvent gradient to run 
over 45 min.

	 5.	As a trial run, inject a small amount of the sample (0.5 mL) and 
collect all peaks.

	 6.	Identify the peak of interest by MALDI-TOF-MS (see Note 
16) using HCCA as the matrix (see Note 17).

	 7.	Once the peak of interest is identified, continue the purifica-
tion and collect the peak of interest from each run.

	 8.	Lyophilize the peptide.
	 9.	Run analytical HPLC to confirm the purity of the sample using 

the appropriate conditions
	10.	Store at 4 °C until further use (see Note 18).

3.3  Identification 
of Problem Sequences

3.4  Purification 
and Characterization

Synthesis of AMPs under Microwave
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4  Notes

	 1.	Polystyrene resins work just as good for up to about 20 mer 
sequences. Resins will have different loading capacities and 
swelling properties based on manufacturer.

	 2.	2 M DIEA is not miscible with DMF, NMP is used for this 
purpose. If NMP is not available, then use a 1 M solution in 
just DMF and ensure that the instrument now adds twice the 
volume of the standard settings.

	 3.	HOBt is added in order to reduce the aspartimide formation 
[8] which is caused by aspartic acid present in the sequence.

	 4.	Methods would vary between different manufacturers.
	 5.	Some amino acids are hindered, less reactive or unstable. 

Hence, special conditions are required. The vendor would 
have special methods pre-programmed eg. ‘double couplings’ 
for Arginine and lower temperature for cysteine amino acids.

	 6.	The standard methods normally involve two deprotection 
steps but this was found to be unnecessary as reported by 
Collins et  al. [9] and confirmed by us [10]. The amount of 
power used is based on the what is required to reach the desired 
temperature in 20 s. This will vary amongst instrument manu-
facturers and even the age of the instrument. When evaluating 
this parameter, the concentrations of reagents must be as close 
as possible to mimic the dielectric constant of the reaction.

	 7.	Adjust volume of DIEA depending on the concentration used 
as mentioned in Note 1.

	 8.	Different activators can be employed (see Chapter 3 by 
Münzker et  al.) depending on availability but the combina-
tions of amino acid/HBTU/DIPEA in DMF (1:1:2) and 
using amino acid/DIC/OxymaPure in DMF (1:1:2) are cur-
rently most cost efficient.

	 9.	Comparing the standard microwave heating protocols and the 
aggressive heating approach found that the latter works well for 
most amino acids. Cysteine and histidine are sensitive to epimer-
ization during the coupling step. For cysteine, the DIC/Oxyma 
is preferred over the HBTU/DIEA activator. Aggressive heat-
ing should be avoided for histidine if the side chain protecting 
group is Trt. An alternative is to use the Mbom protecting 
group with a reaction time of 3 min and at 80 °C. Arginine 
normally needs double coupling but 25 min at room tempera-
ture followed by 2  min of microwave heating at 75  °C was 
found to be sufficient.

	10.	It is always desirable to verify the synthesis by means of ‘mini-
cleavage’ in which a small amount of the peptidyl-resin (~2 mg) 
is treated with 0.1 mL cleavage cocktail solution, followed by 
addition of cold ether, centrifuged, discarded ether and dissolved 

Suhas Ramesh et al.
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the peptide in a suitable solvent. If the peptide to be synthesized 
is too long, then mini-cleavage of the segments can be done to 
ensure successful synthesis.

	11.	A good example of the synthesis of a large AMP is the LL37. 
MALDI analysis revealed that there is a decrease in coupling 
efficiency from the 20th amino acid. Hence, segment-synthesis 
was undertaken as shown in Figs. 1 and 2. There is evidence 
for the formation of the product at 4493 m/z albeit in a small 
amount. There was no significant peak up to 2179 m/z leading 
us to conclude that the coupling of residues from 21 to 37 
worked well. The rest of the peaks in this region indicate poor 
coupling efficiencies for the residues of positions 16–20 in the 
sequence. Thereafter, it seems to be a smooth run to the 
desired product masses.

Fig. 1 MALDI-TOF MS showing non-specific products along with the desired mass m/z 4493.034

Fig. 2 Segment-based synthesis showing (I) fragment 33–37, (II) fragment 21–37, (III) fragment 16–37, (IV) 
fragment 11–37 and (V) fragment 1–37. Difficult coupling region/amino acids as found out experimentally are 
shown in red

Synthesis of AMPs under Microwave
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	12.	Hence, it was decided to monitor the addition of the residues 
in this region with manual synthesis and without microwave 
heating. Since extended coupling times would be beneficial, 
the use of a more stable coupling reagent like DIC [11] is 
essential. Carbodiimides are used in combination with addi-
tives. Here a superior and less-risk additive like OxymaPure 
[12] is recommended over HOBt/HOAt [13]. A report has 
identified that THF with DIC/OxymaPure combination 
proved more efficient compared to DMF [14].

	13.	The isoleucine at amino acid residue 20 was concluded to be 
the main problem since it required double couplings for 1 h 
each to give a negative ninhydrin test. All other amino acids in 
this region only required single couplings.

	14.	Employing a guard column will increase the shelf life of the 
column.

	15.	The starting solvent composition will depend on the polarity 
or the peptide. AMPs can vary drastically in this regard and 
may need optimization on an analytical scale first to determine 
the correct buffer system and gradient. Try for conditions on 
the analytical HPLC until the maximum resolution is achieved 
since this is always worse when translated to a larger scale.

	16.	If its a high molecular weight peptide, it is better seen on 
MALDI-TOF MS.  On the other hand, for peptides of low 
molecular weight LCMS can be used.

	17.	Depending on the molecular weight of the peptide, matrix has 
to be chosen for MALDI. Spotting of sample on the plate can 
be done using three ways: (1) sample first and matrix next, (2) 
matrix first and sample next and, (3) sandwich method, in 
which sample is spotted in between the layers of the matrix i.e., 
matrix-sample-matrix.

	18.	If the AMP synthesized is known, then its synthesis can also be 
verified by performing suitable biological activity and compare 
the results.
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Chapter 5

High-Performance Liquid Chromatography and Mass 
Spectrometry-Based Design of Proteolytically Stable 
Antimicrobial Peptides

Mojtaba Bagheri and Robert E.W. Hancock

Abstract

The emergence of multiresistant bacteria worldwide together with the shortage of effective antibiotics in 
the market emphasizes the need for the design and development of the promising agents for the treatment 
of superbug-associated infections. Antimicrobial peptides (AMPs) have been considered as excellent can-
didates to tackle this issue, and thousands of peptides of different lengths, amino acid compositions, and 
mode of action have been discovered and prepared to date. Nevertheless, it is of great importance to 
develop innovative formulation strategies for delivering these AMPs and to improve their low bioavail-
ability and metabolic stability, particularly against proteases, if these peptides are to find applications in the 
clinic and administered orally or parenterally or used as dietary supplements. The purpose of this chapter 
is to describe basic experimental principles, based on analytical reversed-phase high-performance liquid 
chromatography (RP-HPLC) and mass spectrometry (MS), for the prospective design of orally bioavail-
able AMPs considering the structural characteristics of the peptides and the substrate specificity of prote-
ases that abound in the body especially at sites of infection.

Key words Antimicrobial peptides, Bioavailability, Proteases, Reversed-phase high-performance liq-
uid chromatography, Mass spectrometry

1  Introduction

AMPs are known as efficient endogenous components of the innate 
immune systems of many organisms that are involved in protection 
of the host against health-threatening multiresistant pathogens 
[1]. These multifaceted compounds can have direct killing effects 
(e.g., cell membrane-permeabilizing activities [2], dysfunction of 
membrane protein functions [3], disturbance of DNA synthesis/
transcription and mRNA translation [4], inhibition of mitochon-
drial ATPase activity [5]), separate action against biofilm bacteria 
[6], and/or anti-infective and anti-inflammatory mediated by 
selective modulation of immune host defense responses [7]; they 
are often termed host defense peptides to encompass these other 
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activities. Many natural and synthetic AMPs with different 
mechanism of actions have been discovered or designed since the 
early 1980s [8]. However, to date none of these have achieved new 
drug approval; a few peptides have received statistically significant 
efficacy in Phase 3 clinical trials [8]. One main drawback to mar-
keting these peptide antibiotics is their low bioavailability and met-
abolic stabilities for the systemic applications in clinics [9]. This 
contrasts with two highly modified natural cationic amphipathic 
peptides, the polymyxins and gramicidin S, which are highly used 
in treatment of infections [10]. Thus, the development of biocom-
patible formulation strategies of the AMPs, which are specifically 
suitable for noninvasive oral administration and increasing the 
plasma half-life of the peptides, is a high priority.

Although natural and synthetic nanocarrier systems (e.g., lipo-
some or colloidal delivery systems), prodrug-based approaches 
(e.g., cell-penetrating peptide conjugates), and chemical modifica-
tions via site-specific polyethylene glycol (PEG)ylation, lipidation, 
and glycosylation have frequently been used in peptide drug devel-
opment [11, 12], adverse consequences associated with these 
excipients, such as reduced bioactivity, aggregation and/or 
decreased solubility/stability of the formulated peptides, and 
toxicity-related issues are of concern [13, 14]. This becomes much 
more pronounced for the AMPs since there is a good correlation 
between active AMPs sequences and the content of amino acid 
residues in the aggregation-prone region of amyloid peptides lead-
ing to their consequent physiochemical properties [15].

Peptide structural stability has also been described to be impor-
tant for the high activity of AMPs, especially, at physiological salt 
concentrations [16, 17]. Critically, the AMP sequences contain 
high numbers of residues sensitive to digestive serine and aspartate 
proteases [18], e.g., Lys and Arg as trypsin-sensitive cationic resi-
dues as well as hydrophobic residues such as Trp, Phe, Leu, Ile, 
Tyr, Ala, and Val that are sensitive to digestion by chymotrypsin, 
pepsin, and elastase proteases (Table 1); in particular these residues 
are functionally important for their activities and mediate peptide 
electrostatic attraction and hydrophobic insertion into the cell 
membrane [21]. Therefore, the strategies used to modify AMPs 
should result in minimal impact on peptides structure and ten-
dency to aggregation and should improve the peptide stability 
against enzymatic action of endo- and exopeptidases.

Basically, substitution of the endoprotease-sensitive residues 
with noncanonical amino acids bearing the same cationicity as pos-
itively charged amino acids or the comparable hydrophobicity as 
the aromatic and aliphatic amino acids, but with different side-
chain lengths or chemically modifications, provides one strategy 
for improving the proteolytic stabilities of AMPs and enables the 
prospective design of orally bioavailable peptides. Alternatives 
include the use of all-d-peptide isomers, including the retro-inverso 
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Table 1 
Structural description and substrate specificity of human gastrointestinal enzymes affecting the 
bioavailability of antimicrobial peptides

Endopeptidasea
Catalytic 
dyad/triad

Optimal 
pHb S1 primary structurec

Substrate specificityd

S1 S1′

Pepsin Asp-32, 
Asp-215

pH ~ 1.5 Val-71, Ser-72, Ile-73, 
Thr-74, Tyr-75, 
Gly-76, Thr-77, 
Gly-78, Ser-79, 
Met-80, Thr-81, 
Gly-82

Phe, Leu, 
(not Val, 
Ala, or 
Gly)

Trp, Phe, Tyr, 
Leu, Ile, Ala, 
other 
hydrophobic 
amino acids

Chymotrypsin His-57, 
Asp-102, 
Ser-195

pH ~ 7.8–
8.0

Ser-189, Ser-190, 
Cys-191, Met-192, 
Gly-193, Asp-194, 
Ser-195, Ser-214, 
Trp-215, Gly-216, 
Ser-217, Asp-218, 
Thr-219, Cys-220, 
Pro-225, Gly-226, 
Val-227, Tyr-228

Trp, Phe, Tyr slight substrate 
specificity for 
hydrophilic 
amino acids 
(not Pro)

Trypsin His-57, 
Asp-102, 
Ser-195

pH ~ 7.5–
8.5

Glu-189, Ser-190, 
Cys-191, Gln-192, 
Gly-193, Asp-194, 
Ser-195, Ser-214, 
Trp-215, Gly-216, 
Asp-217, Gly-218, 
Cys-219, Pro-225, 
Gly-226, Val-227, 
Tyr-228

Arg, Lys slight substrate 
specificity for 
hydrophobic 
amino acids 
(not Pro)

Elastase His-57, 
Asp-102, 
Ser-195

pH ~ 7.0 Ser-189, Ser-190, 
Cys-191, Asn-192, 
Gly-193, Asp-194, 
Ser-195, Val-213, 
Ser-214, Phe-215, 
Gly-216, Ser-217, 
Arg-218, Leu-219, 
Gly-220, Ser-226, 
Val-227, Phe-228

Val, Ala (not 
Trp)

any amino 
acids (no 
substrate 
specificity)

aThe endopeptidase is classified as aspartate proteases, e.g., pepsin, and serine proteases, e.g., chymotrypsin, trypsin, and 
elastase
bThe pH at which the enzyme is most active
cThe primary structure of the S1 binding site listed here belongs to human pepsin A and pancreatic chymotrypsin B, 
trypsin 1, and elastase 2A [19, 20]. The side chains of bold underlined residues point toward the S1 binding pocket and 
are in contact with the P1 side chain. Thus, they play important role in specificity determinants of the enzymes
dIn the case of pepsin, only amino acids with high frequency in the AMPs are shown here as the substrate
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sequences, and acetylation and amidation of the peptide N- and 
C- termini to, respectively, reduce susceptibility to amino- and 
carboxy-exopeptidases. For this, it is important to take into consid-
eration the structural determinants of the enzyme binding pockets, 
particularly S1 site specificity and its preferences for the peptide 
side chains (P1) (Fig. 1), as well as the peptide structural character-
istics (see Note 1). Cyclization to induce peptide structural con-
straints and creation of peptidomimetics such as α,β-/β-peptides 
and peptoids have also been used for the generation of metaboli-
cally stable AMPs [22]; however, these approaches are limited by 
our poor understanding of how such backbone modification 
impact on peptide structure in various environments (including 
the membrane) and consequently the amphiphilic arrangement of 
the side chains (or the subunits) and the antimicrobial and hemo-
lytic activities of these compounds [23, 24].

Studies of the relationship between peptide structural elements 
and enzyme substrate specificity will be beneficial for the under-
standing of the modes of binding of AMPs to proteases and are 
very relevant to the establishment of a general approach for the 
design of AMPs with increased bioavailability [9]. Critically, HPLC 
and MS have tremendous potential for determining the peptide 
(plasma) half-lives and the site(s) of enzymatic cleavage, respec-
tively, enabling an iterative peptide design process involving syn-
thesis and evaluation of both the biological activities and proteolytic 
stability of peptides. Through the integration of the peak area in an 
HPLC spectrum and the mass profile analysis, the necessary infor-
mation on enzymatic stability and the mode of AMP-protease 
binding is obtained within a few hours, providing an important 
advance in the design of the bioavailable peptides. In this chapter, 

Fig. 1 Schematic representation of a peptide-protease complex. This is used to 
describe the enzyme substrate specificity according to Schechter’s naming sys-
tem. The arrow shows the scissile bond at which the peptide enzymatic hydroly-
sis occurs
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the highly cationic Trp-rich 5DabHHC-36, an analog of active anti-
bacterial HHC-36 peptide (Fig. 2) against pathogens, particularly, 
Staphylococcus aureus and Pseudomonas aeruginosa [25], is utilized 
as an example of a derivative that is less sensitive to serine endopep-
tidases (see Note 2) [9], and an efficient protocol for the analysis of 
its tryptic stability is described. The detailed protocol provided 
here is quite straightforward and can be applied to evaluate the 
stability of a variety of pharmaceutically interesting peptide 
sequences toward luminally secreted gastrointestinal proteases, 
thus addressing challenges in the design of orally and systemically 
administered peptides.

2  Materials

	 1.	Trypsin; salt-free, lyophilized powder, ≥10,000 BAEE units/
mg protein; molecular mass: ~ 24 kDa.

	 2.	Lyophilized 5DabHHC-36: Dab-Dab-Trp-Trp-Dab-Trp-Trp-
Dab-Dab-NH2 (1261.8185 Da (see Note 3)).

	 3.	Ammonium bicarbonate buffer: 0.1 M NH4HCO3.
	 4.	Stock solution of trypsin from bovine pancreas: 0.02 mg/mL 

trypsin in 0.1 M NH4HCO3 buffer at pH = 8.2 (see Note 4).
	 5.	Peptide stock solution: 600 μM peptide in 0.1 M NH4HCO3 

buffer at pH = 8.2 (see Note 5).
	 6.	Sodium hydroxide (NaOH).

2.1  Enzyme, Peptide, 
Buffers, and Solvents

Fig. 2 Structure of HHC-36 peptide and amino acid substituents. (a) HHC-36 chemical structure and (b) exam-
ple non-proteinogenic Lys and Arg analogs with varied methylene chains which can be substituted for the 
cationic residues to generate proteolytically stable AMPs. Lys analogs are: Orn, Dab, and Dap; Arg mimics are 
Har, Agb, and Agp. Arrows show the tryptic cleavage positions in the HHC-36
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	 7.	Hydrochloric acid (HCl).
	 8.	Acetonitrile (ACN).
	 9.	Acetic acid (HOAc).
	10.	Trifluoroacetic acid (TFA).
	11.	Quenching cocktail: 99.99 % HOAc and 0.1 % TFA.

Buffer A: H2O containing 0.1 % TFA.
Buffer B: ACN/H2O (4/1: v/v) containing 0.1 % TFA.
Waters analytical reversed-phase HPLC equipped with Breeze 

workstation software, autosampler with a diode-array ultraviolet/
visible (UV/VIS) detector; reversed-phase Nova-Pak C18 
Cartridge, 60 Å, 4 μm, 4.6 mm × 250 mm column.

The retention time (tR) is determined using a linear gradient of 
5–95 % of mobile phase B for 40 min at 23 °C and a flow rate of 
1 mL/min. The injection volume is set to 200 μL, and the absor-
bance is detected at λ = 220 nm.

Agilent Technologies electrospray ionization-mass spectrometry 
(ESI-MS) in the positive ionization mode using an Agilent 6410 
Atriple quadrupole LC/MS and equipped with MassHunter 
Workstation Software. Fragmentor and capillary voltages are set to 
135 V and 4000 V, respectively (see Note 6). The other source 
parameters are set as follows: collision energy, 0 V; nebulizer pres-
sure, 40 PSI; drying gas temperature, 325  °C; drying gas flow, 
10 L/min; and MS heater temperature 100 °C. The mass spectra 
are recorded using the direct injection (see Note 7) in the full scan 
mode from the m/z 50 to m/z 2000 range (see Note 8). The 
sample injection volume is set to 20 μL.

	 1.	Thermomixer with 2 mL thermoblock.
	 2.	pH meter.
	 3.	NANOpure infinity UV/ultrafilter (UF) water purification 

system.
	 4.	Measuring pipette and pipette tips and 1.5 mL and 2 mL vials.

3  Methods

	 1.	Transfer 150 μL of the enzyme sample and 150 μL of the pep-
tide stock solution into a 2 mL Eppendorf vial already filled 
with 1200 μL of the buffer.

	 2.	Incubate the peptide-enzyme mixture in an Eppendorf ther-
momixer at 37 °C with gentle shaking.

	 3.	Take a 200 μL aliquot from the reaction mixture at a specific 
time interval and transfer it to a 1.5 mL Eppendorf vial.

2.2  HPLC System

2.3  MS System

2.4  Additional 
Materials

3.1  Enzymatic 
Assessment and Data 
Analysis
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	 4.	Add 50 μL of a quenching cocktail containing 99.99 % HOAc 
and 0.1 % TFA to the aliquot in step 3 (see Note 9).

	 5.	Analyze the quenched mixture using analytical RP-HPLC.
	 6.	Use Breeze workstation software for HPLC peak detection, 

integration, and quantitation for the determination of the pep-
tide half-life using Eq. 1 (see Note 10).

	 7.	As a control repeat steps 1–5 for samples in the absence of the 
enzyme. The final peptide concentration is the same as in step 
3 (60 μM).

	 8.	Transfer 10 μL of the quenched enzymatic reaction mixture in 
step 4 to a 1.5 mL Eppendorf vial prefilled with 900 μL of the 
buffer (100-fold dilution) and use it for the mass analysis.

	 9.	Analyze the quenched mixture using the triple quadrupole MS 
instrument. Use the MassHunter Workstation Software for 
data analysis (see Note 11).

4  Notes

	 1.	Schechter’s model nomenclature system is used to describe the 
interaction between a peptidase and its substrate with respect 
to the enzyme binding subsites and the peptide side chains 
(Fig. 1) [26]. In this naming system, the scissile bond is taken 
as the reference, and the peptide side chains are continuously 
numbered as “P1, P2, …, Pn” and “P1′, P2′, …, Pn′” (where 
n ≥ 1) toward the peptide’s N-terminus and the C-terminus, 
respectively. Also, enzyme binding subsites fitted in by each 
individual residue’s side chain are designated as “S1, S2, …, 
Sn” and “S1′, S2′, …, Sn′”, where “Pn” (and/or “Pn′”) is the 
substrate for “Sn” (and/or “Sn′”) if “n” has the same value. 
This nomenclature system is widely used to describe the diges-
tive enzyme substrate specificity.

	 2.	Trypsin specifically cleaves peptides at the carboxyl side of argi-
nine and lysine residues by an electrostatic interaction between 
Asp-189  in the S1 binding subsite (of trypsin) with the cat-
ionic residues (in the target peptide). Unlike S1, the other 
trypsin binding subsites have very broad substrate specificity 
[9]. Thus, the substitution of Arg and Lys residues with their 
noncanonical analogs enables the systematic design of trypsin-
stable peptide sequences. HHC-36 (Lys-Arg-Trp-Trp-Lys-
Trp-Trp-Arg-Arg-NH2) is an Arg/Lys-rich sequence (Fig. 2). 
Using this template X1-X2-Trp-Trp-X1-Trp-Trp-X2-X2-NH2, 
where X1 and X2 are replaced by Arg and/or Lys analogs, a 
very large number of peptides can be made if every permuta-
tion and combination of Arg and Lys substitution is performed. 
Indeed, this requires a high-throughput method of generating 
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the varied peptide sequences to examine the effects of chang-
ing the side chain of the cationic residues on the peptide tryp-
tic stability. To make the design process more cost-effective 
and faster, the noncanonical residues that are commercially 
available may be considered first, including l-ornithine (Orn), 
(2S)-2,4-di-amino butyric acid (Dab), (2S)-2,3-di-amino pro-
pionic acid (Dap), l-homoarginine (Har), (2S)-2-amino-4-
guanidinobutyric acid (Agb), and (2S)-2-amino-3-(guanidino)
propanoic acid (Agp) with the varied side-chain lengths (Fig. 2) 
compared to Arg and Lys. At this point, the easiest way is to 
use only one residue at each tryptic cleavage position, e.g., 
Dab-Dab-Trp-Trp-Dab-Trp-Trp-Dab-Dab-NH2, etc. Once it 
is established whether it is better to elongate or shorten the 
cationic side chain and whether a guanidinium group or an 
amino group results in better antimicrobial activity, then com-
binations of Arg and Lys noncanonical analogs and the other 
conformationally restricted mimics of similar length can be 
included in the iterative peptide design process and checked 
for tryptic stability and bioactivity tests.

As a result of the stereoselective action of trypsin, it is also 
possible to make HHC-36 variants in which either the all-d-
peptide isomers are constructed or the retro-inverso form 
(reversed sequence with d-amino acid residues in which all 
side chains will appear in the same position in 3D space as in 
the l-amino acid analog). Such a strategy will also result in 
trypsin-resistant peptide analogs.

The same systematic approach can be used for the design of 
peptide sequences that are resistant to other digestive enzymes, 
such as chymotrypsin, elastase, and pepsin, based on the 
enzyme binding subsites’ substrate specificity (Table 1).

	 3.	The purity of the peptide is recommended to be ≥95 %. Small 
contaminations cause errors in the concentrations and thus 
create uncertainties in the peptide-enzyme binding studies, 
including for the proteolytic stability of the peptide.

	 4.	The carbonate buffer is prepared by dissolving an appropriate 
amount of NH4HCO3 in pyrogen-free H2O.  The pH is 
adjusted to 8.2 by adding NaOH or HCl as assessed using a 
pH meter and is then filter sterilized. This buffer does not 
adsorb UV light at λ = 220 nm, which is used for the detection 
of peptides in the RP-HPLC. The carbonate buffer is, how-
ever, volatile and the pH changes due to the loss of carbon 
dioxide. As a result of this and to prevent microbial contamina-
tion, the buffer should be stored at 4 °C and renewed at least 
every 6 months after the first usage.

	 5.	Peptides containing ≥50 % hydrophobic residues may be insolu-
ble in aqueous solutions and/or might self-aggregate at a desired 
concentration. In these circumstances, the stock solution of the 
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peptides should be dissolved in an appropriate amount of a 
dimethyl sulfoxide/H2O (1/1: v/v) buffer until the desired 
concentration is reached.

	 6.	High fragmentor and low capillary voltages are required to pro-
duce accurate masses with relatively good intensity for peptides 
with low molecular weights, particularly, during enzymatic pep-
tide cleavage that produces fragments with short sequences.

	 7.	As a result of harsh acidic condition of the quenched mixture 
of the trypsin-treated peptide sample, it is recommended to 
utilize direct injection in mass spectrometry where the reaction 
mixture is injected directly via a syringe injection autosampler, 
to prevent probable damage and consequent loss of perfor-
mance of the column in the LC/MS instrument. In this mode, 
a single-run data collection takes ~3–5 min.

	 8.	To detect the unknown peaks representing the peptide frag-
ments in the sample, the MS system is used in the full scan mode. 
The MS instrument setup for a mass range is dictated by the 
molecular mass of the intact peptide, e.g., 1261.8185 Da for 
5DabHHC-36 in this protocol, as well as the molecular masses of 
the anticipated cleaved sequences in the enzymatic reaction.

	 9.	The same experimental protocol may be used to investigate 
stability of the peptides against other serine and aspartate 
endopeptidases except that to measure the stability of the pep-
tides to pepsin, a 2 % ammonium hydroxide solution should be 
used as the quenching cocktail.

	10.	The peptide’s (plasma) half-life can be estimated using Eq. 1 
(with slight modifications from http://www-users.med.cor-
nell.edu/~spon/picu/calc/halfcalc.htm),

	 C C et

t
t=
-

0

0 7

1 2

.

/

	 (1)

where C0 and Ct are the RP-HPLC spectral peak areas before 
and after the incubation time t of a peptide with an enzyme, 
and t1/2 is the half-life.

	11.	In the MS system, the total ion chromatogram (TIC) is created 
by scanning the mass range (e.g., from the m/z 50 to m/z 
2000), and the intensities of all detected mass spectral peaks are 
summed after the acquisition time (~3–5 min). The mass spec-
tral peaks are extracted from the TIC chromatogram using the 
MassHunter Workstation Software (Fig. 3). The observed mass 
may reflect the molecular masses of the peptides with a TFA 
and/or HOAc adduct ion, e.g., [M + xTFA + yHOAc + nH]n+, 
where “x” and “y” are the number of TFA and HOAc adduct 
ions, respectively, and n represents multiple-charge ionization 
of peptides from protonation (Fig. 3). There are several online 
bioanalytical MS facilities, for instance, the software program 
“peptide mass calculator v3.2” http://rna.rega.kuleuven.ac.
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be/masspec/pepcalc.htm, which may be used to confirm the 
observed mass spectral peaks and relate them to the primary 
structure of peptides (taking into consideration the molecular 
masses of the adduct ions). By comparison of the peptides’ 
sequences before and after treatment with an enzyme, the enzy-
matic cleavage position is identified, and thus information on 
the mechanism of proteolysis is obtained (Fig. 3).
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Fig. 3 Analytical RP-HPLC characterization and MS profiles. (a) intact 5DabHHC-36; [M + 1H]1+ = 1262.8found/1262.82
63calculated, [M + 2H]2+ = 631.9found/631.9171calculated, (b) 2 h; [M + 4HOAc + 4TFA + 3H]+3 = 653.9found/653.6273calculated, 
and (c) 24 h; [M + 2TFA + 2H]+2 = 695.0found/695.9calculated after the peptide incubation with trypsin. The values are the 
monoisotopic masses in positive mode. The monoisotopic masses of TFA and HOAc are 113.99 Da and 60.02 Da, 
respectively. The values for the integrated peaks area in the RP-HPLC spectra for the untreated peptide and 2 h 
after the incubation with the enzyme are 24794329 and 18153357 (absorbance units × seconds), respectively. 
Thus, the peptide half-life is 4.49 h according to Eq. 1. The found positive ion modes correspond to Dab-Dab-Trp-
Trp-Dab-Trp-Trp-Dab-Dab-NH2 (for a and b) and Dab-Trp-Trp-Dab-Trp-Trp-Dab-Dab-NH2 (for c) sequences. This 
indicates that 5DabHHC-36 is cleaved slowly from the peptide N-terminal by losing one Dab residue
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Chapter 6

Determination of Structure and Micellar Interactions 
of Small Antimicrobial Peptides by Solution-State NMR

Reinhard Wimmer and Lars Erik Uggerhøj

Abstract

NMR spectroscopy is a well-established technique to determine the structure of peptides and small proteins 
in solution, also when bound to detergent micelles or phospholipid bicelles. The structure of the peptide 
alone is, however, not conveying the full picture, if the peptide is bound to a micelle, since it does not tell 
anything about the orientation of the peptide in the micelle. This article describes how to obtain that 
information together with information on peptide structure.

Key words Antimicrobial peptides, Cell-penetrating peptides, Peptide-lipid interactions, Paramagnetic 
relaxation enhancement, NMR

1  Introduction

The central dogma in structural biology runs that knowledge of a 
biomolecule’s three-dimensional structure is a prerequisite to 
understand its function. Cell-penetrating peptides (CPPs) and 
antimicrobial peptides (AMPs, also referred to as host-defense 
peptides, HDPs) are a structurally diverse group of peptides, many 
of which interact with bacterial cell membranes. A key aspect of the 
biological activity of some peptides is their interaction with bio-
logical membranes. Therefore, it is very relevant not only to study 
the structure of the peptides but also the details of their interaction 
with cell membranes. Cell membranes are complex, fragile entities 
that are difficult to work with. That also applies to high-resolution 
structural studies: it is extremely difficult to obtain the well-
diffracting crystals of a protein-membrane complex required for 
X-ray crystallography, and solution-state NMR spectroscopy of 
protein-membrane complexes suffers from the inherently large 
particle sizes resulting in fast transverse relaxation. Solid-state 
NMR offers many advantages to studying peptide-lipid interac-
tions; however, it is not the subject of this chapter, and the inter-
ested reader is referred to the review by Hong et al. [1].
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Since solution NMR on intact peptide-membrane complexes is 
very difficult, suitable model systems are often applied instead of 
membrane systems. Most often, these are detergent (SDS or DPC) 
micelles, but also phospholipid bicelles [2] have been used with 
success. The different model systems used have been reviewed else-
where [3, 4].

Still, determining the structure of a peptide in a micelle by 
standard methods only reveals the structure of the peptide; no 
information about the orientation of the peptide in the micelle or 
its penetration depth is obtained. Such information can be gained 
from paramagnetic relaxation enhancement (PRE). After excita-
tion with radiofrequency radiation, nonequilibrium coherences are 
created, which are detected and form the basis of the observed 
NMR signal. Over time, the detectable signal vanishes, partly due 
to reestablishment of the equilibrium state (this process is referred 
to as T1 relaxation), partly due to a loss of phase coherence (this 
process is referred to as T2 relaxation.). Both processes can be 
enhanced by paramagnetic molecules (molecules with at least one 
unpaired electron). Paramagnetic relaxation enhancement (PRE) 
depends on the type of paramagnetic molecule used (its electron 
spin and electronic relaxation time), the molecular mobility of the 
nuclei subjected to the PRE, and the distance between the nucleus 
responsible for the observed NMR signal and the paramagnetic 
center. The PRE also depends on whether the nucleus and the 
paramagnetic center are bound to the same molecule or not and—
if they are not—whether they are transiently interacting [5]. The 
basic idea of determining the orientation of a peptide in a micelle 
lies in adding paramagnetic centers to the aqueous bulk solution 
surrounding the micelle or to the micelle itself. Since the PRE is 
distance dependent, the NMR signals of individual peptide atoms 
will experience different PREs, depending on how far from the 
micellar surface they are located. Early studies exploited this prin-
ciple by adding doxyl-labeled lipids to the micelle [6] or paramag-
netic ions (Mn2+, Ni2+) to the water phase [7, 8]. These techniques, 
however, yield only qualitative or semiquantitative data, sufficient 
to elucidate the overall orientation of the peptide. Another prob-
lem associated with using unchelated metal ions is their ability to 
interact with proteins. Negatively charged groups in the protein 
will preferably interact with the metal ions. This will cause higher 
PREs in the vicinity of the metal ions than further away; thus the 
PRE will not be purely dependent on the distance of an amino acid 
from the micellar surface. This problem has been solved by using 
complexes of gadolinium that were developed for magnetic reso-
nance imaging (MRI) and tested against interactions with proteins, 
lipids, and carbohydrates [9]. In the last decade, quantitative PRE-
based methods for the determination of the orientation and inser-
tion depth of peptides in micelles have been developed [10–12]. 
The different approaches and their advantages and applications 
have been reviewed [13].
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The present chapter describes how to determine the position 
and orientation of a peptide in a micelle alongside with its struc-
ture. The chapter covers the necessary sample conditions, NMR 
experiments, and setup of calculations. The protocol applied here 
has been applied successfully for different α-helical AMPs [14, 15], 
chimera of peptides and peptoids (“peptomers”) [16], and lantibi-
otics [17]. Figure 1 shows some illustrations of results obtained 
using this protocol.

2  Materials

NMR samples: all solutions are prepared in MilliQ H2O with a 
suitable fraction of D2O, depending on hardware requirements 
(we have good experience with 5 % D2O.).

	 1.	Perdeuterated dodecylphosphocholine (DPC-d38).
	 2.	D2O.
	 3.	3-(Trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt 

(TSP-d4).
	 4.	Gd(DTPA-BMA solution): 257.4  mM Gd(DTPA-BMA, 

known as gadodiamide or Omniscan®).
	 5.	10 mM phosphate buffer pH 6–7, containing 5–10 % of D2O.

Fig. 1 Structure of the antimicrobial peptide anoplin (Gly-Leu-Leu-Lys-Arg-Ile-Lys-Thr-Leu-Leu-NH2) in a DPC 
micelle: (a) anoplin embedded in the micelle shown with a transparent surface. (b) 20 superimposed models 
of anoplin (green helix and stick model) and the DPC micelle (gray sphere) with all phosphate groups (shown 
as yellow and red sticks) within 4 Å from a positively charged amino acid of anoplin, illustrating possible elec-
trostatic interactions between the peptide and the micelle

Determination of Structure and Micellar Interactions of Small Antimicrobial…
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3  Methods

	 1.	Any modern NMR spectrometer can be used. At peptide con-
centrations of 2–3  mM, a 600  MHz NMR system without 
cryogenically cooled probe will yield good results. A whole 
week of NMR time must be calculated for obtaining all spectra 
for one peptide. When higher sensitivity is available, peptide 
concentrations or recording times can be reduced accordingly.

	 2.	It is imperative that relaxation measurements are carried out at 
310 K, since calibration of PREs is only possible at this tem-
perature. An additional advantage of recording at 310 K is that 
the elevated temperature leads to enhanced molecular mobility, 
which in turn causes slower transverse relaxation and is thus 
beneficial for the linewidths of the NMR signals of large pep-
tide/micelle systems (see Note 1). It is also necessary that the 
peptide is fully bound to the micelles, as the conversion of PREs 
to distances from the micelle center otherwise would fail (see 
Note 2 for possible remedies for not fully bound peptide).

	 3.	Peptides are dissolved to 2–3 mM in 10 mM phosphate buffer 
pH 6–7, containing 5–10 % of D2O.

	 4.	Further, add 100 μM of TSP-d4 as a chemical shift standard 
and 2 mM NaN3 to prevent microbial growth and to improve 
samples’ long-term stability. DPC-d38 was added to 150 mM 
(see Note 3). For an NMR spectrometer with a 5 mm probe, 
the total sample volume should be 525–600 μL, but different 
probe diameters could be used as well. The use of shaped tubes 
is not necessary since the zwitterionic DPC does not lead to 
RF heating.

	 5.	Run a standard 1H-NMR spectrum with water suppression, 
e.g., presaturation or excitation sculpting [18].

	 6.	DOSY (diffusion ordered spectroscopy): in order to check 
whether the peptide binds fully to the micelle, diffusion mea-
surements should be conducted. The apparent diffusion con-
stant of the peptide should be the same as that of the DPC 
micelle (see Note 4).

	 7.	Choose a convection-compensated double-stimulated echo 
experiment (e.g., pulse program dstebpgp3s) with Δ = 200 ms, 
δ = 3 ms, and 32–128 gradient strength steps ranging from 1 to 
45 G/cm.

	 8.	TOCSY (total correlation spectroscopy): any TOCSY sequence 
with water suppression is applicable. We have good results with 
the pulse program mlevesgpph using MLEV-17 mixing [19] 
and excitation sculpting [18]. We used a mixing time of 60 ms, 
a relaxation delay of 2.4 s, and t1,max ≈ 50 ms and t2,max ≈ 300 ms. 
On a 600 MHz NMR spectrometer with a room-temperature 
probe, NS = 32 yields a good result.

3.1  NMR
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	 9.	NOESY (nuclear Overhauser effect spectroscopy): use a stan-
dard three-pulse gradient-selected NOESY experiment, pulse 
program noesyesgpph with excitation sculpting water suppres-
sion, 60  ms mixing time, a relaxation delay of 2.4  s, and 
t1,max ≈ 50 ms and t2,max ≈ 300 ms. On a 600 MHz NMR spec-
trometer with a room-temperature probe, NS = 32 yields a 
good result.

	10.	DQF-COSY (double-quantum-filtered correlation spectros-
copy): although not strictly required, a COSY spectrum some-
times helps distinguishing side-chain resonances. Use a 
gradient-selected double-quantum-filtered COSY with presat-
uration water suppression and pulse program cosygpfmphpr.

	11.	[1H-13C]-HSQC (heteronuclear single-quantum coherence 
spectroscopy): the natural abundance of 13C is enough to 
obtain a 13C-HSQC spectrum within reasonable time. 13C-shift 
information is not necessary for structure determination, but it 
helps in two ways: firstly, Cα and Cβ chemical shifts are valuable 
for obtaining torsion-angle constraints. Secondly, overlapping 
resonances in the 1H spectra can often be resolved using the 
13C-HSQC.

	12.	Use standard HSQC pulse program hsqcetgpsi with a 
t1,max ≈ 12 ms and t2,max ≈ 340 ms with 13C chemical shifts rang-
ing from 5 to 75 ppm. On a 600 MHz NMR spectrometer 
with a room-temperature probe, NS = 32 yields a good result.

	13.	Relaxation measurements: if the structure of the peptide is suf-
ficient and details about how the peptide is situated within the 
micelle (orientation and insertion depth) are not of interest, 
then this point is not necessary.

	14.	In order to determine the bulk solvent PRE of peptide Hα atoms, 
we have good experience using inversion-recovery weighted 
NOESY spectra [12, 14–16] (see Note 5). NOESY spectra are 
essentially set up as described above. We recorded NOESY spec-
tra at six different relaxation delays and found it worthwhile to 
vary the relaxation time settings depending on Gd3+ concentra-
tions. The faster T1 relaxation caused by the paramagnetic agent 
allows for shorter relaxation delays and thus reduced recording 
times: at 0–1 mM Gd3+, use 100 ms, 300 ms, 600 ms, 1.2  s, 
2.6 s, and 4 s; at 2–4 mM Gd3+, use 100 ms, 300 ms, 600 ms, 
1.08 s, 1.8 s, and 3.6 s; at 5–8 mM Gd3+, use 50 ms, 300 ms, 
600 ms, 900 ms, 1.6 s, and 3.2 s; and above 8 mM Gd3+, use 
20 ms, 200 ms, 500 ms, 700 ms, 1.2 s, and 2.4 s.

	15.	The recycling delay can be set to the same value as the longest 
relaxation delay. The number of scans and the number of incre-
ments in the indirect 1H dimension can be adjusted to meet 
sensitivity and resolution requirements and instrument time 
limitations.
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	16.	The experiment is repeated at least at three, better four differ-
ent concentrations of Gd3+, starting with [Gd3+] = 0 mM and 
not exceeding 8 mM. 0, 2, 5, and 8 mM is working fine (see 
Note 6).

Resonance assignment follows the standard “sequential walk” 
method for homonuclear spectra of peptides and proteins [20].

	 1.	Fourier transform the inversion-recovery weighted NOESY 
spectrum along F3 and F2 (the direct and indirect 1H dimen-
sions) and apply phase and baseline corrections, as needed.

	 2.	Pick the peaks you want to use for PRE determination—see 
Note 7 on which peaks to choose. The chosen peaks have to 
be integrated; we used the NEASY module of CARA for inte-
gration; however, other software packages exist.

	 3.	The Bruker Protein Dynamics Center offers a convenient way 
of integrating peaks in multiple planes of pseudo-3D spectra 
and fitting the obtained integrals (see Note 8 on how to choose 
integration regions and Note 9 on how PRE values are 
obtained from the peak integrals). The conversion of PREs to 
distance restraints is described in the following chapter.

	 4.	Different software packages exist for the calculation of protein 
structures from NMR data. In this protocol, we will describe 
the use of CYANA. The determination of peptide structures 
from NMR data has been described extensively in the litera-
ture. For a basic protocol, not including PRE data, the reader 
is referred to Reference [21].

	 5.	Many antimicrobial peptides feature an amidated C-terminus. 
Including this into the structure calculation with CYANA 
requires modifications in the CYANA library, which are 
explained in Note 10.

	 6.	Preparation of input files for structure determination: torsion-
angle constraints can be derived from chemical shifts by the 
TALOS, TALOS+, or TALOS-N software packages [22–24]. 
This is only recommended, when a near-complete assignment 
of Cα and Cβ shifts has been achieved.

	 7.	PRE-based constraints: PRE values are converted to distances 
as described in the literature (Eq. 3 of Reference [12]):

	
r g R

k
= + − 





−
PRE

1
3

	
(1)

where r [Å] is the distance of the atom in question from the 
micelle center, g [Å] is the apparent average distance of the Gd 
complex from the micelle surface (8 ± 0.9  Å), R [Å] is the 
micelle radius of 22.55 Å (see Note 11), PRE [s−1 mM−1] is the 

3.2  Determination 
of PREs and Structure 
Determination 
with CYANA
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measured PRE value, and k = 253.1 ± 91.95 [s−1 mM−1 Å3] is 
the calibration constant. See Note 12 for an example of how 
such constraints can be defined. Figure 2 illustrates the signifi-
cance of the PRE-based restraints for the structure of the pep-
tide/micelle complex.

	 8.	CYANA sequence file containing the micelle center. The inclu-
sion of PRE constraints needs the definition of the micelle for 
the structure calculation. This is most conveniently done by 
including the center of the micelle as a pseudo-atom. In 
CYANA, all atoms need to be organized in residues, and all 
residues need to be connected in one chain. This is achieved by 
starting with the peptide sequence and then connecting the 
micelle center to the peptide through a series of flexible linker 
residues (see Note 10 for the CYANA library entries for the 
micelle and the sequence file to use for the definition of the 
peptide/micelle complex—both with and without C-terminal 
amide group).

	 9.	Structure calculation: the structure calculation follows the 
standard protocol but using the modified sequence file and the 
extra PRE-derived constraints. Typically, 100 structures were 
calculated, and the 20 structures with lowest target functions 
were retained.

Fig. 2 Structure of anoplin (stick model) in a DPC micelle (transparent, gray sphere), with corresponding PRE-
based distance restraints from Hα of each amino acid to the micelle center (lower graph)

Determination of Structure and Micellar Interactions of Small Antimicrobial…
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	10.	Energy refinement: for energy refinement, many different soft-
ware packages exist. We have good experience using YASARA 
[25]. Refinement was done in the following way: an energy-
minimized DPC micelle was defined as described in [12]. 
Briefly, a preformed DPC micelle was obtained from the 
homepage of Professor Peter Tieleman at the University of 
Calgary (http://moose.bio.ucalgary.ca) [26], water molecules 
were defined surrounding the micelle, and a 3.3 ns MD simu-
lation was applied. The PDB file of the micelle thus obtained is 
in the supplementary material.

	11.	Each of the 20 structures from CYANA is then placed at 20 
random positions above the micellar surface; NOE, PRE, and 
dihedral angle constraints were added, and the system is energy 
minimized first in vacuo using the NOVA force field [27], then 
in water, using the YASARA force field [28], as described in 
[15]. Out of the 20 randomly placed peptide structures, the 
one with the lowest residual constraint violation energies was 
kept. In total, this yields 20 refined structures, which are 
merged to create the final bundle.

4  Notes

	 1.	Prolonged NMR acquisition at 310  K causes non-negligible 
evaporation of water from the NMR sample. (We have experi-
enced evaporation of up to 20 %.) This leads to higher concentra-
tions of paramagnetic agent than assumed and thus to an 
overestimation of PRE values. We therefore strongly recommend 
that the NMR sample is kept in an airtight tube at all times.

	 2.	If the peptide is not fully bound to the micelle, it sometimes 
helps to increase the concentration of DPC and/or to add up 
to 300 mM NaCl. Be aware that the diffusion constant of the 
micelle changes and needs to be redetermined for each new 
sample condition.

	 3.	If peptides do not aggregate, the number of peptides per 
micelle follows a Poisson distribution [29]:

	
P n

e
n

n

( ) =
-l l

! 	
(2)

where P(n) is the probability of finding a micelle with n 
peptides bound and λ is the average number of peptide mole-
cules per micelle. At 150 mM DPC, the concentration of DPC 
micelles is approximately 2.3 mM (the critical micelle concen-
tration of DPC is approximately 1.1  mM.  Therefore, at 
150 mM DPC, 148.9 mM are to be found in micelles. At an 
aggregation number of approximately 65 DPC molecules per 
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micelle, this gives 148.9/65 = 2.3 mM of micelles). Assuming 
fully bound peptide at a concentration of 2.3  mM, 
λ = cpeptide/cmicelle ≈ 1. From Eq. 2 follows that 36.8 % of micelles 
will not contain any peptide, 36.8 % of micelles will contain 
exactly one peptide, 18.4 % of micelles will contain two peptide 
molecules, 6.1 % of peptides will contain three peptide mole-
cules, and so forth. The micelle is much larger than the pep-
tide; thus the accommodation of several peptide molecules in 
one micelle is not a problem for the analysis.

	 4.	The apparent diffusion constant of DPC will be a concentration-
weighted average of micelle and monomer diffusion constant. 
The size of the micelle and the viscosity of the solution depend 
on the DPC concentration, concentration of other salts, and 
temperature. Therefore, diffusion measurements of DPC 
micelles should always be done within the same sample as for 
the peptide. Since commercially available DPC is only 2H 
labeled to approx. 98 %, there is sufficient 1H sensitivity of 
DPC signals to measure DPC diffusion, too. Often, the appar-
ent diffusion constant of the bound peptide will appear slightly 
lower than that of the DPC micelle, because the latter is a 
weighted average of monomer and micelle.

	 5.	A pulse program noesyesgpphir based on Bruker’s standard 
pulse program noesyesgpph is given in the Supplementary 
Material. Here, the experiment is set up in a pseudo-3D man-
ner. This offers the advantage, that all planes are scaled equally 
during Fourier transformation, which would not automatically 
be the case if spectra are recorded as single 2D-NOESYs. In 
addition, when running the spectrum as a pseudo-3D, the 
acquisition order of the dimensions can be set such that all 
relaxation delays are cycled for each increment in the indirect 
frequency dimension, thus eliminating possible bias of obtained 
relaxation times by temporal changes in the sample or the spec-
trometer behavior.

In principle, any 2D spectrum can be used. An inversion 
recovery element can, for instance, be introduced at the start of 
a TOCSY or HSQC pulse sequence. Other authors have 
reported the use of saturation-recovery weighted NOESY, 
which allows for faster repetition rates [10]. The NOESY spec-
trum offers the advantage that there often are several cross 
peaks for each Hα in the indirect dimension. In such a case, 
more than one PRE can be experimentally determined allowing 
for an estimate of precision in the data. At the same time, small 
peptides offer sufficient spectral resolution to distinguish most 
peaks in a 2D-NOESY. We have observed up to five useful cross 
peaks with the same Hα in the indirect dimension. The standard 
deviation for the distance constraints thus obtained was always 
below 1 Å. Hence, we allowed a deviation of ±1 Å around the 
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mean distance constraint (derived from the mean PRE by 
Eq. 1) for the structure calculation. In addition, we weighted 
PRE-derived constraints with 10 % compared to NOE or dihe-
dral angle constraints in order to guarantee that PRE constraints 
do not distort the structure but merely serve to position the 
peptide correctly with respect to the micelle center.

	 6.	At 10  mM Gd(III), detrimental line broadening can be 
detected, because not only T1 but also T2 relaxation is enhanced. 
Recently, the use of high-spin Fe(III) complexes instead of 
Gd(III) complexes has been advocated, because Fe(III) exhib-
its less line broadening than Gd(III) [30]. If Fe(III) were to be 
used instead of Gd(III), the conversion of PREs to distances 
would have to be recalibrated as described in [12].

	 7.	Only PREs on Hα are recommended for use. The PRE depends 
on molecular mobility; thus side-chain atoms might yield devi-
ating results due to internal mobility. Likewise, the use of HN 
is strongly discouraged, since HN atoms can exchange with 
bulk water that is experiencing a much stronger PRE. In prin-
ciple, any peak featuring Hα in the indirect (!) dimension can 
be used (this is a consequence of inserting the inversion-
recovery element at the start of the pulse sequence.). We expe-
rienced the best results with HN/Hα cross peaks; in small 
helical peptides, there is usually more than one resolved cross 
peak for each Hα. Cross peaks from other atoms (e.g., Hβ, Hγ, 
Hδ) to Hα can in principle also be used, but we found them 
more often overlapping with other peaks and weak. Intra-
residual Hβ/Hα cross peaks should only be used if they are free 
of zero-quantum artifacts.

	 8.	It is important always to use identical integration regions in all 
planes of the pseudo-3D spectrum for a given Gd concentra-
tion. In NEASY/CARA, this can be achieved by drawing rect-
angles around the desired integration regions. These can then 
be written to the disk and loaded onto each single plane of the 
spectrum followed by integration of the rectangular region. 
The regions used for integration do not have to cover the 
whole cross peak, as long as they always cover an identical frac-
tion of the cross peak. Different rectangular regions can be 
defined for each concentration of Gd. In case of overlapping 
peaks, define the region in a way that contributions from other 
nearby peaks are prevented. This becomes important at higher 
Gd concentrations, where signal overlap increases.

	 9.	At first, longitudinal relaxation (T1) times for each Gd titration 
step have to be determined: obtain the peak integral I(τ) for 
each peak p and for each relaxation delay τ at a given concen-
tration of Gd. T1 for a peak is obtained by fitting the integrals 
at different relaxation delays to Eq. 3:
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Since it is not practicable to obtain a reliable data point for 
τ = 0, the value I(τ = 0) should also be fitted together with T1.

For each peak, PRE values are then obtained by a linear 
regression with 1/T1 [s−1] values as y-values and Gd concentra-
tions [mM] as x-values where the PRE [s−1 mM−1] simply is the 
slope of the regression line.

If more than two PRE values are obtained for a given atom, 
the uncertainty of the obtained PRE can be estimated from the 
standard deviation of PREs.

	10.	The following modifications to the CYANA library need to be 
made:

amidated C-terminus:
The C-terminal amide group is easiest introduced as a sepa-

rate residue. Below is the definition of the residue AMID, an 
amide group ending the peptide chain. If a micelle needs to be 
included into the calculations, the peptide chain in CYANA 
does not stop with the amide group, and the residue AML 
should be used. See below for examples of CYANA sequence 
files using these two residue types.

Add the following lines to the CYANA library file (the lines 
are available electronically in the supplementary file “residue 
definitions for CYANA library.docx”):

RESIDUE   AMID      1    6    3    6
   1 OMEGA  0  0  0.0000  2    1    3    4   0
   1 C    C_BYL    2    0.0000    0.0000    
0.0000    0.0000    2    3    0    0    0
   2 O    O_BYL    2    0.0000   -1.1498    
0.3122    0.1930    1    0    0    0    0
   3 N    N_AMI    2    0.0000    1.1461    
0.9690    0.2222    1    4    5    0    0
   4 H1   H_AMI    0    0.0000    0.8883    
1.8990    0.5404    3    0    0    0    6
   5 H2   H_AMI    0    0.0000    2.0843    
0.6622    0.0457    3    0    0    0    6
   6 QH   PSEUD    0    0.0000    1.4863    
1.2806    0.2931    0    0    0    0    0

RESIDUE   AML       1    9    3    8

    1 OMEGA    0    0    0.0000    2    1    3    
4    0
   1 C    C_BYL    2    0.0000    0.0000    
0.0000    0.0000    2    3    0    0    0
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   2 O    O_BYL    2    0.0000   -1.1498    
0.3122    0.1930    1    0    0    0    0
   3 N    N_AMI    2    0.0000    1.1461    
0.9690    0.2222    1    4    5    0    0
   4 H1   H_AMI    0    0.0000    0.8883    
1.8990    0.5404    3    0    0    0    6
   5 H2   H_AMI    0    0.0000    2.0843    
0.6622    0.0457    3    0    0    0    6
   6 QH   PSEUD    0    0.0000    1.4863    
1.2806    0.2931    0    0    0    0    0
   7 Q1   DUMMY    0    0.0000    0.0000    
0.0000    0.0000    0    0    0    0    0
   8 Q2   DUMMY    0    0.0000    1.4142    
0.0000   -1.4142    0    0    0    0    0
   9 Q3   DUMMY    0    0.0000    2.8284    
0.0000    0.0000    0    0    0    0    0

Adding the micelle as a residue: simply add the following residue 
definition to the CYANA library (the lines are available elec-
tronically in the supplementary file “residue definitions for 
CYANA library.docx”). The residue is called DUM, and the 
micelle center is called X in order to comply with PDB naming 
conventions.

RESIDUE   DUM      1    7    3    6

   1 LB       0    0    0.0000    2    3    5    
6    0
   1 Q1   DUMMY    0    0.0000    0.0000    
0.0000    0.0000    0    0    0    0    0
   2 Q2   DUMMY    0    0.0000    1.4142    
0.0000   -1.4142    0    0    0    0    0
   3 Q3   DUMMY    0    0.0000    2.8284    
0.0000    0.0000    0    0    0    0    0
   4 X     P_ALI    0    0.0000    3.0000    
0.0000    0.0000    0    0    0    0    0
   5 Q1   DUMMY    0    0.0000    4.2426    
0.0000   -1.4142    0    0    0    0    0
   6 Q2   DUMMY    0    0.0000    2.8284    
0.0000   -2.8284    0    0    0    0    0
   7 Q3   DUMMY    0    0.0000    4.2426    
0.0000   -4.2426    0    0    0    0    0

The sequence file for a hypothetical peptide Gly-Leu-Ile with the 
flexible linkers and the micelle would look like this:

Reinhard Wimmer and Lars Erik Uggerhøj 
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without amidated C-terminus with amidated C-terminus

GLY	 1 GLY	 1

LEU	 2 LEU	 2

ILE	 3 ILE	 3

PL	 22 AML	 4

LL2	 23 PL	 22

LL2	 24 LL2	 23

LL2	 25 LL2	 24

LL5	 26 LL2	 25

LL5	 27 LL5	 26

LL5	 28 LL5	 27

LL5	 29 LL5	 28

LL5	 30 LL5	 29

LL5	 31 LL5	 30

LL5	 32 LL5	 31

LL5	 33 LL5	 32

LL5	 34 LL5	 33

LL5	 35 LL5	 34

LL5	 36 LL5	 35

LL2	 37 LL5	 36

LL2	 38 LL2	 37

LL2	 39 LL2	 38

LL2	 40 LL2	 39

LL	 41 LL2	 40

LL	 42 LL	 41

DUM	 43 LL	 42

DUM	 43

	11.	Micelle size depends on the concentration of DPC and other 
parameters like temperature and ionic strength. Literature 
reports different values for the radius of a DPC micelle: 23.5 
and 27.75 Å [31], 22.2 Å [32], 18.65 Å [33], 22.55 Å [12], 
21.7–22.1 Å [34], and 23.3 ± 1.4 Å [35]. The PRE technique 
actually measures the distance of a given atom from the micel-
lar surface; hence the obtained result is independent of the 
precise micellar radius assumed.
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	12.	In the CYANA format, upper distance constraints and lower 
distance constraints have to be stored in separate files. In order 
to define a distance constraint between two atoms, e.g., Hα of 
residue Leu 2 and the micelle center (here defined as residue 
DUM 43), of 19.0 ± 1 Å, two constraints have to be given: a 
lower distance limit of 18.0 Å and an upper distance limit of 
20.0 Å. The following two lines have to be included in two 
separate files:

upper distance limit: {filename}.upl
   2      LEU      HA      43     DUM      X    20.000  0.10
lower distance limit: {filename}.lol
   2      LEU      HA      43     DUM      X    18.000  0.10
The final “0.10” denotes the weight of the constraint in the 

CYANA target function.
The XPLOR format allows for a more compact definition of a 

19.0 ± 1  Å distance constraint in one line, but the relative 
weighting of classes of constraints has to be written explicitly 
into the calculating script:

assi (resi    2 and name    HA) (resi   43 and name     X) 19.00 1.00 
1.00
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Chapter 7

Mass Spectrometry Approaches for Determining 
the Structure of Antimicrobial Peptides

Jiongyu Liu and Jianping Jiang

Abstract

In the past decades, a great amount of antimicrobial peptides (AMPs) has been discovered, the structure 
identification of which relies heavily on de novo sequencing by Edman degradation or mass spectrometry. 
Here we outline the basic procedures for the exact mass measurement approaches that use off-line low-
energy CID ESI Qq-TOF MS/MS in positive-ion mode, which is typically applied to de novo sequencing 
of peptides, to elucidate the structure of AMPs. Ambiguity I/L and partial sequence order were elucidated 
by Edman degradation or/and structural similarity analysis to known sequence. The approaches can deter-
mine the structure of peptides composed of as much as 38 amino acids in our practice.

Key words Antimicrobial peptides, Mass spectrometry, De novo, CID ESI Qq-TOF, MS/MS

1  Introduction

Antimicrobial peptides (AMPs) are important compounds that can 
kill microbes and may be an alternative to conventional antibiotics. 
The AMP field is advancing rapidly in response to the demand of 
the novel therapeutically valuable agents against microbes resistant 
to the traditional antibiotics. A large number of AMPs have been 
identified from almost all the groups of organisms, including virus, 
bacteria, fungi, plants, and animals [1, 2]. The Antimicrobial 
Peptide Database (APD3, http://aps.unmc.edu/AP/) has col-
lected 2706 antimicrobial peptide and protein sequences with vali-
dated activities [3]. The Collection of Antimicrobial Peptides 
(CAMPR3, http://www.camp.bicnirrh.res.in) holds 10,247 AMP 
antimicrobial peptide or protein sequences that include 757 anti-
microbial structures, of which 4857 are experimentally validated 
and 5390 are predicted [4]. The majority of these sequences con-
tain less than 100 amino acid residues, typically, less than 50 amino 
acid residues. The structure of AMPs can be determined by Edman 
degradation or mass spectrometry. An alternative approach to de 
novo sequencing became feasible after a type of mass spectrometer, 
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ESI Qq-TOF mass spectrometry, was introduced, where ESI refers 
to an electrospray ionization source, Q refers to a quadrupole, q 
refers to a collision cell or RF-only quadrupole, and TOF refers to 
a time-of-flight mass spectrometer. The peptide solution is directly 
introduced to the mass spectrometer. Ions are formed in the ESI 
source, which are guided through the hexapole to enter the quad-
rupole mass filter. In MS mode, the ions in the quadrupole (trans-
mission mode, RF only) are transmitted to the TOF analyzer to 
generate the MS spectrum. In MS/MS mode, particular ions in 
the quadrupole (isolation mode, RF + DC) are selected to enter the 
collision cell for collision-induced dissociation (CID); the gener-
ated fragments are sent to and measured in the TOF analyzer to 
generate the MS/MS spectrum. Recently our group developed 
exact mass measurement approaches that use off-line low-energy 
CID ESI Qq-TOF MS/MS in positive-ion mode, which is typi-
cally applied to de novo sequencing of peptides, to elucidate the 
structure of AMPs from Asian frogs Odorrana jingdongensis. 
Ambiguity I/L and partial sequence order were elucidated by 
Edman degradation or/and structural similarity analysis to known 
sequence in other species of Odorrana genus. The approaches can 
determine the structure of peptides composed of as much as 38 
amino acids in our practice [5].

2  Materials

All reagents are prepared and stored at room temperature unless 
indicated otherwise.

Prepare all solutions using ultrapure water and analytical grade 
reagents.

	 1.	Purified or partially purified peptide (see Note 1).
	 2.	SmartSpec™ Plus Spectrophotometer.
	 3.	Disulfide bond reduction solution (10×): 5 mM dithiothreitol 

(DTT), 500 mM NH4HCO3. The solution is stored in single-
use aliquots (1  mL in microcentrifuge tube) at −20  °C (see 
Note 2).

	 4.	Thiol group alkylation solution (100×): 110  mM iodoacet-
amide (IAM) solution. The solution is stored in single-use ali-
quots (100 μL in microcentrifuge tube covered with aluminum 
foil) at −20 °C (see Note 3).

Prepare all solutions using ultrapure water and HPLC grade 
reagents.

	 1.	ÄKTA™ purifier PHC 10 chromatography system.
	 2.	UNICORN control software (version 5.11).

2.1  Disulfide Bond 
Reduction and Thiol 
Group Alkylation

2.2  Purification 
of Alkylated Peptide
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	 3.	100-5C-18 HPLC reverse phase column (4.6 × 250 mm).
	 4.	Solvent A: 0.1 % v/v trifluoroacetic acid (TFA)/water filtered 

through a 0.45 μm membrane.
	 5.	Solvent B: 0.1 % v/v TFA/acetonitrile.
	 6.	Microcentrifuge.
	 7.	Ultrasonic bath.

Prepare all solutions using HPLC grade reagents and water.

	 1.	ESI Qq-TOF mass spectrometry.
	 2.	Peptide solvent: 50:50:1 (v/v/v) MeOH/H2O/HCOOH.
	 3.	Tuning Mix.
	 4.	SpeedVac™ Vacuum Concentrator.

	 1.	DataAnalysis software (Bruker Daltonics, version 4.0 SP1).
	 2.	Biotools software (Bruker Daltonics, version 3.2).

Prepare all solutions by exclusive reagents for PPSQ-31A instructed 
by manufacturer.

	 1.	PPSQ-31A protein sequencer equipped with a Wakopack™ 
Wakosil-PTH II OSD column (4.6 × 250 mm mm).

	 2.	PPSQ-30 analysis software (version 1.30).
	 3.	Purified peptide solution (the purity should be above 95 %).
	 4.	Polybrene.
	 5.	GFD (Glass fiber disks, TFA treated).
	 6.	PTH-amino acids mixture: The PTH-AA standard mixture is 

diluted by 37 % acetonitrile solution to 500  pmol/mL.  The 
solution is stored in single-use aliquots (100 μL in microcen-
trifuge tube) at −20 °C.

	 7.	Solutions equipped on the machine: PTH-amino acids mobile 
phase, 5 % phenyl isothiocyanate n-heptane.

3  Methods

Carry out all procedures at room temperature unless otherwise 
specified.

	 1.	Peptide is quantified by measuring the absorbance of their 
peptide bonds at 215 nm and 225 nm by using a spectropho-
tometer according to the relation: Concentration (μg/
mL) = 144 × (A215 − A225) (see Note 4). The peptide solution is 

2.3  Mass 
Spectrometry

2.4  De Novo 
Sequencing 
and Analysis of Mass 
Spectrometry Data

2.5  Edman 
Degradation

3.1  Disulfide Bond 
Reduction and Thiol 
Group Alkylation
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accuracy diluted till the measured value near 25 μg/mL, and 
then, the formally measures are performed at three 1:1 dilu-
tions and to average three results. The Quantity 
(μg) = Concentration (μg/mL) × Volume (mL).

	 2.	To break disulfide bridge, the peptide is reduced with 0.5 mM 
dithiothreitol (DTT) solution in 50  mM NH4HCO3: Add 
10 μmol peptide (see Note 5) into a microcentrifuge tube and 
wrap the tube in aluminum foil.

	 3.	Pick up the stored disulfide bond reduction solution (10×) 
from refrigerator; after thawing, transfer 100 μL of the solu-
tion and 900 μL water into the microcentrifuge tube contain-
ing the peptide.

	 4.	Heat the tube for 30 min in a water bath at 50 °C.
	 5.	To stabilize cysteine side chains of the break disulfide bridge, 

the peptide is alkylated with 11  mM iodoacetamide (IAM) 
solution in 50 mM NH4HCO3: Pick up the stored thiol group 
alkylation solution (100×) from refrigerator; after thawing, 
transfer 10 μL of the solution into the microcentrifuge tube 
containing the peptide (see Subheading 3.1, step 2).

	 6.	Place the tube in the dark overnight.
	 7.	The resulting solution is concentrated to dry in a SpeedVac 

Vacuum Concentrator.

The HPLC system such as ÄKTA™ purifier PHC 10 chromatogra-
phy system with 100-5C-18 HPLC reverse phase column 
(4.6 × 250 mm) is used for purification of the alkylated peptide.

	 1.	Sample preparation: Redissolve the alkylated peptide in a 
microcentrifuge tube by using 1 mL Solvent A. Centrifuge for 
15 min at 14,000 × g to ensure clarity. Transfer the supernatant 
to a new tube.

	 2.	Solvent preparation for HPLC: Solvent A and Solvent B are 
degassed with an ultrasonic bath.

	 3.	Column preparation: The column is washed at a flow rate of 
1.05 mL/min with 100 % of Solvent B for 10 min, and then, 
the concentration of Solvent B is decreased from 100 to 15 % 
over 10 min using a linear gradient (accordingly, the concen-
tration of Solvent A is increased from 0 to 85 %, the same as 
below). The column is equilibrated by using 15 % of Solvent B 
for 15 min.

	 4.	Purification of alkylated peptide: The sample is injected into a 
1 mL loop. The operation software is programmed to perform 
chromatography under the following conditions at a flow rate 
of 1.05 mL/min: Increase concentration of Solvent B from 15 
to 60 % over 12 column volume (CV) by linear gradient 
elution.

3.2  Purification 
of Alkylated Peptide
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	 5.	The absorbance is monitored at 215 nm. The fractions corre-
sponding to predominated absorbing peak are collected into 
collection tubes by hand (see Notes 6 and 7).

	 6.	Alkylated peptide in the fraction is quantified as step 1 in 
Subheading  3.1 and then dried in a SpeedVac Vacuum 
Concentrator.

The ESI Qq-TOF mass spectrometry (micrOTOF-Q II™) is used 
throughout the experiments in positive-ion mode (see Note 8). 
The instrument is calibrated every hour by the Tuning Mix with 
external standard method for keeping the accuracy. The first-stage 
MS (in MS mode) provides data both on accurate monoisotopic 
molecular mass and on purity/homogeneity of the peptide, in 
which the mass accuracy should be better than ±5  ppm. The 
second-stage MS (in MS/MS mode) provides data on the spec-
trum of peptide fragmentation to elucidate the amino acid sequence 
of AMPs.

	 1.	Peptide is redissolved in peptide solvent. The concentration is 
about 1  μM (see Note 5), and then, the sample is directly 
injected into the system and introduced to ESI source using a 
syringe pump at a flow rate of 180 μL/h.

	 2.	In MS/MS mode, multiply positively charged peptide precur-
sor ions, chosen based on the data of the first-stage MS, 
selected manually, and fragmented in the collision cell.

	 3.	Nitrogen gas is used as nebulizer, curtain, and collision gases, 
and argon gas is used as trap cooling gas. Spectral acquisition 
rate is 1 Hz.

	 4.	The optimized ESI source conditions are as follows: Capillary 
V, −4500 V; end-plate voltage, −4000 V; capillary exit volt-
age, 120 V; and dry gas temperature, 180 °C. Collision energy 
is raised from 10 to 45  eV till the peptide is completely 
fragmented.

If necessary, N-terminal sequences are further determined by auto-
mated Edman degradation by using a PPSQ-31A protein sequencer 
with the standard GFD protocols instructed by manufacturer. The 
normal parameters are as follows: Detected absorbance, 269 nm; 
Flow rate, 1 mL/min; Column oven temperature, 40 °C.

	 1.	Analyzing the PTH-amino acid mixed standard: Pick up the 
PTH-amino acid mixture (500 pmol/mL) from refrigerator, 
thaw, and mix.

	 2.	After the mixture recovered to room temperature, add at least 
80  μL of mixture into the sample tube and perform the 
“PTH-AA” schedule in the PPSQ-30 analysis software. The 

3.3  Mass 
Spectrometry

3.4  Edman 
Degradation
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results are used to establish a standard amino acid profile and 
to calibrate the HPLC analysis system.

	 3.	Apply 15 μL of the polybrene to the GFD and dry.
	 4.	Add the purified peptide solution (see Note 9) to the same GFD 

and dry again, and then, this GFD is put into the reactor.
	 5.	The “GFD” schedule in the PPSQ-30 analysis software is per-

formed with the amount of amino acids being set up to detect. 
Each time the chromatogram analysis of the sequence sample 
is completed, the sequences are estimated automatically (see 
Note 10).

	 1.	The mass data are processed in DataAnalysis software as fol-
lows: choosing several continuous acquisition spectra (at least 
three) at identical energy where the peptide is fragmented 
appropriately to average (see Note 11), using Apex algorithm 
to find mass list, and then, deconvoluting the data. After 
adjusting the peaks by hand (see Note 12), the mass data is 
sent to Biotools software to assist in de novo sequencing (see 
Note 13).

	 2.	The tolerance in de novo sequencing is relaxed to within 
0.0180 Da and simultaneously within 20 ppm (see Note 14). 
The quasi-isobaric pair (K vs. Q, mass difference 0.0364 Da) is 
assigned preliminarily at this restrictive condition (±0.0180 Da, 
less than half of ±0.0364  Da) theoretically, which is further 
confirmed by the monoisotopic mass (K 128.0950 ± 0.0180 Da; 
Q 128.0586 ± 0.0180 Da) directly deduced from contiguous 
sequence ion ladders; at last, the sequence is analyzed by the 
substituting of K/Q one by one.

	 3.	It is impossible to discriminate the isobaric I/L based on the 
data of the low-energy CID MS/MS [6]. Thus, it has been 
accepted to assign I/L indirectly based on the known sequences 
of the cDNA clones in the same species or on the known 
sequences of analogues in the same or others species [7–10]. 
Thus, the assignment between the isobaric pair (I vs. L) may 
be predicted based on the sequences of special analogues in 
other species of same genus, which is named “counterpart” 
which has identical sequence with the peptide needed to be 
identified except the ambiguity of I/L.

	 4.	An example of sequencing procedure was established during the 
identification of the antimicrobial peptide Brevinin-2JD [5]. 
The deconvoluted low-energy CID MS/MS spectra of the pre-
cursor ions, corresponding to the pre-alkylated peptide compo-
nent (of m/z 841.9586 [M + 4H]4+ at 25  eV) and the 
post-alkylated peptide component (of m/z 1160.9596 
[M + 3H]3+ at 40 eV) of the peptide, were shown in Fig. 1a, b, 
respectively. Some ion series generally observed in the low-

3.5  De Novo 
Sequencing 
and Analysis of Mass 
Spectrometry Data
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energy CID MS/MS spectrum were a-series including a-17 (a-
NH3), a-18 (a-H2O); b-series including b-17 (b-NH3), b-18 
(b-H2O); and y-series including y-17 (y-NH3), y-18 (y-H2O). 
The b and y ions, denoted as the solid line with a solid arrow-
head, were schematized above the spectra; meanwhile some pro-
spective ion series specifically observed in these spectra were 
internal cleavage ions y22b-series (combination of b type and y22 
cleavage) and MH+-28 ion in the pre-alkylated spectrum. The 
quasi-isobaric pair (K vs. Q, mass difference 0.0364 Da) can be 
discriminated within the tolerance (±0.0180 Da, less than half 
of ±0.0364 Da) theoretically. They were confirmed further by 
the monoisotopic mass (K 128.0950 ± 0.0180  Da; Q 
128.0586 ± 0.0180 Da) deduced directly from the contiguous 
sequence ion ladders. K15 (−0.0005 Da from y-ion ladders) was 
deduced from the pre-alkylated spectrum; K7 (−0.0031 Da from 
b-ion ladders, −0.0092 Da from y-ion ladders), K15 (0.0066 Da 
from y-ion ladders), K28 (0.0049 Da from y-ion ladders), and K31 
(−0.0149 Da from b-ion ladders) were deduced from the post-
alkylated spectrum. At last, they were analyzed by substituting 
with Q one by one. The substitution caused the correlative sub-
sequence fragment ion series assignment failure within the toler-
ance. In addition, the monoisotopic molecular mass, measured 
by the first-stage MS, will exceed the mass accuracy obviously if 
any K was substituted by Q. Specifically, the mass accuracy of the 
monoisotopic molecular mass, which should be less than 
±5  ppm, will change to 11.8  ppm for the pre-alkylation and 
8.5 ppm for the post-alkylation. Therefore, the assignment of K 
was reliable. The mass difference values of y33-y31 (170.1073 Da, 
error 0.0018 Da) shown in Fig. 1a and y33-y31 (170.0966 Da, 
error −0.0089 Da) shown in Fig. 1b indicated that the amino 
acid composition in position 1–2 should be GI/L or AV. The 
result of the automated Edman degradation revealed that the 
first five amino acids are GLLDT. So far, the complementary 
information, collected from the pair of the mass spectra for the 
b and y ions of pre- and post-alkylated Brevinin-2JD, was suffi-
cient to elucidate the sequence of the peptide except the ambi-
guity of partial I/L. The peptide sequence is GLLDTFKNI/
LAI/LNAAKSAGVSVI/LNSI/LSCKI/LSKTC-OH.  There 
are two kinds of counterparts with the difference only at the 
second amino acid (I2 or L2). One kind is Brevinin-2-OA17 
[11] predicted from mRNA of O. andersonii. The other kind 
includes Brevinin-2GRa [12] identified from O. graham, 
Brevinin-2-OA18 and Brevinin-2-Omar [11], predicted from 
mRNAs of O. andersonii and O. margaretae, respectively. The 
former kind was excluded based on the result of the automated 
Edman degradation. Thus, the full sequence of Brevinin-2JD 
was suggested as GLLDTFKNLALNAAKSAGVSVLNSLSCKL
SKTC-OH.
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Fig. 1 Deconvoluted low-energy CID Qq-TOF MS/MS spectra in positive mode of the pre-alkylated peptide 
component (of m/z 841.9586 [M + 4H]4+ at 25  eV) (a) and the post-alkylated peptide component (of m/z 
1160.9596 [M + 3H]3+ at 40 eV) (b) of the AMP Brevinin-2JD. The b and y ions, denoted as the solid line with a 
solid arrowhead, were schematized above the spectra (Reprinted from [5] with permission from Elsevier)
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4  Notes

	 1.	The purity of peptide should be higher than 30 %; otherwise, 
the data quality of the MS/MS might decrease.

	 2.	The solution may be stored at −20 °C for up to 6 months.
	 3.	The solution may be stored at −20 °C within 3 days.
	 4.	This formula gives near-linear results within narrow range of 

concentration (from 5 to 25 μg/mL) for ten measured pro-
teins (coefficient of variation from 0.67 to 12.9 %) [13].

	 5.	Accuracy concentration is unnecessary here; thus, the esti-
mated molar concentration can be used. Generally, the molec-
ular mass of peptide is presumed to 2000 Da if molecular mass 
is unknown.

	 6.	Collection peak by hand is preferable to by automatic fraction 
collector because automatic collecting often results in insuffi-
ciently pure peptide fractions.

	 7.	In some cases, disulfide loop can reduce the difference of the 
amino acid composition in chromatographic behavior. Thus, if 
the post-alkylated peptide was separated more peaks than the 
pre-alkylated peptide with the same chromatograph, it indi-
cates here might contain two or more peptides with similar 
sequence and equivalence monoisotopic molecular mass.

	 8.	The instruments allow the acquisition of mass spectra with 
mass range: 20–40,000 m/z, mass resolution: 17,500 full 
width at half-maximum height (FWHM) for 922 peak, mass 
accuracy: 1–2 ppm root mean square (RMS) error by internal 
standard method, 5  ppm RMS error by external standard 
method, and sensitivity: 2.5 fmol fibrino peptide in the MS/
MS mode will give a S/N > 50.

	 9.	The amount of peptide needed dramatically increases along 
with the increasing number of the intendedly detected amino 
acids. For example, 50 pmol for five amino acids and 3000 pmol 
for 20 amino acids are necessary.

	10.	The cysteine is not detectable according to this method. Thus, 
if there is no PTH-AA peak on a cycle, it is generally consid-
ered that there is a cysteine residue in the position. However, 
the derivative of cysteine can be detected when the peptide is 
treated by pyridylethylation and run the “PE Analysis” 
schedule.

	11.	There is no formulary pattern to determine whether the pep-
tide is fragmented appropriately. An appropriate deconvoluted 
MS/MS spectrum usually includes one to three predominated 
peaks with enough component peaks, the number of which is 
two to three times of the number of amino acids with the peak 
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intensity above 50. However, due to unusual cleavages, such as 
internal cleavages in the peptide bond and cleavages within the 
intramolecular disulfide loop, unusual dissociation, such as dis-
sociation in the NQ residues within the intramolecular disul-
fide loop, or concomitance of peptides with equivalence 
theoretical monoisotopic molecular mass, the peak number 
might greatly increase [5].

	12.	The quality of the MS/MS spectrum is extremely important. 
Generally, for the deconvoluted peaks above 1800 Da, the first 
isotopic peak is lower than the second peak, even lower than 
the third peak when the molecular mass increases to above 
3000 Da. In some case, due to miscellaneous peak interference 
or too low intensity, the picked isotopic peaks are not the first 
peak but second or third isotopic peaks by the software; on this 
condition, the picked isotopic peak should be adjusted to the 
first isotopic peak manually based on theoretical isotope pat-
tern obtained by Compass Isotope Pattern tool. The interfer-
ential peaks should be deleted, and if the first isotopic peak 
could not be distinguished correctly, this ion peak should be 
shielded to avoid misallocation.

	13.	De novo peptide sequencing is the direct reading of the amino 
acid sequence from the MS/MS spectrum by considering the 
mass differences between adjacent labeled ions, which is ana-
lyzed for the presence of the b and y ions assistant with b-series 
ions including b-17 (b-NH3) and b-18 (b-H2O); y-series ions 
including y-17 (y-NH3) and y-18 (y-H2O); a-series ions includ-
ing a, a-17 (a-NH3), and a-18 (a-H2O); internal cleavage ions 
yb-series (combination of b type and y cleavage at one site); etc. 
when employing this type of instrument [5]. It can be done 
manually with a great deal of experience. There are several 
published literatures, which should be consulted for further 
guidance, detailing the de novo sequencing of peptides based 
on tandem mass spectrometry data [14–16]. De novo sequenc-
ing can be time-consuming and sometimes may be impossible. 
The difficulty comes from low-quality data; on the other hand, 
partial fragment ions necessary for deriving a complete peptide 
sequence in single MS/MS spectrum are absent frequently. A 
function to produce sequence tags named “Find Tags…” 
under the “MSMS Analysis” tab in BioTools can enhance 
sequencing speed and flexibility.

	14.	The tolerance ±0.0180  Da is enough to distinguish K/Q; 
however, this limit is too relaxed to those ions in low mass 
when measured by ppm. Although the accuracy in MS/MS is 
not as good as in MS which should be better than ±5 ppm, the 
mass shift had very low probability to exceed 20 ppm in MS/
MS. Thus, the ±20 ppm is another limit for the assignments to 
be more reliable in practice to ions in low mass [5].
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Chapter 8

Molecular Dynamics Simulation and Analysis 
of the Antimicrobial Peptide–Lipid Bilayer Interactions

Shima Arasteh and Mojtaba Bagheri

Abstract

A great deal of research has been undertaken in order to discover antimicrobial peptides (AMPs) with 
unexploited mechanisms of action to counteract the health-threatening issues associated with bacterial 
resistance. The intrinsic effectiveness of AMPs is strongly influenced by their initial interactions with the 
bacterial cell membrane. Understanding these interactions in the atomistic details is important for the 
design of the less prone bacteria-resistant peptides. However, these studies always require labor-intensive 
and difficult steps. With this regard, modeling studies of the AMPs binding to simple lipid membrane 
systems, e.g., lipid bilayers, is of great advantage. In this chapter, we present an applicable step-by-step 
protocol to run the molecular dynamics (MD) simulation of the interaction between cyclo-RRWFWR 
(c-WFW) (a small cyclic AMP) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipid 
bilayer using the Groningen machine for chemical simulations (GROMACS) package. The protocol as 
described here may simply be optimized for other peptide–lipid systems of interest.

Key words Cyclic antimicrobial peptides, Peptide structure, Lipid bilayers, Molecular dynamics simu-
lation, Force fields

1  Introduction

Besides being involved in the regulation of many cellular processes 
such as apoptosis, cell signaling, and membrane trafficking [1, 2], 
protein (peptide)–lipid interactions are indeed considered as the 
central dogma in the dynamic coevolution relationships between 
the host and pathogens, in terms of the emergence of microbial 
resistance, as well as the models and strategies by which the antimi-
crobial host protein (peptide) targets the cells [3].

As compared with the electrically neutral phospholipids of the 
membrane of normal eukaryotic cells, the cationic AMPs tend to 
interact avidly with the overall negatively charged pathogens’ cell 
components [4]. This follows by the modulation of the membrane 
physical dynamics (e.g., fluidity [5], thickness [6], curvature [7] 
and disruption of the lipid raft [8]) and thus, results in various 
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mechanistic pathways to the AMP-induced cell death through, for 
instance, membrane lysis (and/or micellization) [9], lipid mem-
brane demixing-induced formation of domains in the cell mem-
brane [10] and membrane translocation [11].

Understanding of these initial events in the AMPs binding to 
the pathogens’ cell membranes at the molecular levels with respect 
to the peptide secondary structure, as well as the nature of each 
amino acid residues will be beneficial in the design and generation 
of multifaceted peptide antibiotics with the reduced risk for the 
emergence of microbial resistance [12]. This, however, requires 
labor-intensive and time-consuming experimental approaches [12, 
13], and becomes particularly more complicated for the small 
AMPs with ≥50 % of the hydrophobic amino acid residues where 
the structure cannot properly be resolved using techniques, such as 
nuclear magnetic resonance (NMR) [14], circular dichroism (CD) 
[15, 16] and X-ray crystallography [17] as a result of the peptides’ 
low solubility, self-aggregation and difficulties in the peptide crys-
tallization. Moreover, if the peptides have cyclic structure and con-
tain aromatic residues, measurement interferences may arise and 
make light-based spectroscopic techniques used for the analysis of 
the peptide–lipid binding, i.e., fluorescence and CD spectroscopy, 
difficult to be interpreted [15, 16]. A particular example is cyclo-
RRWFWR (c-WFW) which has shown excellent activities against 
bacteria with almost no hemolysis [18]. The cyclic conformation 
makes the peptide relatively stable against proteases and thus, suit-
able as a promising lead compound for the generation of peptide 
antibiotics against bacterial superbugs health-complicating issues.

 The antibacterial activity of c-WFW depends highly on the 
hydrophobic nature of the aromatic residues in the sequence [18]. 
Whereas recent studies suggested that the peptide has high affinity 
for cardiolipin-rich lipid matrices and disrupts the bacterial metab-
olism and homeostasis by the cell lipid membrane demixing [19, 
20], the molecular details of these interactions are still a matter of 
debates and remained to be elucidated. Unlike the easy synthesis of 
the peptide labeling with fluorescent probes, used for visualization 
of the peptide influences on the bacteria, the mechanistic analysis 
of c-WFW may be hampered due to the possible insolubility and 
the loss of activity associated with the peptide-tag conjugate [19].

To overcome the ​above-mentioned limitations, computational 
MD simulation is being used as a growing powerful tool to study 
in silico structural characterization of the AMPs and understand 
the peptides’ antimicrobial modes of action and activity profiles at 
the molecular levels [21, 22]. This is done by investigating the 
interactions between the peptides and the simple lipid systems 
(e.g., lipid bilayers, micelles and liposomes) mimicking the physi-
cochemical properties of the microorganisms’ cell membrane in 
the absence of any conflicting experimental interpretation. In this 
chapter, therefore,  a procedure for the MD simulation of the 
interaction between c-WFW [22] and the simple POPC lipid 
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bilayer system is presented using the GROMACS package [23]. 
The protocol is simply described from the construction of the 
peptide–lipid system to its analysis and can be applied to a variety 
of AMPs and model lipid systems of different structures and 
phospholipid compositions.

2  Materials

	1.	 Peptide model with atomic coordinate as a “.pdb” file.
	2.	 Hyperchem v8.0.10 software http://www.hyper.com/.
	3.	 Coordinate files for the lipid bilayers downloadable from 

Tieleman’s group (http://people.ucalgary.ca/~tieleman/
download.html) and Karttunen’s group (http://www.softs-
imu.net/downloads.shtml),  or constructed using the visual 
molecular dynamics (VMD) membrane plugin.

	4.	 Chemistry at Harvard Macromolecular Mechanics (CHARMM) 
topology and parameter sets from MacKerell’s lab (http://
mackerell.umaryland.edu/) (see Note 1).

	5.	 GROMACS simulation package v5.0 downloadable from 
http://www.gromacs.org/ (see Note 2).

	6.	 UNIX operating systems.
	7.	 VMD v1.9.2 as the visualization and analysis software, down-

loadable from http://www.ks.uiuc.edu/Research/vmd/ [24].
	8.	 Graph plotting tools, e.g., gnuplot v5.0 (http://gnuplot.

info/) and SigmaPlot v10.0 (http://www.sigmaplot.com/).
	9.	 GridMAT-MD v2.0 downloadable from http://www.bevan-

lab.biochem.vt.edu/GridMAT-MD/ [25].

3  Methods

	 1.	Build the linear peptide acid model of RRWFWR (l-WFW) 
using HyperChem v8.0.10 software and save it as a “.pdb” file 
(see Note 3).

	 2.	Run the following command on the ".pdb"  saved structure 
(see Note 4):
$gmx pdb2gmx

	 3.	Choose the desired number for the CHARMM force field by 
running this command:
$gmx pdb2gmx -f input_coordinates.pdb -o 
output.gro -water none

	 4.	Generate a structural file (topology.top) with all parameters for 
the cyclic peptide structure by the modification of the initial 
linear conformation (see Note 5).

3.1  Setting Up MD 
Simulation of c-WFW 
in Water

3.1.1  Construction 
of the Cyclic Peptide 
Structure

MD Simulations of AMPs
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	 1.	Place the cyclic peptide in a cubic water box filled with ~2500 
TIP3P water molecules (see Note 6). Construct the box by 
running
$gmx editconf -f output.gro -o output_new-
box.gro -c -d 1.1 -bt cubic

	 2.	Dissolve the peptide by running
$gmx solvate -cp output_newbox.gro -cs spc216.gro -o output_solv.
gro -p topology.top
(see Note 7).

	 1.	To neutralize the system, counter ions are replaced with some 
water molecules. “grompp” is generally required for the neu-
tralization and minimization (as well as the equilibration and 
simulation) of a system.

	 2.	To run “grompp” a proper “.mdp” file (a text file) containing 
specified parameters should be generated. A sample “.mdp” 
file is available on the GROMACS online reference (http://
manual.gromacs.org/online/mdp.html). However, one 
should make sure that the contents of the “.mdp” file are com-
patible with the selected force field used in the MD 
simulation.

	 3.	Run “gmx grompp” to get a “.tpr” file.
$gmx grompp -f ions.mdp -c output_solv.gro 
-p topology.top -o ions.tpr

	 4.	Run “gmx genion” to neutralize the system. The system is ren-
dered neutral by the addition of a sufficient number of sodium 
or chloride ions with respect to the total charge of the system.
$gmx genion -s ions.tpr -o output_solv_ions.
gro -p topology.top -nname CL -nn N -pname 
NA -np M

where N and M are number of negative and positive ions, 
respectively.

	 5.	Minimize the system by running the following commands (see 
Note 8):
$gmx grompp -f minim.mdp -c output_solv_
ions.gro -p topology.top -o minim.tpr
$mdrun -deffnm minim

The minimized system is equilibrated under NVT and NPT condi-
tions (T = 310 K, p = 1 atm) (see Note 9) until a root–mean–square 
deviation (RMSD) of atomic position values <0.4 nm is reached 
(see Note 10).

	 1.	Run the following commands for the system equilibration 
under NVT:
$gmx grompp -f nvt.mdp -c minim.gro -p to-
pology.top -o nvt.tpr

3.1.2  Solvation 
of the Cyclic Peptide 
and Neutralization

3.1.3  Neutralization 
and Minimization

3.1.4  Equilibration 
and MD Simulation
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$gmx mdrun -deffnm nvt

	 2.	Run the following commands for the system equilibration 
under NPT:
$gmx grompp -f npt.mdp -c nvt.gro -p topol-
ogy.top -o npt.tpr
$gmx mdrun -deffnm npt

	 3.	Run the MD simulation to generate the trajectory of the par-
ticles in the system (i.e., peptide, water and ion molecules) 
using the following commands (see Note 11):
$gmx grompp -f md.mdp -c npt.gro -t npt.cpt 
-p topology.top -o md.tpr
$gmx mdrun md

	 1.	Run “gmx cluster” to generate clusters. The cluster with the 
high percentage of occurrence for the peptide is extracted by 
analyzing the trajectory and used to build up the models for 
the peptide structural analysis (see Note 12).
$gmx cluster -f md.trr -s md.tpr -cutoff 
0.15 -skip 100 -cl cluster.pdb

	 2.	Extract the Ramachandran plot by running “gmx rama” for 
the analysis of the peptide secondary structure (see Note 13).
$gmx rama -s md.tpr -f md.xtc -o rama.xvg

	 3.	To extract Φ and Ψ angles over the Cα atoms for each amino 
acid residue along the trajectory, simple TCL commands in the 
VMD TK console can also work out:
set output [open "output" w]
setnf [molinfo top get numframes]
set selection [atomselect top "protein and 
resid 1 and name CA"]
for {set i 0 } {$i<$nf } { incri } {
$selection frame $i
puts $output [$selection get {phi psi}]
}
close $output

The related torsion angles will be given in the output if the 
number of “resid” changes.

	 4.	The peptide structure is visualized and analyzed using tools in 
the VMD and the SigmaPlot.

The equilibrated lipid bilayer and the peptide structure (with the 
highest percentage of occurrence) in contact with water molecules 
are required for the MD simulation of the peptide–lipid system.

	 1.	The coordinate files for the initial bilayer configuration is 
downloaded from Tieleman’s and Karttunen’s group, or con-
structed using the VMD membrane plugin.

3.1.5  Analysis

3.2  Setting Up MD 
Simulation of  
Cyclo-RRWFWR in 
POPC

3.2.1  Preparation of 
POPC Lipid Bilayers

MD Simulations of AMPs



108

	 2.	Run the following command to generate the appropriate topol-
ogy.top file (see Note 14):
$gmx pdb2gmx

	 3.	Define a box with appropriate dimensions for the lipid system 
(see Note 15).

	 4.	Lipid solvation (see Note 16).
	 5.	Lipid neutralization (see Note 17).
	 6.	Run NVT at 310 K.
	 7.	Run NPT in 1 atm.
	 8.	Run the MD simulation.

The commands for the steps 4–8 are the same as previ-
ously described for the peptide in water.

	 1.	Load POPC and c-WFW coordinate files (saved as “.pdb” or 
“.gro”) using the VMD. The geometrical center point of the 
peptide is located ~5 Å far from the center point of the top 
lipid bilayer leaflet, such that the hydrophobic and hydrophilic 
amino acid residues are oriented toward the bilayer “x–y” 
plane and the bulk water, respectively (see Note 18).

	 2.	Save separately the new coordinates for the lipid and the pep-
tide as “.pdb” files.

	 3.	Concatenate the peptide and the lipid bilayer “.pdb” files. This 
is done by cutting and pasting a “.pdb” file into another in a 
text editor.

	 4.	Update the peptide’s “topology.top” file by including the lipid 
parameters after the protein position restraint part as follows:
; Include POPC chain topology
#include "lipid.itp"

	 5.	Solvate and neutralize the system (see Note 16).
	 6.	Run the minimization.
	 7.	Equilibrate the system. Restrain heavy and the phosphorus 

atoms in the  peptide and POPC polar headgroups, respec-
tively,  as follow:

	 (a)	� Make an index file containing atom numbers which are 
supposed to be restrained.
$gmx make_ndx -f minimized_structure.gro 
-o index.ndx

Then restrain atoms in “index.ndx” file.
$gmx genrestr -f minimized_structure.
gro -o posre_lipid.itp -fc 100000 100000 
100000 -n index.ndx

3.2.2  Construction 
of the Peptide–Lipid 
System
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	 (b)	�Define the position restraint by adding the line “define = 
-DPOSRES_LIPID” to “.mdp” file.

	 (c)	� Modify the topology by adding a new “#ifdef” after lipid 
inclusion lines.
; Include lipid chain topology
#include "lipid.itp"
#ifdef POSRES_LIPID
#include "posre_lipid.itp"
#endif

	 8.	Run NVT and NPT at 310 K and 1 atm (see Note 19).
	 9.	Remove restraints by deleting “define = -DPOSRES_LIPID” 

in “.mdp” file.
	10.	Run the simulation.

Selected the trajectory analyses are presented.

	 1.	Run GridMAT by calling GridMAT perl script (see Note 20).
$perl GridMAT-MD.pl param

	 2.	Use GridMAT-MD.pl to estimate the average area per lipids 
(APL) over time for the bilayer top and bottom leaflets.

	 3.	Use GridMAT-MD.pl to estimate bilayer thickness.
	 4.	Use “gmx order” to provide order parameters for the acyl 

chain carbons (see Note 21).
	 5.	Make two index groups containing carbon atom names for 

each acyl chains, i.e., index1 and index2.
	 6.	Next, run gmx order using the generated index files:

$gmx order -s md.tpr -f md.xtc -n index1.ndx 
-d z -od deuter_index1.xvg
$gmx order -s md.tpr -f md.xtc -n index2.ndx 
-d z -od deuter_index2.xvg

	 7.	Run “gmx cluster”.
	 8.	Run “gmx rama” or TCL commands in the VMD TK 

console.
	 9.	Run “gmx rms”.
	10.	Run “gmx density” to extract the distribution of every compo-

nents of the system through the box (see Note 22).
$gmx density -s md.tpr -f md.xtc -o density.
xvg -n index.ndx

	11.	Run “gmx mindist” to calculate the number of contacts 
between two selected groups of molecules in the peptide–lipid 
system, e.g., headgroups and peptide, peptide and waters, lip-
ids and waters and etc (see Note 23).

3.2.3  Analysis
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$gmx mindist -s md.tpr -f md.xtc -on num-
cont.xvg -tu ns -n index.ndx

	12.	Run “gmx distance” to calculate the distance between posi-
tions of two selected groups.
$gmx distance -s md.tpr -f md.xtc -oall 
dist.xvg -tu ns

	13.	If required, other analyses using available tools in 
the GROMACS, the VMD plugins, or one’s own scripts are 
possible (see Note 24).

4  Notes

	 1.	Depending upon the system of research interest, as well as 
parameters required for the simulation, all-atom, united-atom 
and coarse-grained force fields (e.g., GROMOS [26], 
CHARMM [27], OPLS [28], and AMBER [29]) may be uti-
lized. CHARMM is an example for an all-atom force field that 
is commonly used for the MD simulation of lipid systems. This 
all-atom force field presents almost all the potential parameters 
for different type of atoms in the system.

The SwissSidechain database (http://www.swisssidechain.
ch/index.php), which provides the CHARMM compati-
ble topology and parameters for the unnatural amino acid resi-
dues  may be considered for use in the  GROMACS where 
appropriate [30].

	 2.	We recommend the GROMACS among other software pack-
ages for the MD simulation of peptide–lipid systems because it 
supports CHARMM36. Many parameters, such as surface ten-
sion and order parameters for lipid bilayers are in great agree-
ment with the experimental values in the CHARMM36 [31].

	 3.	The peptide initial NMR or crystal structures with the atomic 
coordinates are downloadable from the protein data bank 
(http://www.rcsb.org./pdb) as a “.pdb” file. When no experi-
mental structural information is available, we recommend 
HyperChem databases to build a peptide structural conforma-
tion with respect to the sequence and chirality of each amino 
acid residue. An extended conformation is selected for the 
generation of the peptide structure and the output is saved as 
a “.pdb” file.

	 4.	The commands are typed at the terminal and presented by 
“$command.” By default, this command generates three dif-
ferent outputs from the initial “.pdb” file, which are in “.gro,” 
“.top,” and “.itp” formats. Whereas “.gro” file contains the 
atom coordinates, the remaining two files include all structural 
parameters.
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Typing “-h” after each command gives a brief manual about 
that command, e.g., “gmx pdb2gmx -h”.

	 5.	The “.top” file of l-WFW is modified for c-WFW in a text edi-
tor. For this, an amide bond and other related parameters (i.e., 
angles, pairs and dihedrals) between the first residues at the 
C- and N-terminals of the linear sequence (Arg1 and Arg6) are 
generated by taking into the consideration  the proper atom 
numbers matched to the “.pdb” file. Atom numbers are easily 
defined by labeling in the VMD. If required, the generated “.
top” file is manually corrected for the missed bonds, dihedrals, 
pairs and angles.

	 6.	A macroscopic system can be simulated using a limited number 
of particles (e.g., peptide, lipid and water molecules (here, 
TIP3P as an appropriate water model molecule with reduced 
cost of simulation), provided the periodic boundary conditions 
are considered. A periodic large system is produced by repeat-
ing a unit cell in all directions of space so that if a virtual par-
ticle goes out of the unit cell, a modulator particle comes in 
from the other side of the cell. Therefore, the number of par-
ticles in the unit cell is remained unchanged.

Cubic, hexagonal, and dodecahedron are some examples for 
unit cells used in the MD simulations.

	 7.	The calculation of trajectories for the solvent molecules is one 
of the most time-consuming parts in the MD simulations. The 
peptide solvation in water is considered as a simple system and 
its equilibration with significant error reductions is a prerequi-
site toward the simulation of a peptide–lipid system.

Implicit and explicit solvents are two approximations com-
monly used in the solvation step in the MD simulation. The 
molecules of solvent are less fractional and behave as a continu-
ous medium with fewer degrees of freedom for the simulation 
in the implicit solvent and thus, it is less difficult to get a 
detailed view on the atom motions. In contrast, the number of 
solvent molecules in the explicit approximation is discrete. 
This apparently increases the cost of simulation; however, 
more detailed results are obtained. Taken together, we recom-
mend the latter for the MD simulation of a peptide–lipid 
system.

A defined concentration of salt, e.g., NaCl, may be added 
to the box to reach a better equilibrated system.

	 8.	In the minimization of the solvated peptide, all improper 
atom–atom overlaps and steric clashes are removed and relaxed. 
In this step, the cyclic structure of c-WFW is energetically min-
imized with respect to the topology file.

	 9.	 According to the  statistical mechanics, NVT is a canonical 
ensemble where “V”, volume; “T”, temperature of a system; 
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and “N”, number of particles are constant but the energy of 
the system is exchanged with the environment. Also, NPT is 
an isothermal–isobaric ensemble where “T”, and “P”, pres-
sure are constant in a system with “N”.

The particle motion in a system is dependent upon its mass 
and the temperature and described by the Boltzmann–Maxwell 
(BM) distribution. To model a real biological system, the MD 
simulations are done in NVT conditions. For this, the tem-
perature is coupled to different thermal baths, such as 
Berendsen [32], Nosé–Hoover [33] and V-rescale [34]. In 
this protocol, V-rescale thermostat is used to keep the tem-
perature at 310 K with a coupling time of 0.1 ps.

Also, the pressure is coupled to either Berendsen [32] or 
Parrinello–Rahman [35] barostats. We use the former to keep 
the pressure at 1 atm in the MD simulation. Vectors of the 
unit cell change  along the simulation. Berendsen algorithm 
controls the pressure by adjusting the box vectors and coordi-
nates in every step.

	10.	 An RMSD value represents the structural changes of each 
individual particle that exists in a system (e.g., peptide, lipid 
bilayers or the whole peptide–lipid mixture), compared to the 
reference structure over time. RMSD values less than 0.4 nm 
indicate the existence of stable structures. To extract the 
RMSD values, run “gmx rms” in the GROMACS as follows:
$gmx rms -s md.tpr -f md.xtc -o rmsd.xvg 
-tu ns

	11.	 The optimum time required for the MD simulation of a sys-
tem depends upon the RMSD values of the existing particles 
in there. An MD simulation can be stopped if RMSD < 0.4 nm. 
The time step of the simulations is set to 2 fs in the “.mdp” 
file.

	12.	 Cluster analysis is done over the whole MD trajectory with 
cutoff 0.15 nm on the Cα atoms, which is a good value for 
the small peptides and those with flexible structures. At least 
one hundred configurations are selected from the simulation 
and subjected to a cluster analysis. For this, the time intervals 
for clustering should be specified depending upon the time 
steps and the frame coordinates recorded in an MD simula-
tion (Fig. 1).

	13.	 As a result of mismatching atom names between those in the 
“gmx rama” script with the real atom names in the CHARMM, 
some information might be missed if the Ramachandran plot 
is obtained using the tool in the GROMACS (Fig. 1). “gmx 
rama” is obviously designed for the GROMOS force field in 
the GROMACS.
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	14.	 A POPC lipid bilayer consisting of 72 lipid molecules has 
selected in this protocol. When the “lipid.itp” file is available, 
the lipid topology file may manually be generated as follow:

Assuming that the CHARMM36.ff is located in current 
directory, add this line representing the force field parameters 
to the beginning of the “lipid.itp” file.

Fig. 1 The representative structures and the Ramachandran plots for cyclo-RRWFWR generated from the 
cluster analysis of the peptide MD simulation in water (box dimension, 80.51 nm3) (a) and bound to POPC (box 
dimension, 250.00 nm3) (b). The peptide is located ~6 Å of the POPC bilayer plane. The length of simulation is 
105 ns and 165 ns for the peptide in water and bound to POPC, respectively. The percentage of occurrence of 
the peptide structures is ≥%50. The peptide in water and bound to POPC adapts a secondary structure close 
to a type I β-turn (i + 1, Arg2; i + 2, Trp3) with the latter being more restrained. The colors for the peptide and 
lipid structures define as follow: Trp (silver), Arg (blue), Phe (pink), lipid acyl chain (tan), and phosphate head-
groups (orange). Water molecules are shown in red
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#include "./charmm36.ff/forcefield.itp"

Add also these lines to the end of the “lipid.itp” file.
; Include Position restraint file
#include "lipid.itp"
#ifdef POSRES
#include "lipid.itp"
#endif 
; Include water topology
#include "./charmm36.ff/tip3p.itp"
#ifdef POSRES_WATER 
; Position restraint for each water oxygen
[ position_restraints ]
; i funct fcx  fcy  fcz
 1 1 1000 1000 1000
#endif 
; Include topology for ions
#include "./charmm36.ff/ions.itp"
[ system ] 
; Name
lipid in water
[ molecules ] 
; Compound  #mols
lipid  72

	15.	Type $measure minmax [atomselect top “all”] (a TCL com-
mand in the VMD) to  estimate  the system dimensions and 
define the box in the GROMACS. For example, a cubic box 
for POPC with 72 lipid molecules is defined by running
$gmx editconf -f lipid.pdb -o lipid_newbox.
gro -box 5.0 5.0 10.0

	16.	After the lipid (or later for the peptide–lipid) solvation, open 
the output in the VMD to make sure that no water molecule 
exists in the acyl chain region. Otherwise, label the molecule 
serial number and remove it from the “.pdb” file in a text 
editor.

	17.	If working with the uncharged lipid bilayers, e.g., POPC, this 
step can be skipped.

	18.	AMPs are directed toward the lipid bilayer using the nonspe-
cific  electrostatic interactions between the positively charge 
peptide and the negative components of the phospholipids. 
This is followed by the peptide hydrophobic insertion into the 
bilayer. In order to perform an all-atom MD simulation for a 
peptide–lipid system, it is recommended to put the peptide 
close to the lipid bilayer “x–y” plane (≤10 Å), such that the 
hydrophobic amino acid residues are in close contact with the 
phospholipid acyl chain. This will reduce the cost of the simu-
lation and allows the system to reach an equilibration state 
within a time-saving process.
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	19.	 Semi-isotropic pressure coupling, where the isotropic scaling 
in the x–y direction is independent of the z direction, is recom-
mended for the simulation of systems composed of bilayers.

	20.	 GridMAT-MD.pl is a script written in “perl” and uses “param.
txt” file which contains required parameters to calculate APL 
or bilayer thickness. The example of parameters in “param.txt” 
that should be cleared are the presence of peptide/protein, 
types of lipid molecules, phosphorus atoms name in head 
groups, solvent molecules, types of ions, box size and output 
resolution.

	21.	 The APL, local thickness of lipid bilayer leaflets and lipid order 
parameters are some aspects of a lipid system to measure the 
impact of peptides upon the balanced stabilizing forces in the 
membrane (Fig. 2).

	22.	 This analysis is useful if the peptide penetration in the lipid 
bilayer wants to be studied (Fig. 3). Generate any group con-
sisting of the favourite atoms by running “gmx make_ndx” as 
appropriate. For instance, if a group of phosphorus atoms in 
polar headgroups is required, an “index.ndx” file is generated 
by choosing matched phosphorus atoms name.
$gmx make_ndx -f md.tpr -o index.ndx
…
>a P
>q

Fig. 2 The order parameter SCD values for the sn-1 and sn-2 acyl chains of POPC 
alone (filled triangle) and in interaction with the peptides over t = 0–35 nm (filled 
circle) and t = 140–160 nm (open circle), and the average APL fluctuations for 
the top and bottom bilayer leaflets of the peptide-bound POPC over the course of 
simulation. The APL experimentally measured value for the pure POPC is 0.68 ± 
0.01 nm2 [36]
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where “P” is the atom name for the phosphorus atoms in lipid 
molecules, e.g., POPC.

By adding “-n index.ndx” to the command, the defined 
groups in “index.ndx” appear. For other lipid molecules (e.g., 
phosphatidylglycerol, phosphatidylethanolamine and etc), the 
phosphorus atoms name is figured out by labeling them in the 
VMD.

	23.	After running the “gmx mindist” and “gmx distance” one will 
prompt to select two groups by entering the desired group’s 
numbers.

	24.	These include cluster analysis, extraction of Ramachandran 
plot and other analyses such as, dipole moment, moment of 
inertia, electrostatic and van der Waals interaction energies 
between the peptide, lipid, and other groups in the peptide–
lipid system, number of hydrogen bonding between peptide 
residues and polar headgroups, etc.

Fig. 3 Normalized contact number values for each amino acid residue in cyclo-RRWFWR. Black and red lines 
point to the values for the peptide contact with POPC and water, respectively. As seen, the normalized average 
contact number of the peptide atoms with POPC is higher for the hydrophobic amino acid residues, i.e., Trp and 
Phe (except Arg1). The peptide is ~6 Å far from the POPC bilayer plane
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Chapter 9

Calorimetry Methods to Study Membrane Interactions 
and Perturbations Induced by Antimicrobial Host Defense 
Peptides

Mauricio Arias, Elmar J. Prenner, and Hans J. Vogel

Abstract

Biological membranes play an important role in determining the activity and selectivity of antimicrobial 
host defense peptides (AMPs). Several biophysical methods have been developed to study the interactions 
of AMPs with biological membranes. Isothermal titration calorimetry and differential scanning calorimetry 
(ITC and DSC, respectively) are powerful techniques as they provide a unique label-free approach. ITC 
allows for a complete thermodynamic characterization of the interactions between AMPs and membranes. 
DSC allows one to study the effects of peptide binding on the packing of the phospholipids in the mem-
brane. Used in combination with mimetic models of biological membranes, such as phospholipid vesicles, 
the role of different phospholipid headgroups and distinct acyl chains can be characterized. In these pro-
tocols the use of ITC and DSC methods for the study of peptide–membrane interactions will be presented, 
highlighting the importance of membrane model systems selected to represent bacterial and mammalian 
cells. These studies provide valuable insights into the mechanisms involved in the membrane binding and 
perturbation properties of AMPs.

Key words Antimicrobial peptides, Calorimetry, Isothermal titration calorimetry, Differential 
scanning calorimetry, Peptide–membrane interactions

1  Introduction

Antimicrobial host defense peptides (AMPs) are a large family of 
peptides that are ubiquitously distributed throughout all forms of 
life, from bacteria to mammals. In higher organisms these peptides 
constitute an important part of the host defense system that can 
contribute as a first and direct response to fight bacterial infections 
or indirectly by activating the immune system. Consequently, some 
AMPs are also referred to as host defense peptides. AMPs have 
been extensively studied as potential candidates for the generation 
of new bactericidal drugs, which could counteract the ever-growing 
number of pathogenic bacterial strains that are becoming resistant 
to conventional antibiotics. Several studies aimed at understanding 
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the mechanism of action of AMPs have identified the bacterial 
membrane as the main target for most cationic peptides [1–5]. In 
many cases the perturbation and/or permeabilization of the lipid 
bilayer is directly related to the killing efficiency of AMPs. However, 
for a smaller group of AMPs, the membrane has been identified as 
an initial physical barrier that needs to be overcome in order for the 
peptide to reach intracellular targets, such as essential proteins/
enzymes and/or nucleic acids [6]. Clearly, the initial interaction of 
AMPs with bacterial membranes constitutes a crucial step for their 
mechanism of action.

A very important property of AMPs is their ability to preferen-
tially “attack” prokaryotic (bacterial) rather than eukaryotic (host) 
cells [7, 8]. The difference in membrane composition between 
prokaryotic and eukaryotic cells can explain the selective activity 
exhibited by cationic AMPs. Bacterial membranes are character-
ized by an overall negative charge, provided by a high content of 
phospholipids with negatively charged headgroups, such as phos-
phatidylglycerol (PG). In contrast, the outer leaflet of eukaryotic 
membranes is often neutral, due to the presence of phospholipids 
with zwitterionic headgroups, such as phosphatidylcholine (PC) 
[9]. These distinct characteristics of these two membranes, taken 
together with the net positive charge of most AMPs, highlight the 
favorable electrostatic interactions that take place between AMPs 
and bacterial membranes.

Since the peptide–membrane interactions play such a key role 
in the selectivity and activity of AMPs, these interactions are fre-
quently studied by different biophysical techniques. Calorimetry 
methods, such as differential scanning calorimetry (DSC) and iso-
thermal titration calorimetry (ITC), represent a valuable approach, 
because the experiments are done in a non-perturbing and label-
free manner. In the case of optical techniques such as fluorescence 
spectroscopy, when intrinsic Trp residues are not present in AMPs, 
bulky fluorescent dyes are often attached to the peptides. 
Unfortunately, these fluorescent dyes can disturb the structure and 
membrane binding properties of the AMPs. Since no labels are 
required for calorimetric measurements, they provide a distinct 
advantage.

Comparisons of results obtained with well-defined membrane 
model systems that are comprised of different lipid components 
facilitate an understanding of the role of the lipid composition of 
biological membranes in the antibacterial mechanisms of AMPs. In 
most cases multilamellar, large, and small unilamellar vesicles are 
used to comprehensively study the influence of different lipid com-
positions on the peptide–membrane interactions. Several calorimet-
ric studies have addressed the effects of the composition of the lipid 
bilayer by changing the phospholipid headgroup and the acyl chain 
length and/or their saturation [10, 11]. Furthermore, the use of 
vesicles with a defined and varying composition allows for 

Mauricio Arias et al.



121

comparison of different types of cell membranes. For example, 
membranes from bacterial and cancer cells can be represented 
through the use of phospholipids with negatively charged head-
groups (phosphatidylglycerol and phosphatidylserine, respectively) 
when preparing the vesicles. At the same time, vesicles with zwitter-
ionic phosphatidylcholine headgroups are frequently used to repre-
sent the outer leaflet of the membranes of normal eukaryotic cells.

In differential scanning calorimetry (DSC), a sample and an 
inert reference (which exhibits no thermotropic events within the 
temperature range of interest) are both heated at a predetermined 
rate. The instrument then measures the differential flow of heat 
that is required in order to maintain this temperature difference. 
When a thermotropic event occurs in the sample, additional power 
is required to maintain this difference in temperature. The addi-
tional power (joules/second) is registered as a function of the tem-
perature [12]. By measuring changes in heat (dQ) as a function of 
the changes in temperature (dT), the DSC instrument establishes 
the specific heat capacity at constant pressure (Cp) of the system 
(of mass m) at each temperature, according to Eq. 1.

	
dQ m C dTp= × ×

	
(1)

The heat for thermally induced transitions is then calculated as the 
area under the curve and represents the change in enthalpy of the 
transition (ΔHcal, Eq. 2).

	
DH m C dTcal

T

T

p= ×ò
1

2

	
(2)

For a deeper understanding, the reader is advised to consult several 
review papers for a detailed description of the DSC instrumenta-
tion and theory [13–18].

Because of the ability to measure changes in the sample due to 
increasing temperatures, DSC is often used to study the thermal 
stability of biomolecules [19]. However, in the context of peptide–
membrane interactions, DSC is frequently used to study the ther-
motropic behavior of lipid bilayers and the perturbations induced 
by their interactions with peptides. During a typical DSC experi-
ment, a simplified model membrane, such as a multilamellar lipid 
vesicle (MLV), is normally used. These model systems are com-
posed of individual or combinations of phospholipids, and they are 
characterized by specific thermotropic phase transitions (Figs.  1 
and 2). Commonly used phospholipids for the study of peptide–
membrane interactions show a main phase transition (highly coop-
erative) between the gel (Lβ) and the liquid crystalline (Lα) phases. 
This transition is identified by its transition temperature (Tm) and 
enthalpy (ΔH). For some lipid bilayers, an additional weak and 
broader (less cooperative) pre-transition (Tp), between the gel (Lβ) 
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Fig. 1 DSC thermograms for pure phospholipid MLVs, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and 
1,2-dipalmitoyl-sn-glycerol-3-phospho-(1′-rac-glycerol) (DPPG). An increasing gray color scale depicts the five 
consecutive scans. The main transition (Tm) and pre-transition (Tp) were determined for the last scan and are 
depicted in the figure. The changes in enthalpy for the pre-transition (ΔHDPPC = 1110 ± 8.5  kcal/mol and 
ΔHDPPG = 527 ± 4.8 kcal/mol) and main transition (ΔHDPPC = 7377 ± 21.3 kcal/mol and ΔHDPPG = 5986 ± 11.9 kcal/
mol) were calculated for the last scan using the fitting model Non-2-State with zero DCp. Both phospholipids 
were prepared at 0.5 mg/ml concentration in DSC buffer (Tris-HCl 10 mM pH 7.4, NaCl 150 mM, EDTA 1 mM)

Fig. 2 DSC thermograms for phospholipid MLVs in the presence of the antimicrobial peptide Tritrp-HW3 
(VRRFPWW[5OHW]PFLRR-NH2). DPPC (left) and DPPG (right) were exposed to 1:10 (peptide/lipid) molar ratio of 
peptide after the formation of the MLVs. An increasing gray color scale depicts the five consecutive scans. The 
main transition (Tm) and pre-transition (Tp) were determined for the last scan and are depicted in the figure. The 
changes in enthalpy for the pre-transition (ΔHDPPC+TritrpHW3 = 722.8 ± 5.7 kcal/mol) and main transition (ΔHDPPC+

TritrpHW3 = 6267 ± 42.1 kcal/mol) were only calculated for the DPPC and Tritrp-HW3 using the last scan the fitting 
model Non-2-State with zero DCp. Both phospholipids were prepared at 0.5 mg/ml concentration in DSC buffer 
(Tris 10 mM pH 7.4, NaCl 150 mM, EDTA 1 mM)
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and ripple (Pβ) phases, can be observed at lower temperatures 
[20, 21]. An example of the thermotropic phase transitions 
observed for DPPC and DPPG MLVs is shown in Fig. 1. When a 
peptide is bound to the lipid bilayer, it will disturb the thermo-
tropic behavior of the phospholipids, giving rise to modified phase 
transitions (Fig.  2). Therefore, DSC can be successfully used to 
determine the ability of an AMP to interact with a specific lipid 
bilayer and disturb its packing organization.

Isothermal titration calorimetry (ITC) allows for in-depth 
characterization of biomolecular interactions. This experimental 
technique permits one to determine all the thermodynamic param-
eters of an interaction reaction in a single experiment [22–24]. 
These parameters include the binding constant (Ka), the free 
energy (ΔG°), enthalpy (ΔH°), and entropy (ΔS°) for the reaction, 
for which the relationships are shown by Eqs. 3 and 4.

	 DG RT Ko
a= - × ( )ln 	 (3)

	 D D DG H T So o o= - × 	 (4)

In several cases the dissociation constant (Kd), which corresponds 
to the inverse of the Ka (Eq. 5), is used to describe the affinity of 
an interaction.

	
K Ka

d
= 1

	
(5)

The ITC method is based on a measurement of the heat that is 
generated or absorbed when two binding partners interact. This is 
achieved by separating both binding partners (normally referred to 
as “ligand” and “macromolecule”) in two different compartments 
before they are combined in controlled manner. The instrument 
contains a sample cell holding a diluted solution of the “macro-
molecule,” while the highly concentrated “ligand” is located in an 
injection/titration syringe. It is important to note that the “ligand” 
and “macromolecule” terms only make reference to their location 
and not to any other intrinsic characteristics of the molecules. In 
the specific case of peptide–membrane interactions, solubility limi-
tations and the aggregation tendencies of some AMPs limit the use 
of these peptides to the sample cell (as “macromolecules”), where 
their concentration is relatively lower. In this setup, the model 
membranes are normally used in the titration syringe (as “ligands”), 
as they can be prepared as a stable solution with a high concentra-
tion of phospholipids. Large unilamellar lipid vesicles (LUVs) or 
small unilamellar vesicles (SUVs) can be used as model membranes 
for ITC experiments (Fig. 3, upper). Upon titration the LUVs will 
bind to the peptides and these interactions will generate or absorb 
heat, which is detected by the ITC instrument. Following repeated 
injections of LUVs, fewer peptides will be available for interaction; 
consequently, smaller heat signals will be produced. Eventually, the 
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system will reach saturation, where all peptides will already be 
bound to LUVs. Further injections of LUVs will then result in 
small heat signals corresponding to the heats of dilution of the LUV 
suspension. The area under each heat signal/peak in the raw data 
corresponds to the heat generated by each injection. Analysis and 
fitting of all the heats per injection during the titration experiment 
to a proper binding model generate the thermodynamic parame-
ters of the binding event (Fig. 3, lower). A “one set of sites” model 
is often used, which assumes that the peptide–membrane interac-
tions take place in one or several identical and independent bind-
ing sites. The interested reader should consult the tutorial guide 
for ITC data analysis in the Origin® manual for a detailed descrip-
tion of the analysis and interpretation of ITC data. Similarly, a 
detailed explanation of the ITC instrumentation and theory can be 
found in several comprehensive reviews [22, 24].

It is important to consider that the interaction between a nega-
tively charged vesicle surface and positively charged peptides can be 
described by a two-step model. An initial electrostatic attraction will 
drive the peptide to the membrane surface, effectively increasing 
the concentration of the peptide in the vicinity of the membrane. 
Then a second process, involving hydrophobic interactions, will 
allow the peptide to partially penetrate into the bilayer. However, 

Fig. 3 ITC experiment raw data (upper) and integrated heat for each injection (lower) for the interaction of the 
antimicrobial peptide combi-1 (Ac-RRWWRF-NH2) with POPC (a) or POPG (b) LUVs in ITC buffer (HEPES 10 mM 
pH 7.0, NaCl 100 mM). The concentrations of peptide and LUVs for each experiment are depicted in the cor-
responding figure. The thermodynamic parameters (K, ΔH, ΔS) were determined by fitting the integrated heat 
using the model One Set of Sites, after subtraction of the heats of dilution for the corresponding LUV system
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the binding of peptides to the membrane will decrease the surface 
potential. Therefore, the electrostatic attraction between the pep-
tides in the bulk solution and the membrane surface will be reduced. 
Similarly, the initial interaction of a positively charged peptide with 
a neutrally charged membrane would generate a positive charge in 
the surface of the membrane, resulting in increased repulsion of 
other peptides in the bulk solution. Therefore, in most cases the 
binding constant (Ka) derived from a direct analysis of the ITC-
binding isotherm between AMPs and lipid vesicles will describe the 
so-called apparent binding constant (Kapp). This Kapp does not con-
sider the nonspecific electrostatic effects directly. However, Seelig 
and colleagues have described a detailed treatment of ITC data in 
order to obtain the intrinsic binding constant, which takes into 
account these electrostatic effects [25–27]. Unfortunately, the 
interpretation of the ITC results is not always straightforward as the 
heat signals can be related to processes that are different from the 
direct peptide–membrane interactions. Phenomena such as oligo-
merization, pore formation, and/or changes in peptide conforma-
tion upon membrane binding, among others, can also generate 
heat signals that can complicate the interpretation of the ITC data. 
Thus ITC is usually most successfully used when a series of related 
AMPs are studied and the results can be directly compared. Be that 
as it may, in combination with other biophysical techniques, the 
deconvolution of the heat signals involved in such processes has 
been successful in specific cases [28–31].

The following protocols will describe the use of DSC and ITC 
in the study of peptide–membrane interactions as applied to the 
AMPs Tritrp-HW3 and Combi-1, as representative examples. 
Specific membrane models to emulate the negatively charged and 
neutral membrane surfaces of prokaryotic and eukaryotic cells, 
respectively, were used in order to glean information about the 
selectivity of these two peptides.

2  Materials

	 1.	Peptides are synthesized as described in Chapter 3 or 4 or 
obtained as a lyophilized powder from commercial suppliers. 
The purity (>95 %) and molecular weight are confirmed by 
HPLC and mass spectrometry.

	 2.	Peptide stock solution for DSC experiments: ~1 mg of peptide 
in ultrapure (Milli-Q) water and stored at −20 °C.

	 3.	Peptide stock solution for ITC experiments: ~1 mg of peptide 
in ITC buffer (see Subheading  2.3, item 1) and stored at 
−20 °C (see Note 1).

2.1  Peptides
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	 1.	DSC buffer: 10 mM Tris–HCl pH 7.4, 150 mM NaCl, 1 mM 
EDTA (see Note 2).

	 2.	Gastight syringe (Hamilton 2.5  ml, 20 gauge, 4.375″ long 
needle, point style 3).

	 3.	MicroCal VP-DSC instrument and MicroCal ThermoVac 
accessory for sample degassing and cell cleaning.

	 4.	VPViewer™ and Origin® software for DSC instrument setup 
and data analysis, respectively.

	 5.	Phospholipids: 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 
(DPPC) and 1,2-dipalmitoyl-sn-glycero-3-phospho-(1′-rac-
glycerol) sodium salt (DPPG) (see Note 3). These lipids are 
supplied as dry or chloroform solutions. If dry lipids are used, 
a stock solution (10 mg/ml) is prepared by dissolving the lip-
ids in chloroform/methanol (2:1). This solution is stored at 
−20 °C until use.

	 1.	ITC buffers: 10  mM HEPES pH 7.0, 100  mM NaCl (see 
Note 4).

	 2.	Gastight syringe (Hamilton 2.5 ml, 18 gauge, 8″ long needle, 
point style 3).

	 3.	MicroCal VP-ITC instrument and MicroCal ThermoVac 
accessory for sample degassing and cell cleaning.

	 4.	VPViewer™ and Origin® software for ITC instrument setup 
and data analysis, respectively.

	 5.	Phospholipids: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
(POPC) and 1-palmitoyl-2-oleoyl-3-phosphoglycerol (POPG). 
Lipids can be obtained in chloroform solutions or as dry lipids. 
If dry lipids are used, a stock solution (12.5 mg/ml) is pre-
pared by dissolving the lipids in chloroform/methanol (2:1). 
This solution is stored at −20 °C until use.

	 6.	Avanti® Mini-Extruder.
	 7.	Two gastight syringes (Hamilton 1000 μl, 0.75″ long needle, 

point style 3).
	 8.	Polycarbonate membrane filters (0.1 μm pore size) and filter 

supports.
	 9.	Freeze-thawing setup: liquid nitrogen and water bath 

(35–40 °C).

	 1.	Reagent A: 10 % MgNO3 in ethanol.
	 2.	Reagent B: mix one part (i.e., 1.5 ml) of 10 % ascorbic acid 

with six parts (e.g., 9 ml) of 0.42 % ammonium molybdate tet-
rahydrate (NH4)6Mo7O24 · 4H2O in 1 N H2SO4.

	 3.	HCl solution: aqueous solution of 0.5 N HCl.
	 4.	Water bath (water boiling temperature)

2.2  Differential 
Scanning Calorimetry

2.3  Isothermal 
Titration Calorimetry

2.4  Phosphate Assay 
(Phospholipid 
Concentration 
Determination)
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3  Methods

	 1.	The peptide (see Subheading 2.1) concentration is established by 
measuring the UV absorbance for Trp at 280 nm and using the 
extinction coefficient provided by the software tool ProtParam 
from ExPASy: SIB bioinformatics resource portal [32].

This section describes the protocol used to study the effect of 
antimicrobial peptides on the thermotropic phase transitions of 
multilamellar lipid vesicles composed of single phospholipids.

	 1.	Take the appropriate amount of the phospholipid stock (in 
chloroform or chloroform/methanol) in order to have 0.5 mg 
of lipids in a clean glass vial. The final sample contains 1 ml of 
the phospholipid solution at a concentration of 0.5 mg/ml 
(see Note 5).

	 2.	Evaporate the solvent (chloroform/methanol) inside a fume 
hood under a soft stream of nitrogen gas, rotating the vial in 
order to create a thin lipid film over the glass walls.

	 3.	Remove the remaining solvent by leaving the open vial under 
vacuum overnight. The dried lipid films can be stored at 
−20 °C until use. In addition overlay with an inert gas in case 
of long-term storage.

	 4.	Sample containing MLVs without AMPs: the lipid films (see 
step 3) are warmed to room temperature, while the DSC 
buffer (~2 ml) is heated above the melting temperature (Tm) of 
the phospholipids for 10 min (see Note 6). Then hydrate the 
lipid films with 1 ml of the preheated DSC buffer, and vortex 
vigorously in order to bring all lipids in solution. In some cases 
several cycles of heating and vortexing are required to solubi-
lize all the lipids from the vial walls. At this point the solution 
contains mainly MLVs.

	 5.	Sample containing MLVs with AMPs: add the required amount 
of peptide stock (see Subheading 2.1, item 2) to the MLV sus-
pension without AMPs (see step 4). The peptide-to-lipid (P:L) 
molar ratio for our experiment is setup as 1:10 (see Note 7). 
The solution is then mixed by extensive vortexing (~1 min), 
allowing for the peptide to bind to the lipid bilayers.

As mentioned above the DSC instrument contains two cells, one 
for the actual sample and the second for the reference containing 
the DSC buffer. Three separate experiments should be performed; 
first, a buffer-buffer experiment is required to establish the base-
line. Second, the buffer-MLV experiment will determine the ther-
motropic phase transitions (unaltered) of the pure phospholipid 
bilayers (Fig.  1). Third, buffer-MLV/AMP experiment (Fig.  2) 

3.1  Determination 
of Peptide 
Concentration

3.2  Differential 
Scanning Calorimetry

3.2.1  Multilamellar Lipid 
Vesicle (MLV) Preparation 
With or Without AMPs

3.2.2  Sample Degassing 
and Loading
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will highlight the changes induced by the peptide on the phase 
transitions of the phospholipid bilayers. The following steps 
describe the setup for the third experiment (buffer-MLV/AMP). 
However, the same steps should be followed for the other two 
experiments.

	 1.	Sample and DSC buffer degassing: Place both uncapped glass vials 
containing the MLVs/AMP suspension (see Subheading 3.2.1, 
step 5) and DSC buffer (~2 ml) in the tube holder of the MicroCal 
ThermoVac accessory. The instrument is then set up to create 
vacuum for 10 min keeping the temperature at 20 °C. Use the 
vacuum cap to cover the tube holder in order to start the degas-
sing process (see Note 8).

	 2.	Load the degassed MLVs/AMP sample and DSC buffer into 
the sample and reference cells, respectively, following the 
instructions in the DSC.
Sample loading: Rinse the sample and reference cells with DSC 
buffer at least two times. Using the gastight Hamilton syringe, 
take 1 ml of degassed buffer or MLV sample from the glass 
vial. Then place the filling funnel in the corresponding instru-
ments cells, and insert the syringe needle through the center of 
the funnel. At this point the top of the needle should be located 
~2  mm from the bottom of the cell. Slowly start delivering 
most of the content of the syringe into the cell until the solu-
tion can be seen coming out from the filling funnel. In order 
to remove trapped air bubbles, sharply pump the solution 
(~0.3 ml) in and out from the cell. At this point air bubbles can 
be observed coming out of the cell. This procedure should be 
repeated several times (>5 times) until no air bubbles are 
observed. The excess volume in the sample cell is then removed 
by placing the delivery syringe needle on the inner ledge of the 
cell and drawing out the excess solution until you see air being 
drawn into the syringe. Proper sample loading is crucial in 
order to prevent the presence of air bubbles in the DSC sample 
and reference cells (see Note 8).

	 1.	After loading the sample and reference cells, close the DSC cell 
with the DSC cap. First secure the lower metal portion of the 
cap against the DSC cells port, and then start rotating the 
upper plastic (white) part of the cap. At this point the pressure 
in the cells will start increasing (as indicated in the VPviewer 
window). Stop tightening the upper cap when the pressure 
stops increasing. Be careful not to over-tighten the cap, as it 
can break. At this point the pressure in the cells should be 
around 27–28 psi, for the conditions and MicroCal instrument 
used in our laboratory (see Note 9).

3.2.3  Instrument 
Preparation and Data 
Collection
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	 2.	Set up the following experimental parameter in the DSC 
instrument, using the VPviewer window (left panel) under the 
DSC controls tab.

Number of scans, 5. The thermal history of the samples before 
the DSC experiment can influence the thermotropic behavior 
of a lipid sample. Therefore, it is recommended to run three or 
more scans in order to ensure similarity between consecutive 
scans. This would indicate that equilibrium has been reached 
(Fig. 1). Similarly, in the case of MLV samples where peptide is 
externally added, the peptides could take time to reach the tar-
get membranes, which would be reflected in changes over time 
in the thermotropic behavior of the sample (Fig. 2). In all cases 
the number of scans should allow for the sample to reach 
equilibrium conditions. Frequently, the reported thermograms 
correspond to the last scan.

Post-cycle thermostat, 60 °C. This is the temperature that the 
instrument would reach after the last scan is performed.

	 3.	Set up the following scan parameter in the DSC instrument, 
using the VPviewer window (right panel) under the DSC 
controls tab.

Starting temperature, 20  °C.  The starting temperature 
should allow for a stable baseline before the phospholipid phase 
transitions.

Final temperature, 60  °C.  The final temperature should 
allow for a stable baseline after the phospholipid phase 
transitions.

In our case the Tm and Tp for DPPC and DPPG are around 
40 and 30  °C.  Therefore, ±10  °C allows for stable baselines 
before the pre-transition and after the main phase transitions 
(see Note 10).

Scan rate, 10°/h. High scan rates are necessary for broad 
peaks and could have large effects on the DSC data for both 
heat-conduction or power-compensation calorimeters [13]. 
However, single lipids normally exhibit very sharp peaks; there-
fore, it is recommended to use lower scan rates in such cases.

Prescan thermostat, 15  min. This time allows for a proper 
equilibration of the thermal core of the instrument, which is 
important for the repeatability and shape of the baseline.

Postscan thermostat, 0 min. This represents the time to ther-
mostat at the final temperature before starting the next scan, 
and it is normally used to incubate the DSC cells at high tem-
perature for cleaning purposes. Therefore, during the DSC 
experiments, it is set to 0 min.

Filtering period, 4 s. This represents the time period in which 
the data samples are averaged and a data point is generated and 
stored. For the fast and sharp lipid transitions, short filter 
periods are normally used (1–5 s).
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Feedback (FB) mode/gain: High. In the case of fast and sharp 
transitions for lipid samples, a fast and high compensation 
response is required.

Scan edit mode: Identical scans. This option will set all the 
scan parameters for all the scans in an experiment to be 
identical.

	 4.	Start the data collection.

The data analysis was performed following the instructions of the 
tutorial guide: DSC Data Analysis in Origin®, provided by the 
manufacturer of the instrument.

	 1.	The final thermograms, corresponding to the MLV alone 
(buffer-MLV experiment) and in the presence of peptide 
(buffer-MLV/AMP experiment), are prepared by subtracting 
the last DSC buffer-buffer scan. In our laboratory the Origin 
7.0 software from MicroCal Inc. is used for data analysis. The 
option Subtract Reference is found in the DSC Main Control 
section of the RawDSC window.

	 2.	Normalization and fitting of the data will allow the determina-
tion of the transition temperature (Tm and Tp) as well as the 
calorimetric heat change (ΔH). Briefly, after subtraction of the 
reference data, the normalization is performed by inputting 
the lipid concentration value (mM). Once normalized a base-
line needs to be created and is then subtracted from the nor-
malized data. At this point the data is ready for the fitting 
process. In our laboratory model number 2, Non-2-State with 
zero DCp is normally used to fit the thermograms involving 
lipids and peptides. Regularly, the fitting process is easier if the 
Tm is initially setup (as close as possible to the actual Tm) as a 
non-variable, while the ΔH is left to vary during the iterations. 
Once a reasonable ΔH is achieved, the Tm can be included in 
the iteration process as well. Alternatively, the ΔH can also be 
determined by manually integrating the area under the peak, 
which is also available as an option in the Origin 7.0 software.

	 3.	In Fig. 1 representative thermograms for neutral (DPPC) and 
negatively charged (DPPG) MLVs are presented. Characteristic 
main and pre-transition temperatures for both lipid systems are 
depicted as well as the corresponding changes in enthalpy. In 
Fig.  2 representative results for an AMP Tritrp-HW3 
(VRRFPWW[5OHW]PFLRR-NH2) [33], interacting with 
DPPC and DPPG vesicles, are presented. The main DPPC 
phase transition is essentially not altered in the presence of 
peptide (Tritrp-HW3). The disappearance of the pre-transition 
can be observed. In combination, these data indicate that the 
peptide is only able to superficially interact with the DPPC 
lipid bilayer, leaving the packing of the acyl chains unchanged. 

3.2.4  Data Analysis
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In contrast, large changes in both the pre- and main phase 
transitions of DPPG are observed in the presence of the peptide 
(Fig. 2). This suggests that considerable alterations in the acyl 
chain packing in the DPPG lipid bilayer occurred.

This protocol describes the steps to be followed in order to study 
the interaction of AMPs with large unilamellar vesicles (LUVs) 
composed of single or combined phospholipids. It is important to 
note that the specific setup of an ITC experiment depends markedly 
on the expected binding constant (Ka) for the system. The proto-
col described here should only be used as a reference when similar 
Ka values are suspected or as an initial attempt when the Ka value is 
completely unknown.

This procedure describes the preparation of LUVs for ITC experi-
ments (also see the manual for liposome preparation from 
supplier).

	 1.	Combine the appropriate amounts of phospholipid stocks 
(in chloroform/methanol) in a clean glass vial in order to have 
~12 mg of lipids (see Note 11).

	 2.	Evaporate the solvent (chloroform/methanol) from the lipid 
solution as previously described (see Subheading 3.2.1, steps 2 
and 3).

	 3.	Hydrate the lipid films with 1 ml of ITC buffer and vortex 
vigorously to bring all lipids in suspension. At this point the 
solution is composed of multilamellar lipid vesicles (MLVs).

	 4.	Freeze-thaw the suspended MLVs by submerging the glass flask 
in liquid nitrogen for a couple of minutes and then thawing 
the suspension in a warm water bath (35–40 °C). Repeat this 
procedure at least five times.

	 5.	Assemble the lipid extruder according to the manufacturer’s 
instructions. The pore size of the polycarbonate filter mem-
brane will determine the average size of the resulting LUVs. 
In our laboratory, LUVs with a 100 nm diameter are normally 
used (filter pore size 0.1 μm).

	 6.	Load ~1 ml of leakage buffer into one syringe, and pass the 
solution through the extruder, in order to check for any leak-
ages on the extrusion device and the proper attachment of the 
second syringe. Discard all liquids from the second syringe 
once all buffers have passed through the device.

	 7.	Load the MLV suspension into one of the syringes and pass 
the suspension through the extruder device. The suspension 
will become more translucent indicating the formation of 
LUVs. Once the second syringe is loaded, return the suspension 
through the extruder to the initial syringe. Repeat this procedure 

3.3  Isothermal 
Titration Calorimetry

3.3.1  Large Unilamellar 
Vesicle (LUV) Preparation
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at least 15 times. Make sure that the final extrusion ends with 
the LUV suspension in the syringe that is opposite to the one you 
started with. At this point the suspension is composed of LUVs 
with an average diameter of 100 nm (see Note 12). Transfer 
this LUV suspension to a glass vial.

This procedure is a modified version of the phosphorus assays 
described by Ames et al. [34]:

	 1.	Pipette 5 μl of the LUV suspension into phosphate-free Pyrex 
test tube. Additionally, pipette 5 μl of ITC buffer into an addi-
tional test tube as control. These samples should be prepared 
in triplicate.

	 2.	Add 30 μl of Reagent A to each tube, and carefully ash the 
samples over a hot flame (see Note 13). Once all ethanol is 
evaporated, leave the tubes over the flame until there is no 
more smoke coming from the tubes and a white/gray precipi-
tate (ash) is observed. Let the tubes cool down.

	 3.	Add 300 μl of 0.5 N HCl into each tube. Vortex the tubes until 
the gray precipitate is resuspended. During this step the MgNO3 
and HCl hydrolyze the lipids releasing free PO4

3− groups.
	 4.	Cap the tubes with aluminum foil and place them in boiling 

water for 15 min. Then remove the tubes from the water bath 
and allow cooling.

	 5.	Add 700 μl of Reagent B to each tube, cap them, and incubate 
for 1 h at 37 °C. During this step the samples acquire a light 
blue color, indicating the presence of phosphorous.

	 6.	Measure the OD820 for each tube, and calculate the concentra-
tion of phosphate according to the following ratio: 0.01 μmol 
will correspond to OD820 = 0.240 [34]. Alternatively, the phos-
phorus concentration can be calculated by preparation of a stan-
dard curve using a phosphorus standard solution. Divide the 
number of moles by 5 μl in order to establish the final phosphate 
concentration in the samples. Each lipid molecule in the LUVs 
contains one phosphate group; therefore, the lipid concentration 
corresponds directly to the phosphate concentration.

	 7.	Dilute the LUV suspension with ITC buffer in order to have 
≥10 mM lipid concentration. At least 650 μl of this suspension 
is required for one ITC experiment (see Note 14).

	 1.	The peptide stock prepared for the ITC experiments (see 
Subheading 2.1, item 3) is diluted in ITC buffer in order to 
have a final concentration of 10–50 μM. At least 2.0 ml of this 
peptide solution is necessary for one ITC experiment. The actual 
concentration would depend on the specific peptide and lipids 
being used and their expected affinity (see Note 14).

3.3.2  Lipid Concentration 
Determination

3.3.3  Peptides
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	 1.	Samples and ITC buffer degassing: Place the peptide (see 
Subheading  3.3.3, step 1) and LUV samples (see 
Subheading 3.3.2, step 7), as well as the buffer (~2 ml) into 
separate glass or plastic vials. Place the vials in the tube 
holder of the MicroCal ThermoVac accessory, and start the 
degassing process as described before (see Subheading 3.2.2, 
step 1).

	 2.	Load the reference cell (~1500 μl) with the degassed ITC 
buffer and the sample cell (1415 μl) with the degassed peptide 
solution, following the VP-ITC instructions manual, briefly 
described next (see Note 15).
Sample loading: Rinse the sample and reference cells with ITC 
buffer at least two times. Then using the gastight Hamilton 
syringe take ~2 ml of degassed buffer or peptide sample from 
the vials. Insert the syringe needle into the corresponding cell. 
Raise the end of the needle ~2 mm from the cell bottom, and 
slowly start delivering the content of the syringe into the cell 
until the solution can be seen coming out. Remove all trapped 
air bubbles and remove excess volume in the sample cell (see 
Subheading 3.2.2, step 2). Cover the ITC chamber in order to 
prevent contamination of the sample and reference cells.

	 3.	Load the ITC titration syringe with 300 μl of the degassed 
LUV suspension following the instructions described in the 
VP-ITC instruction manual and briefly described next (see 
Note 15).
Titration syringe/auto-pipette loading: Rinse the MicroCal 
auto-pipette syringe needle with ITC buffer (~5  ml) before 
loading the LUV suspension. Then submerge the auto-pipette 
syringe needle into the vial containing the LUV suspension 
(650 μl), and slowly draw in the suspension, making sure that 
the auto-pipette is full and no air bubbles are introduced (see 
Note 16). The volume of the auto-pipette is ~300 μl; there-
fore, some LUV suspension (>200 μl) should remain in the 
vial. Using the option “purge and refill” from the ITC control 
window (VPviewer), mix the content of the auto-pipette with 
the remaining LUV suspension in the vial, ensuring that there 
are no air bubbles in the pipette. Dry the outside of the auto-
pipette syringe needle with a Kimwipe. Be careful not to touch 
the bottom of the needle as the Kimwipe can take some of the 
solution from the syringe.

	 4.	Remove the cover from the ITC chamber, and insert the auto-
pipette into the sample cell. Make sure the pipette is tightly 
adjusted to the ITC chamber by pushing the auto-pipette 
firmly downward.

3.3.4  Sample Degassing 
and Loading
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	 1.	Set up the following experimental parameter in the ITC instru-
ment, using the VPviewer window (left panel) under the ITC 
controls tab.

Total number of injections, 20. It is recommended that a 
large number of low-volume injections are used for systems 
with a strong heat signal. Instead, if a system exhibits weak 
heat signals, a smaller number of high-volume injections 
would be advantageous (see Note 17).

Cell temperature, 30 °C. It is recommended to thermostat 
the instrument at a slightly lower temperature (−1.0 °C) while 
preparing the experiment in order to reduce the waiting time 
for the initial equilibration. This can be done by adjusting the 
temperature set point under the Thermostat/Calib tab in the 
VPviewer.

Reference power, 10 μCal/s. This value will approximately 
determine the baseline value of the system at equilibrium. For 
experiments with strong exothermic reactions, a large refer-
ence power (~30 μCal/s) will be required. For strong endo-
thermic reactions, a low reference power (~2  μCal/s) will 
work better.

Initial delay, 5 min. This delay is required to establish the 
baseline before the first injection.

Syringe concentration (mM): Use the value determined dur-
ing the LUV sample preparation (see Note 18).

Cell concentration (mM): Use the value determined during 
peptide sample preparation (see Note 19).

Stirring speed, 300  rpm. High stirring speed is normally 
required if the suspension tends to precipitate or if an extremely 
high affinity is expected.

Feedback mode/gain: High. Most reactions will require a 
high gain, which provides the fastest response time.

ITC equilibration options: Auto. The auto option allows 
the instrument to proceed automatically through the 
equilibration.

	 2.	Set up the following injection parameters in the ITC instru-
ment, using the VPviewer window (right panel) under the ITC 
control tab.

Volume (μl), 10  μl. The injections are normally 3–15  μl, 
which allows for proper temperature equilibration of the 
ligand solution. Considering the sensitivity limitations of the 
VP-ITC instrument (~0.1 μCal), the injection volume or con-
centration of the ligand should be increased if the heat signals 
are too small. Due to diffusion of the ligand into the sample 
cell during the initial delay and equilibration time, the first 
injection is usually set up for a lower volume (3 μl), and this 
data point is normally excluded from the final analysis.

3.3.5  Instrument 
Preparation and Data 
Collection
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Duration(s), 20 s. By default the VPviewer selects twice the 
number set up in the volume box. This will correspond to a 
ligand delivery rate of 0.5 μl/s.

Spacing(s), 360 s. The spacing time should always be large 
enough to allow the heat signal to return to the baseline before 
the next injection.

Filter period(s), 2  s. For fast reactions (as in this case) a 
period of 2 s is normally sufficient to represent the heat peaks 
accurately.

	 3.	Start the data collection.

	 1.	An additional ITC experiment is required to measure the heat 
of dilution during injection of the ligand (LUVs) into the sam-
ple cell. In this experiment the LUV suspension (see 
Subheading 3.3.2, step 7) is titrated into ITC buffer (sample 
cell). The experimental and injection parameters should be the 
same (see Subheading 3.3.5).

The data analysis is performed following the instructions of the 
tutorial guide ITC Data Analysis in Origin®, provided by MicroCal.

	 1.	In our laboratory the software Origin 7.0 is used for data anal-
ysis. The software automatically transforms the raw data (μcal/s 
vs time) into heat changes of injectant (ΔH, kcal/mol) versus 
the molar ratio of ligand/binding partner, by integrating the 
injection peaks (Fig. 3, lower).

	 2.	Before analysis of the AMP-LUV experiment results, the heats 
of dilution for the LUVs into ITC buffer (see Subheading 3.3.6) 
are subtracted. The option Subtract Reference Data is found in 
the Data Control section of the DeltaH window.

	 3.	The final data, after reference subtraction, is fitted by using the 
model one set of sites (see Note 20).

	 4.	In Fig.  3 representative results for an AMP interacting with 
different LUV systems are presented. The interaction of the 
peptide combi-1 (Ac-RRWWRF-NH2) [35], with negatively 
charged LUVs composed of POPG (Fig. 3b), was character-
ized by a strong binding constant (Ka = 1.04 × 105  M−1). 
However, the interaction of the peptide with zwitterionic 
LUVs composed of POPC (Fig. 3a) was considerably weaker 
(Ka = 858 M−1). In both cases the peptide–membrane interac-
tions were characterized by the release of heat, indicating that 
the process was exothermic. When comparing the ΔH and ΔS 
values, it is clear that the interaction of combi-1 with POPG is 
mainly driven by the change in enthalpy (ΔH = −2769  cal/
mol).

3.3.6  Control 
Experiments

3.3.7  Data Analysis
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4  Notes

	 1.	Consistency in the buffer composition and pH for all the 
solutions used in isothermal titration calorimetry is a require-
ment to obtain high-quality data. Poorly matched buffers 
between the peptide and lipid solutions can lead to undesired 
heat signals during the titration process that are related to 
dilution and/or ionization effects [22, 36].

	 2.	The pH of the buffer selected should have a low temperature 
dependence, as the DSC experiment encompasses a broad 
range of temperature. Tris buffer was used in this protocol as 
the ionization state of the peptides and the phospholipids was 
not expected to be affected by changes in pH inside the range 
of temperatures used. For Tris buffer the ΔpK/pH ~ 1 when 
the temperature changes from 20 to 60  °C (pK 7.2098 at 
333.15 K and pK 8.221 at 293.15 K) [37].

	 3.	In our laboratory DPPC and DPPG are normally used because 
the zwitterionic headgroup phosphatidylcholine (PC) is mainly 
found in the outer leaflet of mammalian membranes, while the 
negatively charged phosphatidylglycerol (PG) is a main com-
ponent of the bacterial cytoplasmic membranes [9, 18]. 
Similarly, palmitate (16:0) constitutes one of the most promi-
nent fatty acid chains in E. coli and human red blood cells [38, 
39]. In addition, the transition temperatures of these phospho-
lipids are inside the temperature range (20–80 °C) used in our 
experiments.

	 4.	Buffers with low enthalpy of ionization should be selected to 
minimize the appearance of artificial heat signals. Buffer sys-
tems such as phosphate, citrate, and acetate that have low 
enthalpy of ionization are often recommended for ITC experi-
ments [36, 37]. The HEPES buffer used in this protocol has 
been successfully used in our laboratory for several ITC 
experiments.

	 5.	The volume of the sample cells in the DSC instrument is 
approximately 520  μl; however, in our laboratory 1  ml of 
sample is normally used in order to ensure proper loading of 
the solution into the sample cell (see Subheading 3.2.2).

	 6.	Heating of the DSC buffer should allow for complete hydration 
and proper formation of the lipid particles. The temperature 
requirements may vary according to the specific phospholipid 
being used. We have found that for DPPC and DPPG 
(Tm ~ 41  °C), a temperature of 60  °C can be used for the 
formation of the MLVs.
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	 7.	A MLV suspension of DPPG (MWt 744.95) of 0.5 mg/ml will 
correspond to 0.671 mM. Therefore, in order to have a pep-
tide/lipid ratio of 1:10, the final concentration of the peptide 
should be 0.0671 mM. If a peptide stock solution of 2 mM is 
used, 33.6  μl of solution should be added to 1  ml of MLV 
(DPPG) suspension. In our laboratory we consider that adding 
the AMPs after the formation of the MLVs resembles a biologi-
cally relevant scenario. However, in some DSC studies, the 
authors have chosen to form the MLVs in the presence of pep-
tides. It is important to note that the 1:10 ratio can be seen as 
the higher peptide ratio to be used in this type of interaction 
studies. Lower ratios such as 1:50 or 1:100 are recommended.

	 8.	Air bubbles constitute a problem during the DSC experiments, 
as the bubbles displace liquids, changing the heat capacity of 
the sample. In addition, the bubbles can be dissolved in solu-
tion over time inducing an increase in heat capacity. In order to 
make sure the samples are properly degassed, check that the 
vacuum cap is adjusted over the vacuum sealing O-ring. The 
sound of the vacuum pump will change pitch indicating that 
the vacuum cap has been sealed to the O-ring. Additionally, if 
resistance is felt when trying to remove the cap from the tube 
holder, this means that the vacuum is being produced, and the 
cap is properly adjusted.

	 9.	A different final pressure can indicate the presence of air bub-
bles. In this case remove the DSC cap and reload the sample 
and/or reference cells. Additionally, the final solution volume 
in the sample and reference cells can modify the final pressure 
values; ensure that no excess solution is present in either cell.

	10.	If the phospholipids to be used for the DSC studies are not 
well known, a broader range of temperature could be advanta-
geous; ±15–20 °C from the suspected Tm should be considered 
for the start and final temperatures.

	11.	The composition of the LUVs is highly customizable, depend-
ing on the known characteristics of the biological membranes 
that one wants to study.

	12.	A larger number of extrusion cycles should generate a more 
homogenous sample; therefore, no less than 15 cycles are sug-
gested. Finalizing the extrusion procedure in the opposite 
syringe will prevent the final sample from having large lipid 
aggregates that did not pass through the first filter. The aver-
age size of the resulting LUVs can be confirmed by dynamic 
light scattering (DLS) experiments.

	13.	The evaporation of the ethanol needs to be done carefully, as it can 
occur violently if the samples are left directly over an open flame.
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	14.	The final concentration of the ligand (LUVs) to be used in the 
auto-pipette should be ~20–50 times the concentration of the 
binding partner in the sample cell. The actual value would 
depend on the expected binding affinity (Ka). Higher concen-
trations might be required for low affinities, while lower con-
centration can be used when the interaction exhibits high 
affinities. The parameter c, where c = Ka · [M], is normally used 
to establish the appropriate concentration of the binding part-
ner ([M]). This parameter should be around 10–100 [22]. 
Ideally, the concentration of the ligand should allow for the 
system (binding partner and ligand) to reach saturation between 
the first third or half of the experiment.

	15.	Loading of the ITC sample cell can also be viewed in a JoVE 
publication [23].

	16.	In our experience there is often a small air bubble at the top of 
the auto-pipette; however, this does not affect the experiment 
results.

	17.	The total number of injection as well as the volume of each injec-
tion should be carefully selected. Ideally, the number and volume 
of the injections should allow for the ligand to reach a 1:1 ratio 
in the sample cells by the middle of the ITC experiments 
(normally at the 10–15 injection) if the reaction stoichiometry is 
expected to be one to one.

	18.	The accurate determination of the concentration of the ligand 
in the titration syringe is essential in order to obtain reliable 
thermodynamics parameters for the interaction [40]. In some 
cases it is recommended to measure the concentration of the 
ligand using the remaining ligand solution left in the vial after 
loading and purge/refill of the titration syringe.

	19.	Determination of the concentration of the ligand partner in 
the sample cell is important to obtain an accurate value of the 
reaction stoichiometry (n) [40]. However, it has been noted 
that during the ITC study of peptide and LUV interaction, the 
n value cannot be assigned to the stoichiometry of the reaction. 
The peptides are often used as the ligand partner (sample cell) 
due to solubility limitations, as formation of aggregates/
oligomers has been observed at high peptide concentrations. 
In addition, the cost of the synthetic peptides is normally 
higher than the cost of the purified or synthetic phospholipids. 
Therefore, it is more cost-effective to have the peptides in the 
sample cell.

	20.	The one set of sites model is used on the assumption that all the 
binding sites between the peptide and the vesicles are equal 
(same K and ΔH).
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Chapter 10

Fluorescence and Absorbance Spectroscopy Methods 
to Study Membrane Perturbations by Antimicrobial Host 
Defense Peptides

Mauricio Arias and Hans J. Vogel

Abstract

Antimicrobial peptides (AMPs) are currently intensely studied because of their potential as new bactericidal 
and bacteriostatic agents. The mechanism of action of numerous AMPs involves the permeabilization of 
bacterial membranes. Several methods have been developed to study peptide–membrane interactions; in 
particular optical spectroscopy methods are widely used. The intrinsic fluorescence properties of the Trp 
indole ring in Trp-containing AMPs can be exploited by measuring the fluorescence blue shift and 
acrylamide-induced fluorescence quenching. One important aspect of such studies is the use of distinct 
models of the bacterial membrane, in most cases large unilamellar vesicles (LUVs) with different, yet well-
defined, phospholipid compositions. Deploying LUVs that are preloaded with fluorescent dyes, such as 
calcein, also allows for the study of vesicle permeabilization by AMPs. In addition, experiments using genet-
ically engineered live Escherichia coli cells can be used to distinguish between the effects of AMPs on the 
outer and inner membranes of gram-negative bacteria. In combination, these methods can provide a 
detailed insight into the mode of action of AMPs.

Key words Fluorescence spectroscopy, Absorbance spectroscopy, Antimicrobial peptides, Tryptophan, 
Escherichia coli, Membrane permeabilization, Large unilamellar vesicles

1  Introduction

The mechanism of action of most antimicrobial peptides (AMPs) 
can be divided into two main steps. First, the peptides bind to the 
bacterial membrane through electrostatic and hydrophobic attrac-
tions. The cationic nature of most AMPs, in conjunction with the 
characteristic negatively charged membrane surfaces of bacterial 
cells, provides the basis for initial electrostatic attractions [1–4]. 
The presence of hydrophobic residues (~50 %) in the amino acid 
sequence of most AMPs and their contribution to forming an 
amphipathic peptide structure [3], together with the highly hydro-
phobic nature of the core of the bacterial membrane, drive the 
subsequent formation of hydrophobic interactions. Once bound 
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to the membrane, a second step usually takes place. The 
accumulation of the membrane-bound peptides disturbs the orga-
nization of the lipid bilayer [3, 5], thereby leading to an increase in 
membrane permeability and simultaneously disrupting the vital 
electrochemical gradients across the bacterial membrane [4, 6]. 
Several mechanisms have been proposed for the bacterial mem-
brane permeabilization process [1, 5]; however, a complete molec-
ular level understanding of this process has remained elusive.

Given the important role that peptide–membrane interactions 
play in the mechanism of action of AMPs, considerable attention 
has been focused on studying this process. A powerful approach to 
study these interactions is the use of phospholipid vesicles/lipo-
somes as simplified model membranes. These defined systems 
allow us to study the effects of different lipid headgroups, fatty acid 
chain length, and fatty acid (un)saturation on the interactions of 
membranes with AMPs. Large unilamellar vesicles (LUVs), nor-
mally 100 nm in diameter, with different lipid compositions are 
among the most commonly used membrane mimetics for studies 
with AMPs [7]. Phospholipids with the negatively charged phos-
phatidylglycerol (PG) headgroups and the neutrally charged phos-
phatidylethanolamine (PE) headgroups are found in high 
concentration in the membranes of prokaryotic cells and are fre-
quently used in LUVs representing bacterial membranes [7]. In 
contrast, in the outer leaflet of the membranes of eukaryotic cells, 
phospholipids with neutrally charged phosphatidylcholine (PC) 
headgroups and cholesterol are normally observed, and these con-
stitute the main components of LUVs simulating this type of cells 
[7]. Additionally, phospholipids with the negatively charged phos-
phatidylserine (PS) headgroups can be used as one of the compo-
nents of LUVs mimicking the outer leaflet of cancer cell membranes. 
Several cancer cell lines have been shown to lose their cytoplasmic 
membrane leaflet asymmetry, thereby exposing PS to the extracel-
lular environment [8].

Several biophysical techniques (i.e., isothermal titration calo-
rimetry (ITC), dynamic light scattering (DSC), circular dichroism 
(CD), etc.) can be used for the study of peptide–LUV interactions 
[9–14]. However, fluorescence spectroscopy is particularly useful 
due to its high sensitivity. When Trp residues are present in the 
peptide, the intrinsic fluorescence of the indole side chains can be 
followed to directly monitor the binding of the peptides to the 
membrane. In aqueous solution Trp exhibits an absorption maxi-
mum at 280  nm and a maximal emission wavelength around 
350 nm [15]. However, upon interacting with a lipid bilayer, the 
Trp residue(s) experiences a change in the polarity of the environ-
ment, from a hydrophilic (polar) to a more hydrophobic (apolar) 
surrounding. This is accompanied by a reduction in the maximal 
emission wavelength, a phenomenon known as blue shift [15].
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Another complementary method that is widely used to study 
the interaction of Trp-containing AMPs and model membranes is 
the quenching of the Trp fluorescence by specific small soluble 
molecules (quenchers) that can drastically reduce the fluorescence 
intensity of Trp. The accessibility of the quenchers to the Trp resi-
dues in a peptide determines the amount of fluorescence quench-
ing observed. Different mechanisms, such as collisional (dynamic) 
quenching, static quenching, quenching by energy transfer, or 
charge transfer reactions, can all give rise to quenching effects 
[16]. However, in this protocol only collisional quenching will be 
considered and discussed. In collisional quenching direct molecu-
lar contact between the quencher and the fluorophore (in this case 
Trp) is required. During this contact the fluorophore returns from 
the excited to the ground state without the emission of a photon. 
Several substances can induce collisional quenching, among the 
most widely used are molecular oxygen (O2), heavy atoms such as 
iodide (I−) and cesium (Cs+), and acrylamide [16, 17]. For studies 
of peptide–membrane interactions, charged quenchers such as I− 
and Cs+ should be used with extreme caution, as electrostatic 
attraction/repulsion can influence the accessibility of these reagents 
[17, 18]. Consequently, the neutral quencher acrylamide is fre-
quently used. In aqueous solution, the Trp residues in an AMP will 
be fully exposed to the solvent, and addition of acrylamide would 
result in a large quenching of the Trp fluorescence. In contrast, 
when bound to model membranes, the Trp sidechains are likely 
less exposed to the aqueous environment, thereby reducing the 
accessibility for the acrylamide and giving rise to less efficient 
quenching. In this protocol utilization of these intrinsic Trp fluo-
rescence methods will be highlighted to study the binding of AMPs 
to LUVs.

Fluorescence spectroscopy in combination with LUVs can also 
be used to assess the ability of AMPs to permeabilize the lipid 
bilayer. Leakage of fluorescence dyes from preloaded LUVs 
induced by AMPs indicates that membrane permeabilization might 
be part of the mechanism of action of a peptide. Several fluorescent 
molecules (8-aminonaphthalene-1,3,6-trisulfonic acid, disodium 
salt (ANTS)/p-Xylene-bis-pyridinium bromide (DPX), calcein, 
carboxyfluorescein, FITC-labeled dextrans, among others) can be 
used as probes in these experiments [19–23]. In this protocol we 
will only discuss the use of calcein, as it is the most simple and 
widely used method. LUVs can be preloaded with high concentra-
tions of calcein (e.g., 70 mM), in which case the fluorescence of 
the calcein is self-quenched. Upon permeabilization of the model 
membrane, the calcein is released into the extra-vesicular media, 
where it is diluted and a large increase in the fluorescence is 
observed. The flexibility of preparing LUVs with different compo-
sitions in combination with the ability to mutate specific residues 
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in the peptide sequence allows one to pinpoint the key elements 
contributing to membrane permeabilization.

Of course, model membranes cannot account for the possible 
roles that transmembrane proteins and other bacterial membrane 
components play during membrane permeabilization in living cells 
by AMPs. Consequently, the results obtained from experiments 
with LUVs should always be interpreted with care. Fortunately, 
some complementary methods have been developed to study the 
effects of AMPs on real bacterial membranes [24, 25]. Such studies 
were originally developed by Lehrer et al. [24], and some minor 
modifications were introduced in recent years [26, 27]. In this 
approach a genetically modified strain of E. coli (E. coli ML35p) is 
used in combination with easily hydrolysable enzyme substrates 
that function as permeabilization probes (Fig.  1). The E. coli 
ML35p strain constitutively expresses the cytoplasmic enzyme 
β-galactosidase, as well as the plasmid-encoded β-lactamase pro-
tein, which is located in the periplasmic space. In addition, this E. 
coli strain lacks the lactose permease, making the membrane imper-
meable to β-galactosides [24, 28]. Ortho-nitrophenyl-β-galactoside 
(ONPG) is then used as a membrane impermeable substrate for 
the cytoplasmic β-galactosidase. Only after permeabilization of the 
inner membrane by an AMP can the enzyme hydrolyze the 
ONPG. Similarly, nitrocefin (NCF) is a specific substrate for the 
periplasmic enzyme β-lactamase, and this enzyme can only act after 
NCF passes through the outer membrane. The hydrolysis of these 
two substrates can be followed by absorbance spectroscopy, by fol-
lowing the increase in absorbance at 420  nm and 490  nm for 
ONPG and NCF, respectively [26]. These methods provide a 
powerful approach for the study of the permeabilization induced 
by AMPs in a representative gram-negative bacterium, where the 
outer and inner membranes can be affected differently.

Fig. 1 Schematic representation of the bacteria E. coli ML35p strain. The enzymes 
β-galactosidase and β-lactamase are expressed by the bacteria but have differ-
ent locations inside the cells. β-galactosidase is located in the cytoplasm, while 
β-lactamase is found in the periplasmic space. The substrates for these enzymes 
ONPG (for β-galactosidase) and NCF (for β-lactamase) are impermeable to the 
inner and outer membranes
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2  Materials

	 1.	Peptides are synthesized as described in Chapter 3 or 4 or 
obtained as a lyophilized powder from commercial suppliers. 
The purity (>95 %) and molecular weight are confirmed by 
HPLC and mass spectrometry (see Note 1).

	 2.	Peptide stock solution: ~1 mg of peptide in ultrapure (Milli-Q) 
water and stored at −20 °C.

	 3.	0.1 mM peptide stock: 0.1 mM peptide in leakage buffer (see 
Subheading 2.2, item 2).

	 4.	0.01 mM peptide stock: 0.01 mM peptide in leakage buffer.

	 1.	Phospholipids: Chicken egg-derived l-α-phosphatidylcholine 
(ePC) and chicken egg-derived l-α-phosphatidylglycerol (ePG) 
in chloroform.

	 2.	Leakage buffer: 10 mM Tris–HCl pH 7.4, 150 mM NaCl, and 
1 mM EDTA. For calcein leakage assays, the leakage buffer is 
supplemented with 70 mM calcein (see Note 2).

	 3.	Avanti® Mini-Extruder and gastight syringes (short needle 
Hamilton syringe 1 ml).

	 4.	Filter supports.
	 5.	Polycarbonate membrane filters 0.1 μm pore sizes.
	 6.	Freeze–thawing setup: Liquid nitrogen and water bath 

(35–40 °C).
	 7.	Gel filtration chromatography column media: Sephadex G-50 

resin hydrated in water.

	 1.	Reagent A: 10 % Mg(NO3)2 in ethanol.
	 2.	Reagent B: mix one part (i.e., 1.5 ml) of 10 % ascorbic acid 

with six parts (e.g., 9 ml) of 0.42 % ammonium molybdate tet-
rahydrate (NH4)6Mo7O24 · 4H2O in 1 N H2SO4.

	 3.	HCl solution: aqueous solution of 0.5 N HCl.
	 4.	Fluorescence quartz cuvette (1.5 ml for magnetic stirrers) and 

magnetic stirring bar for cuvette.
	 5.	Triton X-100: aqueous solution of 10 % (v/v) of the detergent 

Triton X-100.
	 6.	Acrylamide stock solution: 4 M acrylamide in leakage buffer.

	 1.	Autoclaved LB Lennox broth media prepared according to the 
manufacturer’s instructions.

	 2.	The bacterial strain E. coli ML35p is kept at −80 °C as a glyc-
erol stock. Before each experiment an LB–agar plate with 
100 μg/ml ampicillin is streaked with the bacteria using a sterile 
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inoculation loop. The agar plate is incubated upside down 
overnight at 37 °C. After incubation individual colonies should 
be observed.

	 3.	Bacterial assay buffer: 10 mM Na+–phosphate pH 7.4, 100 mM 
NaCl, and 300 μg/ml LB.

	 4.	Ortho-nitrophenyl-β-galactoside (ONPG) 2  mM solution: 
ONPG (~10 mg) is dissolved in leakage buffer, and the solu-
tion has to be protected from light, as ONPG in solution is 
light sensitive. The solution is prepared the same day of the 
experiments and is stored at 4 °C until use.

	 5.	Nitrocefin (NCF) 120 μM solution: NCF (~1 mg) is first dis-
solved in DMSO (1.0 ml) and then diluted in assay buffer to 
prepare a stock solution of 120 μM. This solution is protected 
from direct light, and it is prepared the same day of the experi-
ments. Store at room temperature until use.

3  Methods

	 1.	The peptide concentration is established by measuring the UV 
absorbance for Trp at 280 nm and using the extinction coeffi-
cient provided by the software tool ProtParam from ExPASy: 
SIB bioinformatics resource portal [29].

This procedure describes the preparation of LUVs for either cal-
cein leakage or acrylamide quenching experiments. The prepara-
tion method for LUVs is based on the manual for liposome 
preparation [30], with some minor modifications.

	 1.	Combine the appropriate amounts of the desired phospholipid 
stocks (in chloroform) in a clean glass vial, in order to reach the 
desired molar ratio and a combined mass of ~1.0 mg (see Note 3).

	 2.	Evaporate the solvent (chloroform) inside a fume hood under 
a soft stream of nitrogen gas, rotating the vial in order to create 
a thin lipid film over the glass walls.

	 3.	Remove the remaining chloroform by leaving the vial under 
vacuum overnight (see Note 4).

	 4.	Hydrate the lipid films with 500 μl of the leakage buffer (for 
acrylamide quenching) or leakage buffer supplemented with 
calcein (for calcein leakage). In order to get the lipids in solu-
tion, vigorous vortexing is normally required. At this point the 
solution is composed of multilamellar vesicles (MLVs).

	 5.	Freeze-thaw the suspended MLVs by submerging the glass 
flask in liquid nitrogen and then thawing the suspension in a 
warm water bath (35–40 °C). Repeat this procedure at least 
five times.

3.1  Determination 
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Concentration
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	 1.	Assemble the lipid extruder according to the manufacturer’s 
instructions. The size of the polycarbonate filter membrane 
determines the average size of the resulting LUVs. In our labo-
ratory, LUVs with a 100 nm diameter are normally used (filter 
pore size 0.1 μm).

	 2.	Load ~1 ml of leakage buffer into a Hamilton syringe, and pass 
the solution through the extruder, in order to check for any 
leakage and to test the proper attachment of the second syringe. 
Discard all liquids from the second syringe once all buffer 
passed through the device.

	 3.	Load the MLV suspension into one of the Hamilton syringes, 
and pass the suspension through the extruder device. The sus-
pension will become more translucent indicating the forma-
tion of LUVs. Once the second syringe is loaded, return the 
suspension through the extruder to the initial syringe. Repeat 
this procedure 15 times. Make sure that the final extrusion 
ends when the suspension of the LUVs is in the opposite 
syringe than the one that you started with. At this point the 
suspension is composed of LUVs with an average diameter of 
100 nm (see Note 5). The average size of the resulting LUVs 
can be confirmed by dynamic light scattering [31].

In order to run the calcein leakage experiments, the free calcein 
that is present in the LUV suspension has to be removed by gel 
filtration chromatography.

	 1.	Prepare a Sephadex G-50 column by decanting hydrated 
Sephadex resin into a 1 cm diameter glass column. The resin is 
left to settle, forming a column with a height of ~10 cm. The 
column is then equilibrated with at least two column volumes 
of leakage buffer.

	 2.	Load the calcein-loaded LUV suspension into the equilibrated 
column. Run the suspension through the column with leakage 
buffer while observing the formation of two bands. The first 
band, which contains the LUVs, will be light yellow (slightly 
turbid), while the second band, containing the free calcein, will 
have a strong orange color. Start collecting fractions (0.5–1.0 ml) 
once the first band is about to come out of the column.

	 3.	Measure the turbidity of the samples at OD450, and select and 
mix the fractions with higher turbidity. Proceed to measure the 
lipid concentration.

This procedure is a modified version of the phosphorus assays 
described by Ames et al. [32]. The lipid concentration is estimated 
for LUV suspensions for calcein leakage and acrylamide quenching 
experiments.

3.2.2  LUV Extrusion

3.2.3  Removal of Free 
Calcein

3.2.4  Lipid Concentration 
Determination
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	 1.	Pipette 5 μl of the LUV suspension into a phosphate-free Pyrex 
test tube. Additionally, pipette 5 μl of the leakage buffer into 
an additional test tube as control. These samples should be 
prepared in triplicate.

	 2.	Add 30 μl of Reagent A to each tube, and carefully ash the 
samples over a hot flame (see Note 6). Once all ethanol is evap-
orated, leave the tubes over the flame until there is no more 
smoke coming from the tubes and a gray precipitate (ashes) is 
observed. Let the tubes cool down.

	 3.	Add 300 μl of 0.5 N HCl solution into each tube. Vortex the 
tubes until the gray precipitate is resuspended. During this step 
the MgNO3 and HCl destroy the phospholipids releasing the 
PO4

3− groups.
	 4.	Cap the tubes with aluminum foil and place them in boiling 

water for 15 min. Then remove the tubes from the water bath 
and allow cooling.

	 5.	Add 700 μl of Reagent B to each tube, cap them, and incubate 
them for 1 h at 37 °C. During this step the samples acquire a 
light blue color, indicating the presence of phosphorus.

	 6.	Measure the OD820 for each tube and calculate the concentra-
tion of phosphate (see Note 7).

	 7.	Dilute the regular and calcein-loaded LUV suspensions in 
leakage buffer in order to have a 2 mM (regular LUVs) and 
1 mM (calcein-loaded LUVs) stock solution.

	 1.	Set up the fluorimeter to scan the fluorescence intensity over 
the emission wavelength range 300–500 nm (scan function in 
a Cary Eclipse fluorimeter), with excitation wavelength at 
λexc = 280 nm (slit width 5 nm) (see Note 8). The experiments 
can be run at room temperature or at 37  °C, with constant 
stirring. Additionally, the final scan is setup to be the average of 
ten consecutive scans.

	 2.	Add 940 μl of leakage buffer to the fluorescence quartz cuvette 
with a magnetic stirring bar, and record the first fluorescence 
scan. This scan corresponds to the background fluorescence.

	 3.	Add 10 μl of the peptide stock (0.1  mM) in order to have 
~1 μM peptide in solution and record the second fluorescence 
scan. Record the emission wavelength for the maximum fluo-
rescence intensity (Fig. 2).

	 4.	Add 50 μl of LUV suspension (2 mM) in order to have 100 μM 
lipids in the sample, which corresponds to a peptide-to-lipid 
molar ratio of 1:100, and record the third fluorescence scan 
(see Note 9). Register the emission wavelength for the maxi-
mum fluorescence intensity (Fig. 2).

3.3  Tryptophan 
Fluorescence Blue 
Shift
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	 5.	The blue shift (Δλ) corresponds to the difference between the 
wavelength maxima recorded for the peptide in leakage buffer 
and the peptide in the presence of LUVs (P/L ratio 1:100).

	 6.	Figure 2 presents typical results obtained for the Trp fluorescence 
blue shift of AMPs in the absence and presence of negatively 
charged vesicles. For this experiment the peptide magainin2-
F5W (Mag2-F5W) and ePC/ePG LUVs were used.

To measure the change in the accessibility of the Trp sidechain 
when the peptides bind to the LUVs, two independent fluores-
cence quenching experiments need to be performed. The first 
experiment measures the accessibility (Ksv) for the peptide in leak-
age buffer (peptide only) (Fig.  3a), while the second experiment 
will register the Ksv for the peptide in the presence of LUVs (pep-
tide + LUVs) (Fig. 3b).

	 1.	Set up the fluorimeter to scan the fluorescence intensity over 
the emission wavelength range 300–500 nm (scan function in 
a Cary Eclipse fluorimeter), with excitation wavelength at 
λexc = 295 nm (slit width 5 nm) (see Note 10). The experiments 
can be run at room temperature or at 37  °C, with constant 
stirring.

	 2.	For peptide only: Add 990 μl of leakage buffer to the fluores-
cence quartz cuvette containing a magnetic stirring bar, and 
record the first fluorescence scan.

3.4  Tryptophan 
Fluorescence 
Quenching
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Fig. 2 Trp fluorescence blue shift induced by binding of the antimicrobial peptide 
magainin2-F5W (Mag2-F5W) with negatively charged LUVs (ePC/ePG ratio 1:1). 
The peptide (1 μM) was initially incubated in leakage buffer and the fluorescence 
spectrum was recorded. Later LUVs (100 μM) were added to the peptide solution 
and a new fluorescence spectrum was recorded. The fluorescence spectra were 
recorded at λexc 280 nm (slit width 5 nm) and λem 300–500 nm (slit width 5 nm). 
The leakage buffer fluorescence spectrum (background) was subtracted from 
each spectrum
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For peptide + LUVs: Add 940 μl of leakage buffer to the fluo-
rescence quartz cuvette containing a magnetic stirring bar, and 
record the first fluorescence scan.

	 3.	For peptide only: Add 10 μl of the peptide stock (0.1 mM) in 
order to have ~1 μM peptide in solution and record the second 
fluorescence scan. Register the maximum emission wavelength 
and the maximum fluorescence intensity.

For peptide + LUVs: Add 10 μl of peptide stock (0.1 mM) 
and 50 μl of LUV stock (2 mM). Record the second fluores-
cence scan. Register the maximum emission wavelength and its 
maximum fluorescence intensity (F).
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Fig. 3 Quenching of the Trp fluorescence as induced by adding increasing con-
centrations of acrylamide for the peptide magainin2-F5W (Mag2-F5W) in the 
absence or presence of negatively charged LUVs (ePC/ePG). The peptide (1 μM) 
(a) or the peptide (1 μM) in the presence of LUVs (100 μM) (b) was incubated in 
leakage buffer, and the fluorescence spectrum was registered (top-blue curves). 
Then eight sequential additions of 5 μl acrylamide (4 M) were made and the fluo-
rescence spectrum was collected after each addition. The fluorescence spectra 
were recorded at λexc 295 nm (slit width 5 nm) and λem 300–500 nm (slit width 
5 nm). The fluorescence spectrum of the leakage buffer (background) was sub-
tracted from each spectrum
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	 4.	For both experiments: Add 5 μl acrylamide solution (4 M) and 
record the next fluorescence scan. Determine the fluorescence 
intensity for the maximum emission wavelength found in step 3.

	 5.	Continue sequentially adding 5 μl of the acrylamide stock and 
recording the fluorescence spectra (see step 4), until 40 μl acryl-
amide has been added to the sample, corresponding to ~0.15 M.

	 6.	The Stern–Volmer quenching constant (Ksv) is calculated with 
the Eq. 1:

	

F
F

K Qo
sv= + [ ]1

	
(1)

	 where Fo and I represent the fluorescence intensities without 
quencher (Q) and with each concentration of the quencher 
[Q] (see Notes 11–13).

	 7.	Figure 3 presents typical results obtained for the Trp fluores-
cence quenching induced by acrylamide in AMPs in the 
absence and presence of negatively charged vesicles. In these 
experiments the peptide magainin2-F5W (Mag2-F5W) and 
ePC/ePG LUVs were used.

	 1.	Set up the fluorimeter to measure the fluorescence intensity 
(kinetics function in a Cary Eclipse fluorimeter), with excita-
tion and emission wavelengths at λexc = 490 nm and λem = 520 nm, 
respectively. The excitation and emission slit widths are nor-
mally set at 5 nm. The experiments are run at room tempera-
ture or 37 °C, with constant stirring.

	 2.	Add 1 ml of leakage buffer to the fluorescence quartz cuvette 
containing a magnetic stirring bar, and start recording the flu-
orescence intensity.

	 3.	After 1 min, pause the fluorescence recording and add 10 μl of 
the calcein-loaded LUV suspension (1 mM) in order to have a 
final lipid concentration of 10  μM.  Continue recording for 
1 min. The background level of fluorescence after 1 min will 
represent the 0 % fluorescence (Fig. 4).

	 4.	Pause the fluorescence reading and add the required amount of 
the peptide stock solution (0.1 mM) in order to obtain a peptide-
to-lipid (P/L) molar ratio of 1:10–1:200 (see Note 14). 
Continue recording the fluorescence for 10  min or until the 
fluorescence signal is stable. If the peptide induces membrane 
permeabilization, the fluorescence intensity would increase dur-
ing this time. The fluorescence intensity after this 10 min will 
represent the leakage induced by the peptide (Fig. 4).

	 5.	Pause the fluorescence reading and add Triton X-100 (10 μl of 
0.1 % stock) in order to lyse all remaining LUVs. Continue 

3.5  Calcein Leakage
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recording for 1 min. The final value of the fluorescence inten-
sity corresponds to 100 % fluorescence (Fig. 4).

	 6.	Calculate the percentage of calcein leakage according to the 
following Eq. 2:

	
%Leakage Peptide o

Triton o

=
−
−

F F

F F 	
(2)

	 where Fo, FPeptide, and FTriton represent the fluorescence intensi-
ties after the addition of LUVs, peptide, and Triton X-100, 
respectively.

	 7.	Figure 4 presents typical results obtained for calcein leakage 
from vesicles with negatively charged phospholipid headgroups 
induced by a membrano-lytic AMP.  In this experiment the 
peptide Tritrpticin-1 and ePC/ePG LUVs were used.

These procedures are based on the work of Lehrer et al. [24, 33] 
and Epand et al. [26]. The experiment is set up in a 96-well plate 
allowing for the simultaneous analysis of several twofold dilutions 
of up to 12 different peptides.

	 1.	Stock solutions are prepared in bacterial assay buffer at 16× the 
maximum concentration required. In our laboratory the maxi-
mum concentration used is normally 2× the MIC of the pep-
tide. Determination of MIC is described in Chapter 22 
Subheading 3.2.

	 1.	Prepare two E. coli ML35p cultures by incubating single bacte-
rial colonies in two culture tubes containing 5 ml of LB broth 

3.6  Outer and Inner 
Membrane 
Permeabilization  
of E. coli ML 35p

3.6.1  Peptides
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Fig. 4 Calcein leakage from negatively charged LUVs (ePC/ePG) as induced by 
the antimicrobial peptide Tritrpticin-1 (left). LUVs (100 μM) were incubated at 
different peptide-to-lipid ratios, and the fluorescence of the released calcein was 
registered at λexc 490 nm (slit 5 nm) and λem 520 nm (slit 5 nm). The detergent 
Triton X-100 was used to induce 100 % leakage (left). The percentage of leakage 
(right) was calculated as indicated in Subheading 3.5, step 6

Mauricio Arias and Hans J. Vogel

http://dx.doi.org/10.1007/978-1-4939-6737-7_22


153

media supplemented with ampicillin (100 μg/ml). Grow the 
cells at 250 rpm and 37 °C until OD600 ≥ 0.6.

	 2.	Collect the bacteria by centrifugation at 3220×g, 6 min, and 
resuspend the bacterial pellet in 2–5 ml of the bacterial assay 
buffer. Repeat this washing step two more times.

	 3.	Measure the OD600 and dilute the final bacterial suspension, 
with bacterial assay buffer, in order to reach OD600 = 0.6. If 
OD600 is less than 0.6, the bacterial suspension can be spun 
down one more time and resuspended in a lower volume. In 
order to set up a 96-well plate, 5 ml of the final bacterial sus-
pension is required. This suspension should be used in the next 
20 min in order to maintain the OD600.

	 4.	Set up the 96-well plate with 25 μl of the peptide dilutions in 
each well and 25 μl of assay buffer as control for each peptide. 
The peptides can be set up in several ways, but we have found 
that the following procedure works well for twofold dilutions 
of up to 12 different peptides per plate: add 25 μl of assay buf-
fer to all wells, then add 25 μl of peptide stock solution (16×) 
to the first row (row A), and mix up and down by pipette. Take 
25 μl from the first row and mix into the second row (row B). 
Continue the twofold dilutions until the penultimate row (row 
G) and discard 25 μl from row G. At this point the plate will 
contain 25 μl of twofold diluted peptides at 8× concentration.

	 5.	Add respective enzyme substrate:
For inner membrane permeabilization, add 25 μl of ONPG 

(2.0 mM).
For outer membrane permeabilization, add 25 μl of NCF 

(120 μM).
	 6.	Add 50 μl E. coli ML35p suspension (OD600 = 0.6) in bacterial 

assay buffer. Make sure that there are no bubbles in any well, 
and transfer the 96-well plate to the plate reader.

	 7.	Set up the plate reader for absorbance readings every 2 min for 
1 h at 37 °C, and shake the sample for 10 s between readings. 
Set absorbance wavelength at 420 nm or 490 nm for inner and 
outer membrane permeabilization, respectively (Fig. 5).

	 8.	Figure 5 presents typical results obtained for permeabilization 
of the inner and outer membrane of E. coli ML35p induced by 
the membrano-lytic peptide Tritrpticin-1.

4  Notes

	 1.	Commercially synthesized peptides are normally cleaved and 
purified in the presence of trifluoroacetic acid (TFA). Therefore 
many peptides contain TFA (CF3COOH) as a counterion. In 
some instances replacement of TFA is necessary, as it can interfere 
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with some biophysical and biological assays. Several techniques 
for TFA removal have been developed; however, one of the most 
efficient methods involves the lyophilization of the peptides in the 
presence of HCl [34].

	 2.	During preparation of the calcein solution, the pH rapidly 
drops, limiting the further dissolution of the calcein. Saturated 
aqueous solution of NaOH can be added drop wise until the 
calcein is dissolved. If the final pH is higher than 7.4, concen-
trated HCl can be used to compensate.

	 3.	In our laboratory, initial assays are normally performed with an 
ePC/ePG or ePE/ePG ratio of 1:1, intended to simulate the 
negatively charged membranes of bacteria. A common mix 
would contain ePC 25 μl (20 mg/ml chloroform stock) and 
ePG 50 μl (10 mg/ml chloroform stock).

	 4.	In case the LUVs would be prepared the same day, at least 4 h 
is required in order to remove all solvent.

	 5.	According to the manufacturer, a larger number of extrusion 
cycles would generate a more homogenous sample; therefore, 
no less than five cycles are suggested. Finalizing the extrusion 
procedure in the opposite syringe will prevent the final sample 
from having large lipid aggregates that did not pass through 
the filter.

	 6.	The evaporation of the ethanol needs to be done very carefully, 
as the evaporation can occur violently if the samples are placed 
directly over the open flame.

	 7.	0.01  μmol of organic phosphate will correspond to 
OD820 = 0.240 [32]. Divide the number of moles by 5 μl in 
order to establish the final phosphate concentration in the 
samples. Every phospholipid molecule in the LUVs contains 
one phosphate group; therefore, the lipid concentration will 
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Fig. 5 Permeabilization of the inner and outer membranes of E. coli ML35p as induced by addition of the anti-
microbial peptide Tritrpticin-1. The bacteria (OD600 0.3) were incubated in the twofold dilutions of the peptide 
(0–8 μM). The permeabilization of the inner (left) and outer (right) membrane was registered by following the 
absorbance at 420 nm and 490 nm, respectively. The MIC of Tritrpticin-1 against E. coli was considered 4 μM
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correspond to the phosphate concentration. Alternatively, the 
phosphorus concentration can be calculated by preparation of 
a calibration curve using a commercially available phosphorus 
standard solutions [14] or aqueous solutions of monobasic 
sodium phosphate [25].

	 8.	In the case of peptides containing Tyr in addition to Trp resi-
dues, the λexc for the fluorescence experiment should be set to 
295 nm (rather than 280 nm). This would selectively excite 
the Trp and not the Tyr residues.

	 9.	Sequential additions of lower peptide-to-lipid ratios can be 
performed to register the sequential change in fluorescence 
intensity and the maximum wavelength.

	10.	λexc = 295 nm is selected instead of 280 nm in order to reduce 
the absorbance by acrylamide (ε280 = 4.3  M−1  cm−1 and 
ε295 = 0.24 M−1 cm−1) [35].

	11.	The quenching data is normally presented as Stern–Volmer 
plots, where Io/I is plotted versus [Q]. It is normally expected 
that these plots are linear, with the line intercepting the y-axis 
at one and the slope representing the Ksv. However, linear 
Stern–Volmer plots can only be obtained if collisional quench-
ing is solely responsible for the fluorescence quenching, in 
addition to having only a single class of fluorophores with the 
same accessibility to the quencher [16]. The presence of static 
quenching and/or two different classes of fluorophores, where 
one class is not accessible to the quencher, will give rise to 
deviations of the Stern–Volmer plots from linearity. The pres-
ence of both static and collisional quenching would induce an 
upward curvature, while the presence of a second class of fluo-
rophores would deviate the curve toward the x-axis [16].

	12.	An upward deviation from linearity has been observed for the 
acrylamide-induced fluorescence quenching of NATA (C- and 
N-terminal blocked l-Trp analog), indole, or the Trp residue of 
the protein monellin [16, 17]. This deviation was interpreted 
as an apparent static quenching, which was not related with the 
formation of a ground-state complex. Instead, this “static” 
quenching contribution is the result of the quencher being 
located close (inside the active volume) to the fluorophore at 
the moment of excitation, resulting in an instantaneous loss of 
the fluorophore’s excited state [17]. In this case the modified 
Stern–Volmer considers the contribution of the static quench-
ing in the form of the term exp(V[Q]) [17]:

	

I
I

K Q eV Qo
sv= + [ ]( ) [ ]1

	

	 where V represents the static quenching constant. However, in 
most of our studies with AMPs and LUVs, the Stern–Volmer 
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plots are very close to linearity and the original Stern–Volmer 
equation was used.

	13.	When plotting Io/I versus [Q], the dilution effect should be 
considered for fluorescence intensity (I) values after each 
quencher addition.

	14.	In our laboratory the peptide-to-lipid ratios normally assessed 
are 1:10, 1:20, 1:30, 1:50, 1:100, and 1:200, which corre-
spond to 10 μl, 5 μl, 3.3 μl, and 2 μl of 0.1 mM or 0.01 mM 
peptide stocks.
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Chapter 11

Applying Fluorescence Correlation Spectroscopy 
to Investigate Peptide-Induced Membrane Disruption

Kasper Kristensen, Jonas R. Henriksen, and Thomas L. Andresen

Abstract

There is considerable interest in understanding the interactions of antimicrobial peptides with phospholipid 
membranes. Fluorescence correlation spectroscopy (FCS) is a powerful experimental technique that can be 
used to gain insight into these interactions. Specifically, FCS can be used to quantify leakage of fluorescent 
molecules of different sizes from large unilamellar lipid vesicles, thereby providing a tool for estimating the 
size of peptide-induced membrane disruptions. If fluorescently labeled lipids are incorporated into the 
membranes of the vesicles, FCS can also be used to obtain information about whether leakage occurs due 
to localized membrane perturbations or global membrane destabilization. Here, we outline a detailed step-
by-step protocol on how to optimally implement an FCS-based leakage assay. To make the protocol easily 
accessible to other researchers, it has been supplemented with a number of practical tips and tricks.

Key words Fluorescence correlation spectroscopy (FCS), Antimicrobial peptides, Membrane-active 
peptides, Peptide-lipid membrane interactions, Lipid vesicles, Vesicle leakage assay, Membrane disrup-
tion, Pore formation

1  Introduction

It is of fundamental scientific interest to understand the mechanisms 
by which antimicrobial peptides interact with and disrupt phospho-
lipid membranes [1, 2]. One common approach to study the impact 
of the peptides on membrane integrity is based on the release of 
quenched fluorophores from large unilamellar lipid vesicles (LUVs) 
[3–5]. In this approach, the LUVs are initially loaded with high self-
quenching concentrations of fluorophores. Subsequently, the LUVs 
are incubated with a given peptide. If the peptide permeabilizes the 
LUVs, the entrapped fluorophores will leak from the LUVs to become 
dequenched. Thus, the extent and kinetics of the leakage process can 
be gauged by evaluating the increase in fluorescence emission 

The original version of this chapter was revised. The erratum to this chapter is available at: 
DOI 10.1007/978-1-4939-6737-7_32
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intensity. Other aspects of the leakage process can also be investigated 
by different variations of the quenching-based assay [6–8].

Fluorescence correlation spectroscopy (FCS) is a powerful 
experimental technique that can distinguish fluorescent species of 
different diffusion coefficients, thereby offering another approach 
to study leakage from LUVs [9–15]. Importantly, we have recently 
shown that FCS can be used to quantify leakage of fluorescent 
molecules of different sizes from LUVs, providing information 
about the size of disruptions in the membranes [14]. It has previ-
ously also been shown that FCS can be used to evaluate whether 
leakage is associated with aggregation, fusion, or micellization of 
the LUVs. Thus, FCS represents a highly useful alternative to the 
existing quenching-based leakage assays.

Here, we describe how to optimally use FCS for studying 
peptide-induced leakage from LUVs. Thus, after a brief outline of 
the underlying FCS theory, we describe a detailed step-by-step pro-
tocol on how to perform such FCS leakage experiments. As we go 
through the protocol, we highlight a number of practical tips and 
tricks to make the protocol easily accessible to other researchers.

In FCS, the emission intensity of fluorescent particles diffusing 
through a tiny focal detection volume is measured (Fig.  1a). 
Because the fluorescent particles are subject to Brownian motion, 
the number of particles in the detection volume will fluctuate in 
time. Consequently, the fluorescence emission intensity from the 
volume will fluctuate in time (Fig. 1b). The fluorescent particles 
may also be subject to certain chemical reactions or photophysical 
processes that cause their emission intensity to fluctuate in time; 
these reactions/processes may also contribute to the temporal 
intensity fluctuations from the detection volume [16, 17].

1.1  Basic 
Introduction to FCS

Fig. 1 Schematic illustration of the basic principle of FCS. (a) Fluorescent particles diffuse through a tiny focal 
detection volume. (b) The fluorescence emission intensity from the detection volume fluctuates as a function 
of time. (c) The temporal intensity fluctuations are statistically analyzed by calculating an autocorrelation func-
tion. The autocorrelation function contains information about the dynamic and kinetic properties of the fluores-
cent particles. The plot shows an idealized single-component diffusion autocorrelation function (Eq. 2): the 
amplitude of the function is inversely proportional to the mean number of fluorescent particles in the detection 
volume, and the decay of the function is related to the characteristic diffusion time, which reflects the typical 
time that it takes for the particles to diffuse across the detection volume

Kasper Kristensen et al.



161

The intensity fluctuations from the detection volume can be 
statistically analyzed by calculating the autocorrelation function, 
G(τ) (Fig. 1c) [16, 17]:

	
G

F t F t
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d d t
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where F(t) is the fluorescence emission intensity recorded from the 
detection volume at time t, τ is the lag time, the angular brackets 
denote time averaging, and dF t F t F( ) = ( ) -  is the deviation of 
the fluorescence emission intensity at time t from the average fluo-
rescence emission intensity. Basically, the autocorrelation function 
provides a measure of the self-similarity of the fluorescence emis-
sion intensity after a given lag time. Generally, the autocorrelation 
function can be fitted with appropriate theoretical models to 
deduce information about the dynamic and kinetic properties of 
the fluorescent particles in a given sample.

In the simple but common experimental case in which a single 
species of fluorescent particles undergoes free three-dimensional 
translational diffusion through a Gaussian-shaped detection vol-
ume, the autocorrelation function is modeled by [16, 17] (see 
Note 1)
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where N is the mean number of fluorescent particles in the detec-
tion volume, S is the ratio of the axial to radial dimensions of the 
detection volume, and τD is the characteristic diffusion time of the 
fluorescent particles. Figure 1c shows an idealized example of such 
a single-component diffusion autocorrelation function. In case 
there are multiple species of fluorescent particles, the autocorrela-
tion function is a linear combination of the autocorrelation func-
tions of the individual species [16]:

	
G A g

i
i it t( ) = ( )å

	
(3)

where i is the index of the individual species of fluorescent parti-
cles, Ai is the amplitude associated with the ith species of fluores-
cent particles, and gi(τ) is the normalized diffusion autocorrelation 
function (defined in Eq.  2) of the ith species of fluorescent 
particles.

To understand how FCS can be used to study leakage from LUVs, 
consider a solution of LUVs encapsulating fluorescent molecules. 
As long as the fluorescent molecules are inside the LUVs, they will 
be restricted to diffuse together with the LUVs. However, if a 

1.2  Studying 
Leakage from LUVs 
by FCS
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leakage-inducing peptide is added to the LUV solution, some of 
the fluorescent molecules will leak from the LUVs to diffuse freely 
in the solution. Consequently, there will be two diffusing fluores-
cent species: free fluorescent molecules (index f) and LUVs encap-
sulating fluorescent molecules (index v). According to Eq. 3, the 
autocorrelation function will then be given by [14]

	 G A g A gt t t( ) = ( ) + ( )f f v v .	 (4)

The magnitude of Af will increase, and the overall amplitude of the 
autocorrelation function will decrease as the fluorescent molecules 
leak from the LUVs (see Note 2). Figure 2a schematically illus-
trates how the autocorrelation function will change as a function of 

Fig. 2 Schematic illustration of how FCS can be used to study the effect of peptides on LUVs. (a) If fluorescent 
molecules (green spheres) are encapsulated in LUVs, they will effectively be restricted to diffuse with the LUVs; 
consequently, the characteristic diffusion time of the autocorrelation function will be equal to the diffusion time 
of the LUVs. If a given peptide (red bars) induces leakage of the fluorescent molecules from the LUVs, the 
autocorrelation function will shift toward the diffusion time of free fluorescent molecules, and the amplitude of 
the autocorrelation function will decrease. (b) If fluorescently labeled lipids (green headgroups) are incorpo-
rated into the membranes of the LUVs, it is possible to obtain information about whether leakage is associated 
with aggregation, fusion, or micellization of the LUVs. If the peptide induces leakage by localized membrane 
perturbations, such as the formation of aqueous pores, the autocorrelation function will be similar to one 
recorded from a solution of unperturbed LUVs. If the peptide induces the LUVs to assemble into large struc-
tures, for example, by aggregation or fusion, then the characteristic diffusion time and the amplitude of the 
autocorrelation function will increase. If the peptide induces formation of small mixed peptide-lipid micelles, 
then the characteristic diffusion time and the amplitude of the autocorrelation function will decrease
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leakage. The fraction, L, of fluorescent molecules that has leaked 
from the LUVs upon addition of the peptide can be calculated by 
solving the following equation [14] (see Note 3):

	 A k L A k k A L A kf f f f .1 2 1 02 2
100

2-( ) + -( ) -( ) + = 	 (5)

Here, Af100 is the value of Af of an LUV solution in which all of the 
LUVs have released all of their contents, i.e., it is the value of Af for 
L = 1. The parameter k is the brightness ratio between encapsulated 
and free fluorescent molecules (see Note 4).

To understand how FCS can be used to deduce whether leak-
age is associated with aggregation, fusion, or micellization of the 
LUVs, consider a solution of LUVs with fluorescently labeled lip-
ids incorporated in their membranes [9, 14]. In this solution, the 
labeled LUVs will be the only diffusing fluorescent species; accord-
ingly, the autocorrelation function will be given by the single-
component model (Eq.  2). Consider then the case in which a 
leakage-inducing peptide is added to the LUV solution. The pep-
tide may exert various effects on the LUVs. For example, the pep-
tide may induce localized membrane perturbations. In that case, 
the LUVs as such will remain intact and, therefore, the autocorre-
lation function will be similar to that of a solution of unperturbed 
LUVs [15]. The peptide may also induce LUV aggregation and/
or fusion [7], causing the individual LUVs to assemble into fewer 
but bigger particles. In that case, the mean particle number, N, will 
decrease, and the diffusion time, τD, will increase as compared to 
the case of an unperturbed LUV solution [15]. The peptide may 
alternatively cause solubilization/micellization of the LUVs, lead-
ing to the formation of small mixed peptide-lipid micelles [18]. In 
that case, the fluorescently labeled lipids are expected to incorporate 
into the micelles. Consequently, the mean particle number, N, will 
increase, and the diffusion time, τD, will decrease as compared to 
the case of an unperturbed LUV solution [9]. Figure 2b schemati-
cally illustrates how the autocorrelation function will change in the 
three different situations just described.

2  Materials

The following section lists the materials that are used in the experi-
mental protocol. The manufacturers of some specific reagents and 
specialist equipment are listed, whereas the manufacturers of more 
standard routine reagents and equipment are not.

	 1.	1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) in 
powder form (Avanti Polar Lipids, Alabaster, AL).

	 2.	1-Palmitoyl-2-oleoyl- sn-glycero-3-[phospho-rac-(1-
glycerol)], sodium salt (POPG) in powder form (Avanti Polar 
Lipids).

2.1  Sample 
Preparation

Applying FCS to Investigate Peptide-Induced Membrane Disruption
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	 3.	1-Palmitoyl-2-[11-(dipyrrometheneboron difluoride)
undecanoyl]-sn-glycero-3-phosphocholine (TopFluor PC) in 
powder form (Avanti Polar Lipids).

	 4.	Chloroform.
	 5.	Methanol.
	 6.	Glass sample vials.
	 7.	N-(2-hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) 

(HEPES) buffer: 10  mM HEPES, 100  mM NaCl, pH  7.4, 
prepared using ultrapure water with a resistivity of 18.2 
MΩ · cm produced by a Milli-Q system.

	 8.	Alexa Fluor 488 hydrazide, sodium salt (Alexa488) (Molecular 
Probes, Thermo Fisher Scientific, Waltham, MA).

	 9.	Alexa Fluor 488 dextran, 3000  MW (Alexa488-3kMW) 
(Molecular Probes, Thermo Fisher Scientific).

	10.	Alexa Fluor 488 dextran, 10,000  MW (Alexa488-10kMW) 
(Molecular Probes, Thermo Fisher Scientific).

	11.	UV-VIS spectrophotometer.
	12.	Vacuum pump system.
	13.	Isopropanol.
	14.	Dry ice.
	15.	Warm water bath.
	16.	Mini-extruder with 250 μL syringes (Avanti Polar Lipids).
	17.	Nuclepore track-etched polycarbonate filters with 100 nm pore 

diameter (Whatman, GE Healthcare, Little Chalfont, UK).
	18.	Sepharose CL-4B slurry.
	19.	Glass chromatography column with dimensions 1.5 × 20  cm 

connected to a peristaltic pump.
	20.	Mastoparan X (see Note 5).
	21.	Protein LoBind tubes (Eppendorf, Hamburg, Germany).

DCS-120 confocal scanning FLIM system (Becker & Hickl, Berlin, 
Germany):

	 1.	The excitation source of the system is a 473 nm picosecond 
diode laser (BDL-473-SMC) operated at a pulse repetition 
rate of 50 MHz.

	 2.	The excitation light is coupled into an Axio Observer Z1 
inverted microscope equipped with a C-apochromat 
40×/1.2 W Corr UV-VIS-IR water immersion objective (Carl 
Zeiss, Jena, Germany).

	 3.	The emission light passes through a confocal pinhole (1.2 airy 
units) and a 485 nm longpass filter (HQ485LP).

	 4.	The fluorescence emission is detected by an HPM-100-40 
hybrid detector connected to an SPC-150 module.

2.2  FCS 
Instrumentation
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	 5.	Lifetime gating is used to partially suppress background noise.
	 6.	The autocorrelation curves are calculated and shown in the 

SPCM software.

The following experimental protocol is generally also applica-
ble to other commercial FCS setups.

	 1.	Uncoated μ-slide 8 wells (ibidi, Martinsried, Germany).
	 2.	Optical power meter.
	 3.	MATLAB.

3  Methods

The following protocol describes how we in our lab use FCS to 
study the effect of the antimicrobial peptide mastoparan X on 
POPC/POPG (3:1) LUVs [14]. However, the protocol can easily 
be used to study the effect of other peptides on LUVs composed 
of other lipids.

	 1.	Dissolve 25 μmol POPC/POPG (3:1) in 1 mL chloroform/
methanol (9:1) in a glass sample vial to obtain a homogenous 
lipid mixture (see Note 6). Add 25 nmol TopFluor PC (cor-
responding to 0.1 mol%) if fluorescently labeled lipids are to be 
incorporated in the membranes of the LUVs to be prepared.

	 2.	Remove the solvent using a gentle nitrogen flow. A lipid film 
then appears at the bottom of the sample vial.

	 3.	Remove residual solvent from the lipid film by keeping the 
sample in vacuum (~0.5 mbar) overnight.

	 4.	Add 500 μL HEPES buffer to the lipid film. This gives a suspen-
sion with 50  mM lipid. If fluorescent molecules are to be 
entrapped in the LUVs to be prepared, the buffer should con-
tain 4  μM Alexa488, 5  μM Alexa488-3kMW, or 2.5  μM 
Alexa488-10kMW (see Notes 7 and 8). The concentration of 
Alexa488 in buffer can be determined from the absorbance at 
493 nm by using that the extinction coefficient of Alexa488 at 
this wavelength is 71,000 cm−1 M−1. (This extinction coefficient 
was stated by the manufacturer.) To determine the concentra-
tion of the Alexa488-labeled dextrans, it is also necessary to take 
the degree of labeling (number of fluorophores per dextran) 
into account.

	 5.	Regularly vortex the sample every 5 min for a total period of 
30 min to completely suspend the lipids (see Note 9).

	 6.	Subject the sample to five freeze-thaw cycles by alternately 
placing the sample vial in an isopropanol/dry ice bath and a 
warm water bath of ~50 °C. The sample should be completely 

2.3  FCS 
Measurements 
and Data Analysis

3.1  LUV and Peptide 
Stock Preparation

3.1.1  LUV Stock 
Preparation
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frozen before being transferred from the isopropanol/dry ice 
bath to the warm water bath and completely melted before 
being transferred from the warm water bath to the isopropa-
nol/dry ice bath (see Note 10). This treatment is done to 
equilibrate and reduce the lamellarity of the lipid vesicles.

	 7.	Extrude the lipid suspension 21 times through a 100 nm poly-
carbonate filter (see Notes 9 and 11). This will result in the 
formation of LUVs (see Note 12).

	 8.	For LUVs prepared with fluorescent molecules in the buffer: 
Separate the LUVs encapsulating fluorescent molecules from 
free fluorescent molecules by size exclusion chromatography 
using a Sepharose CL-4B column equilibrated in HEPES buf-
fer. Use a flow rate of 1 mL/min and collect 1 min fractions. 
The LUVs will elute ~10 min after they have been added to the 
column. By visual inspection, it will be possible to identify the 
fractions that contain the LUVs because these fractions will 
appear opaque. Pool the 2–3 fractions with the highest opacity 
to a final LUV stock solution (see Note 13).

	 9.	Determine the lipid concentration of the final LUV stock solution 
using the colorimetric assay of Rouser et al. [19] (see Note 14).

	 1.	Dissolve an appropriate amount of mastoparan X in HEPES 
buffer in a Protein LoBind tube to a concentration of 100 μM 
(see Note 15).

	 2.	Confirm the concentration of mastoparan X by measuring the 
absorbance at 220  nm. The extinction coefficient of masto-
paran X at this wavelength is 40,100 cm−1 M−1 [14] (see Notes 
16 and 17).

It is important that the FCS setup is properly configured 
[20–22].

Adjust the FCS setup and perform a calibration experiment by the 
following protocol:

	 1.	Prepare a 10  nM Alexa488 solution in HEPES buffer. The 
concentration of Alexa488  in more concentrated stock solu-
tions can be determined from the absorbance at 493 nm by 
using that the extinction coefficient of Alexa488 at this wave-
length is 71,000  cm−1  M−1. (This extinction coefficient was 
stated by the manufacturer.)

	 2.	Transfer 100 μL of the 10 nM Alexa488 solution to a μ-slide 8 
well.

	 3.	Add a drop of water to the objective, and place the μ-slide 8 
well on the microscope stage.

	 4.	Set the excitation power, as measured at the objective back 
aperture, to 11 μW (see Note 18).

3.1.2  Peptide Stock 
Preparation

3.2  Configuration 
of FCS Setup

3.2.1  Adjustment 
and Calibration Experiment
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	 5.	Position the laser focus ~50 μm above the top of the cover slip.
	 6.	Adjust the correction collar of the objective to maximize the 

brightness of Alexa488 (see Note 4). Maximal brightness is 
obtained when the product of the photon count rate and the 
amplitude of the autocorrelation curve is maximal. This adjust-
ment is done to correct for spherical aberrations introduced by 
the cover slip [20] (see Notes 19 and 20). After the setup has 
been properly adjusted, we typically get a photon count rate of 
~25 kHz from the 10 nM Alexa488 solution, corresponding 
to an Alexa488 brightness of ~4 kHz.

	 7.	Perform 10 × 30 s FCS measurements on the 10 nM Alexa488 
solution.

	 8.	Export the ten experimental autocorrelation curves for han-
dling and fitting in MATLAB.

Analyze the autocorrelation curves of the calibration experiment 
by the following protocol for the purpose of determining the struc-
tural S-parameter of the detection volume:

	 1.	Fit each of the ten experimental autocorrelation curves with 
the single-component autocorrelation function (Eq. 2) by use 
of weighted least squares fitting with N, τD, and S as free 
parameters (see Notes 21 and 22).

	 2.	Determine the S-parameter by taking the average value of the 
10 fits (see Note 23). In our setup, we typically determine the 
S-parameter to be between 7 and 10 (see Notes 24 and 25).

Prepare the mastoparan X-LUV samples for a given leakage experi-
ment by the following protocol:

	 1.	Prepare a number of mastoparan X-LUV samples by mixing 
appropriate volumes of (i) HEPES buffer; (ii) a stock solution 
of POPC/POPG (3:1) LUVs encapsulating Alexa488, 
Alexa488-3kMW, or Alexa488-10kMW; and (iii) a stock solu-
tion of mastoparan X. The samples should be mixed in Protein 
LoBind tubes (see Note 15). The peptide should be added to 
the tubes as the last component. The final lipid concentration 
of the samples should be 1 mM (see Notes 26 and 27). For 
samples with LUVs containing Alexa488, the final mastoparan 
X concentration should vary between 0 and 35 μM. For sam-
ples with LUVs containing Alexa488-3kMW, the final masto-
paran X concentration should vary between 0 and 50 μM. For 
samples with LUVs containing Alexa488-10kMW, the final 
mastoparan X concentration should vary between 0 and 70 μM 
(see Note 28).

	 2.	Immediately after mastoparan X has been added to a given 
sample, vortex the sample for a few seconds (see Note 29).

3.2.2  Data Analysis

3.3  Measurement 
of Peptide-Induced 
Leakage by FCS

3.3.1  Sample 
Preparation
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	 3.	Incubate each sample for 1 h (see Note 30).

After a given sample has been incubated for 1 h, investigate it by 
FCS using the following protocol:

	 1.	Transfer 100 μL of the sample to a μ-slide 8 well.
	 2.	Add a drop of water to the objective, and place the μ-slide 8 

well on the microscope stage.
	 3.	Set the excitation power, as measured at the objective back 

aperture, to 11 μW (see Note 18).
	 4.	Position the laser focus ~50 μm above the top of the cover slip.
	 5.	Perform a 5 min FCS measurement (see Note 31). We typically 

get a photon count rate of ~20–25 kHz.
	 6.	Export the experimental autocorrelation curve for handling 

and fitting in MATLAB (see Note 32).

Analyze the autocorrelation curves of a given leakage experiment by 
the following protocol for the purpose of determining the leakage 
levels of each of the samples investigated in the experiment [14]. 
Data fitting of the autocorrelation curves should be done by use of 
non-weighted least squares fitting with S kept fixed to the value 
determined in the calibration experiment (see Notes 33 and 34).

	 1.	Fit an experimental autocorrelation curve acquired from a 
sample with 0 % leakage (an LUV solution to which no peptide 
has been added) with the single-component autocorrelation 
function (Eq. 2) with N and τD as free parameters. The value of 
τD is equal to the LUV diffusion time, τDv, which is a parameter 
to be used in the subsequent data analysis. We typically get that 
τDv is equal to ~4700 μs [14] (see Note 35).

	 2.	Fit an experimental autocorrelation curve acquired from a 
sample with 100 % leakage (an LUV solution with complete 
leakage of the fluorescent molecules) with the single-compo-
nent autocorrelation function (Eq. 2) with N and τD as free 
parameters (see Note 36). The value of τD is equal to the diffu-
sion time of free fluorescent molecules, τDf, which is a param-
eter to be used in the subsequent data analysis. We typically get 
that τDf is equal to ~43 μs for Alexa488, ~100 μs for Alexa488-
3kMW, and ~210  μs for Alexa488-10kMW [14] (see Note 
35).

	 3.	Fit the experimental autocorrelation curve acquired from the 
sample with 0 % leakage (the sample used in step 1) with the 
equation

	 G A z g gt t t( ) = ( ) + ( )( )v f v0 0 	 (6)

with Av0 and z0 as free parameters and with τDv and τDf kept fixed 
to the values determined in steps 1 and 2, respectively. 

3.3.2  FCS Experiments

3.3.3  Data Analysis
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The parameter z0 is a correction parameter, which is going to be 
used in the subsequent data analysis (see Note 37). We typically 
get that z0 is equal to ~0.033 for LUVs containing Alexa488, 
~0.028 for LUVs containing Alexa488-3kMW, and ~0.025 for 
LUVs encapsulating Alexa488-10kMW [14].

	 4.	Fit all of the autocorrelation curves of the given leakage experi-
ment with a modified two-component autocorrelation 
function:

	 G A z A g A gt t t( ) = +( ) ( ) + ( )f v f v v0 	 (7)

with Af and Av as free parameters and with τDv and τDf kept 
fixed to the values determined in steps 1 and 2, respectively, 
and z0 kept fixed to the value determined in step 3. The values 
of Af are going to be used in the subsequent data analysis. The 
value of Af acquired from the sample with 100 % leakage (the 
sample used in step 2) gives Af100, which also is a parameter to 
be used in the subsequent data analysis.

	 5.	Determine the brightness ratio, k, by use of the equation

	
k

F
F

= 0

100 	
(8)

where ⟨F0⟩ and ⟨F100⟩ are the photon count rates of the samples 
with 0 and 100 % leakage, respectively (the samples used in 
steps 1 and 2, respectively). We typically get that k is equal to 
~0.85 for samples with LUVs containing Alexa488 and ~0.95 
for samples with LUVs containing Alexa488-3kMW or 
Alexa488-10kMW [14] (see Notes 38 and 39).

	 6.	Solve Eq. 5 for L using each of the values of Af (determined in 
step 4) together with the value of Af100 (determined in step 4) 
and the value of k (determined in step 5). This gives the leak-
age level, L, for each of the investigated samples.

	 7.	Plot L as a function of the peptide-to-lipid ratio.

Figure 3a shows autocorrelation curves acquired from an experi-
ment in which varying amounts of mastoparan X were incubated 
for 1 h with 1 mM POPC/POPG (3:1) LUV containing Alexa488. 
As the peptide-to-lipid ratio increases, the curves shift toward 
shorter lag times, and the amplitude of the curves decreases. These 
changes of the autocorrelation curves occur because mastoparan X 
induces leakage of Alexa488 from the LUVs.

Figure 3b shows the leakage levels measured in an experiment 
in which varying amounts of mastoparan X were incubated for 1 h 
with 1  mM POPC/POPG (3:1) LUV containing Alexa488, 
Alexa488-3kMW, or Alexa488-10kMW.  Generally, leakage 
increases as the peptide-to-lipid ratio increases. Also, leakage is 

3.3.4  Example of Results
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dependent on the size of the encapsulated fluorescent molecules: 
Alexa488, with a hydrodynamic diameter of ~1.1  nm, is more 
effectively released than Alexa488-3kMW, with a hydrodynamic 
diameter of ~2.5 nm, and Alexa488-10kMW, with a hydrodynamic 
diameter of ~5.3 nm. This observation suggests that the size of the 
membrane disruptions is between ~1.1 and ~5.3 nm, at least for 
peptide-to-lipid ratios below 0.02 (see Note 40).

Prepare the mastoparan X-LUV samples by the following protocol 
(see Note 41):

	 1.	Prepare a number of mastoparan X-LUV samples by mixing 
appropriate volumes of (i) HEPES buffer, (ii) a stock solution 
of POPC/POPG (3:1) LUVs labeled with TopFluor PC, and 
(iii) a stock solution of mastoparan X. The samples should be 
mixed in Protein LoBind tubes (see Note 15). The peptide 
should be added to the tubes as the last component. The final 
lipid concentration of the samples should be 1 mM. The final 
mastoparan X concentration of the samples should vary 
between 0 and 70 μM (see Note 42).

	 2.	Immediately after mastoparan X has been added to a given 
sample, vortex the sample for a few seconds (see Note 29).

	 3.	Incubate each sample for 1 h (see Note 42).

3.4  Evaluation 
of the Mechanism 
of Peptide-Induced 
Leakage by FCS

3.4.1  Sample 
Preparation

Fig. 3 Example of results of an FCS leakage experiment in which varying amounts of mastoparan X was incu-
bated for 1 h with 1 mM POPC/POPG (3:1) LUV containing 4 μM Alexa488, 5 μM Alexa488-3kMW, or 2.5 μM 
Alexa488-10kMW. (a) Example of experimental autocorrelation curves of an experiment in which the LUVs 
contained Alexa488. The curves shift toward shorter lag times and the amplitude of the curves decreases as 
the peptide-to-lipid ratio increases. The dashed black lines show the best fit of the two-component model 
(Eq. 7) to the experimental curves. (b) Leakage as a function of the peptide-to-lipid ratio. The data are the 
average of three separate experiments. The error bars represent the standard deviations. The lowest and high-
est peptide-to-lipid ratios in each curve correspond to no leakage and complete leakage, respectively; there-
fore, they are by definition set to 0 and 100 %, respectively. Sigmoidal trend lines have been added to guide 
the eye. It is observed that leakage increases as the peptide-to-lipid ratio increases. Moreover, it is observed 
that leakage depends on the size of the encapsulated fluorescent molecules. Panel (b) of the figure has been 
adapted from [14] with permission from Elsevier
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After a given sample has been incubated for 1 h, investigate it by 
FCS using the following protocol:

	 1.	Transfer 100 μL of the sample to a μ-slide 8 well.
	 2.	Add a drop of water to the objective and place the μ-slide 8 

well on the microscope stage.
	 3.	Set the excitation power, as measured at the objective back 

aperture, to 2.5 μW (see Note 18).
	 4.	Position the laser focus ~50 μm above the top of the cover slip.
	 5.	Perform a 5 min FCS measurement (see Note 31). We typically 

get a total photon count rate of ~50 kHz.
	 6.	Export the experimental autocorrelation curve for handling 

and fitting in MATLAB (see Note 32).

Analyze the experimental autocorrelation curves by the following 
protocol [14].

	 1.	Fit all of the experimental autocorrelation curves with the 
single-component autocorrelation function (Eq. 2) by use of 
use of non-weighted least squares fitting with N and τD as free 
parameters and S kept fixed to the value determined in the cali-
bration experiment (see Notes 33 and 34).

	 2.	Plot the mean particle number, N, and the particle diffusion 
time, τD, as a function of the peptide-to-lipid ratio.

Figure  4 shows the results of an experiment in which varying 
amounts of mastoparan X was incubated for 1  h with 1  mM 
POPC/POPG (3:1) LUV labeled with TopFluor PC. Specifically, 

3.4.2  FCS Experiments

3.4.3  Data Analysis

3.4.4  Example of Results

Fig. 4 Example of results of an FCS experiment in which varying amounts of mastoparan X was incubated for 
1 h with 1 mM POPC/POPG (3:1) LUV labeled with 0.1 % TopFluor PC. (a) The mean number of fluorescent 
particles in the detection volume as a function of the peptide-to-lipid ratio. (b) The particle diffusion time as a 
function of the peptide-to-lipid ratio. The data in both panels are the average of three separate experiments. 
The error bars represent the standard deviations. Both the mean particle number and the diffusion time are 
largely unaffected by the peptide-to-lipid ratio, indicating that leakage occurs via localized perturbations in the 
membrane. The figure has been adapted from [14] with permission from Elsevier
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Fig.  4 shows how the number of fluorescent particles in the 
detection volume, N, and their diffusion time, τD, depends on the 
peptide-to-lipid ratio. Both N and τD are largely unaffected by the 
peptide-to-lipid ratio, indicating that the LUVs as such remain 
intact and that leakage occurs via localized peptide-induced pertur-
bations in the lipid membranes.

4  Notes

	 1.	 In case the fluorescent particles are subject to significant triplet 
blinking, the single-component autocorrelation function is 
given by [16]
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where T is the fraction of the fluorescent particles in the triplet 
state and τT is the characteristic triplet state lifetime.

	 2.	To understand why the amplitude of the autocorrelation func-
tion commonly decreases as a function of leakage, consider 
that the LUVs in a typical leakage experiment initially contain 
multiple fluorescent molecules. Yet, each of the LUVs will only 
be counted as one single particle. However, as the leakage pro-
cess proceeds, the fluorescent molecules will be released from 
the LUVs to diffuse freely and independently. Consequently, 
the number of independent particles will increase during the 
leakage process, and, thus, the amplitude of the autocorrela-
tion function will decrease. For completeness, it should be 
mentioned that in the special case in which the average number 
of fluorescent molecules per LUV is much lower than one, so 
that practically no LUVs contain more than one molecule, 
then the number of independent particles will not change dur-
ing the leakage process, and, therefore, the amplitude of the 
autocorrelation function will remain constant.

	 3.	Equation 5 has been derived without any specific assumptions 
about how the brightness of the LUVs is affected by the leak-
age process. Consequently, Eq. 5 can be used to quantify leak-
age, regardless of whether leakage occurs due to all-or-none 
leakage or graded leakage.

	 4.	The brightness, B, of a given type of fluorescent particle is the 
photon count rate per particle:

	
B

F
N

=
	

(10)
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where 〈F〉 is the photon count rate of the particles in the detec-
tion volume and N is the number of particles in the volume.

	 5.	In our experience, commercial peptides may not always have 
the purity stated by the manufacturer. Accordingly, we always 
check the quality of commercial peptides by analytical HPLC 
and MALDI-TOF.

	 6.	We generally keep the chloroform/methanol solutions in glass 
vessels. Plastic vessels may not be chemically resistant to this 
solvent.

	 7.	We use Alexa488, Alexa488-3kMW, and Alexa488-10kMW 
due to the following considerations: First, Alexa488 and con-
jugates of this dye are generally a popular choice for FCS, inter 
alia, due to the bright and photostable properties of the dye 
[16]. Second, Alexa488, Alexa488-3kMW, and Alexa488-
10kMW do not bind to the membrane of the POPC/POPG 
(3:1) LUVs. In this context, it is relevant to mention that we 
found that Rhodamine 6G, which is another dye that has been 
used in FCS, binds to the POPC/POPG (3:1) LUVs [14]; 
therefore, this dye is not suitable for our experiments. Third, 
Alexa488, Alexa488-3kMW, and Alexa488-10kMW do not 
spontaneously leak from the POPC/POPG (3:1) LUVs. 
Fourth, Alexa488, Alexa488-3kMW, and Alexa488-10kMW 
represent three distinct sizes, allowing us to gain insight into 
how peptide-induced leakage depends on the size of the 
entrapped molecules.

	 8.	The number of fluorescent molecules encapsulated in the LUVs 
should be sufficiently high that a reasonable photon count rate 
is measured in the FCS leakage experiments. On the other 
hand, it is a basic requirement of the FCS leakage experiments 
that the number of fluorescent molecules encapsulated per 
LUV is kept low [14]. We choose the concentrations of fluores-
cent molecules in the lipid hydration buffer to balance these 
two requirements. Specifically, with the given concentrations of 
fluorescent molecules in the buffer, each LUV will on average 
contain ~1.5–3 molecules. It may be possible to encapsulate a 
slightly higher number of fluorescent molecules per LUV with-
out greatly compromising the accuracy of the FCS leakage mea-
surements. Further information on how to evaluate the accuracy 
of the leakage measurements can be found in [14].

	 9.	During the hydration and extrusion process, it is necessary to 
keep the temperature of the samples above the transition tem-
perature of the lipids. The transition temperature of both 
POPC and POPG is −2 °C; consequently, it is acceptable to 
hydrate and extrude samples containing these lipids at room 
temperature. However, some saturated lipids have a transition 
temperature above room temperature; therefore, it is necessary 
to heat samples containing such lipids during the hydration 
and extrusion process.
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	10.	Before a given sample is transferred from the warm water bath 
in the freeze-thaw process, the temperature of the sample 
should be higher than the transition temperature of the lipids 
in the sample. For a sample containing POPC and POPG, 
which both have a transition temperature of −2 °C, this crite-
rion is achieved once the sample has melted. However, if a 
given sample contains saturated lipids with a high transition 
temperature, it may be necessary to keep the sample in the 
water bath for longer periods of time and/or to raise the tem-
perature of the water bath to more than 50 °C to ensure that 
the sample is heated to an appropriate temperature.

	11.	It varies from lab to lab how many times the lipid suspensions 
are extruded through a filter during the LUV preparation pro-
cess. Thus, the 21 extrusions that we suggest in this text should 
not be strictly regarded as the only valid number of extrusions 
to prepare LUVs. However, lipid suspensions should always be 
extruded an odd number of times so that the final LUV sample 
is in the opposite syringe than the initial lipid suspension. This 
minimizes the presence of large lipid aggregates and other par-
ticles in the final LUV sample.

	12.	The extrusion procedure gives a batch of monodisperse lipid 
vesicles. This is crucial since the analysis of the experimental 
autocorrelation curves acquired in the FCS experiments is 
based on the assumption that all of the LUVs in a given sample 
under investigation have similar diffusion properties; that is, it 
is assumed that the LUVs can be modeled by use of only one 
diffusion time.

	13.	It is essential that the LUVs encapsulating fluorescent mole-
cules are completely purified from the free fluorescent mole-
cules before conducting the FCS leakage experiments. We have 
found the Sepharose CL-4B column to be effective in per-
forming this purification. However, other size exclusion chro-
matography columns or other separation methods, such as 
centrifugation or dialysis, may also be applicable.

	14.	The lipid concentration can also be determined by various 
other methods, for example, by use of the colorimetric assays 
of Bartlett [23] or Stewart [24] or by use of ICP-OES or 
ICP-MS.

	15.	We recently showed that cationic membrane-active peptides to 
a great extent may be lost from samples kept in common glass 
and plastic sample vessels due to adsorption of the peptides to 
the walls of the vessels [25]. Because of this observation, we 
generally handle peptide solutions in Protein LoBind tubes, 
and we keep the concentrations of peptide stock solutions high 
at ~100 μM.
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	16.	We determined the extinction coefficient of mastoparan X at 
220 nm by correlating the peptide concentration of a given 
sample determined by a chemiluminescent nitrogen detector 
to the absorbance at 220 nm of the same sample [14].

	17.	The concentration of mastoparan X can also be determined 
from the absorbance at 280 nm by using that the peptide con-
tains a tryptophan residue; that is, to a good approximation, 
mastoparan X has an extinction coefficient of 5690 cm−1 M−1 
at 280 nm [26].

	18.	The optimal choice of laser power may be different for other 
FCS setups and fluorophores. Generally, the excitation power 
should be sufficiently high that an adequately high brightness 
is measured in the FCS experiments. On the other hand, the 
excitation power should still be sufficiently low that there is no 
significant photobleaching and/or optical saturation in the 
system [20, 21]; that is, the excitation power should be suffi-
ciently low that the shape and amplitude of the experimental 
autocorrelation curves do not depend on the excitation power.

	19.	The correction collar should be adjusted using the same types 
of cover slips to be used in the intended FCS experiments.

	20.	In other confocal FCS setups, additional settings may be avail-
able to optimize the configuration of the setup. For example, 
the position of the confocal pinhole is adjustable in some set-
ups [20].

	21.	We perform the weighted least squares fitting of a given theo-
retical autocorrelation function, G(τ), to an experimental auto-
correlation curve by minimizing the following expression:
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Here, Gex(τi) is a data point of the experimental autocorrela-
tion curve, i is the index of the data points along the curve, and 
σ(τi) is the standard deviation of Gex(τi). The value of σ(τi) can 
be calculated in multiple ways [27]. In the calibration experi-
ment, we calculate σ(τi) by use of the 10 experimental autocor-
relation curves acquired from the 10 nM Alexa488 solution:
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Here, ℓ is the index of the experimental autocorrelation curves, 
and G iex t( ) is the mean experimental autocorrelation curve:

	
G Gi iex ex .t t( ) = ( )

=
å1

10 1

10



,
	

(13)

Applying FCS to Investigate Peptide-Induced Membrane Disruption



176

	22.	In our experience, it is necessary to use weighted least squares 
fitting to make the S-parameter converge to a reasonable value.

	23.	For some autocorrelation curves, the S-parameter may not 
converge to a reasonable value, even when weighted least 
squares fitting is used. We generally discard such outliers from 
the estimation of the S-parameter.

	24.	The value of the S-parameter is often reported to range between 
3 and 8 for other confocal FCS setups [20, 28, 29].

	25.	From the N-values determined in the calibration experiment, 
it is possible to estimate the effective size of the focal detection 
volume, Vdet, by use of the following equation [30]:

	
V

N
N Cdet

A

=
	

(14)

where NA is Avogadro’s number and C is the molar concentra-
tion of Alexa488. For our setup, the effective size of the detec-
tion volume is typically determined to be ~1 fL. It should be 
mentioned that there also are other approaches to determine 
the effective size of the focal detection volume [30].

	26.	It is also feasible to work with lipid concentrations lower than 
1 mM. However, in that case, it may be necessary to entrap 
more fluorescent molecules in the LUVs to ensure that the 
experimental photon count rate is significantly higher than the 
background count rate. On the other hand, it is important that 
the number of fluorescent molecules encapsulated per LUV is 
still kept low (see Note 8). This requirement sets a lower limit 
to the applicable lipid concentration.

	27.	Equation 5 was derived under the assumption that the overall 
concentration of fluorescent molecules does not change dur-
ing the leakage process [14]. Consequently, the concentration 
of fluorescent molecules—and thus the lipid concentration—
of all the samples in a given leakage experiment should be 
constant.

	28.	The leakage levels of the samples after incubation for the entire 
incubation time should range between 0 and 100 %. The pep-
tide concentration range should be chosen according to this 
criterion. Consequently, the relevant peptide concentration 
range to investigate may be different for experiments on LUVs 
of other lipid compositions or other peptides than mastoparan 
X. If a given peptide under investigation, even at high concen-
trations, does not lead to 100 % leakage, it may also be possible 
to use detergents, such as Triton X-100, to prepare a sample 
with 100 % leakage.
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	29.	In our experience, the vortexing intensity used in the sample 
preparation will not affect the eventual results of the FCS 
experiments.

	30.	The FCS experiments can also be conducted with shorter incu-
bation times than 1 h to obtain more information about the 
time kinetics of the leakage process. However, the time resolu-
tion of the FCS method is limited to ~1 min (see Note 31), 
causing detailed information about the time kinetics of the 
leakage process to be inaccessible by FCS.

	31.	The acquisition time could be shortened to 1 min, albeit this 
will lead to slightly higher uncertainties in the estimated leak-
age values. However, it is not feasible to obtain robust FCS 
results on LUV-containing samples using an acquisition time 
that is much shorter than 1 min. Accordingly, FCS cannot be 
used to deduce information about the time kinetics of the leak-
age process on a time scale faster than ~1 min [14].

	32.	In some instances, we observe that single bright events com-
pletely dominate the experimental autocorrelation curves. 
However, given that such bright events are rare, we do not 
ascribe them any significant importance for the interpretation 
of the leakage experiments. Consequently, autocorrelation 
curves dominated by single bright events are discarded from 
the subsequent data analysis [14, 15].

	33.	We perform the non-weighted least squares fitting of a given 
theoretical autocorrelation function, G(τ), to an experimental 
autocorrelation curve by minimizing the following 
expression:

	
R G G

i
i i

2 2
= ( ) - ( )( )å ex .t t

	
(15)

Here, Gex(τi) is a data point of the experimental autocorrela-
tion curve, and i is the index of the data points along the curve.

	34.	We find that in cases in which the value of the S-parameter is 
kept fixed, we can fit our experimental autocorrelation curves 
reasonably well by use of non-weighted least squares fitting.

	35.	The diffusion time, τD, can be related to the diffusion coeffi-
cient, D, of the given type of fluorescent particles under inves-
tigation by solving the following equation [16]:

	 w Dxy
2 4= tD 	 (16)

where wxy is the lateral radius of the detection volume. The 
value of wxy can be estimated in multiple ways. If the effective 
size of the detection volume is known (see Note 25), then wxy 
can be determined by solving the relation [16]
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	 V Swxydet .= p 3 2 3/

	 (17)

In our setup, wxy is typically equal to ~270 nm. From the diffu-
sion coefficient, D, the hydrodynamic diameter, dH, of the 
fluorescent particles can be estimated by use of the Stokes-
Einstein relation:

	
d

k T
DH

B=
3ph 	

(18)

where kB is Boltzmann’s constant, T is the temperature, and η 
is the viscosity of the aqueous buffer. Typically, η can be 
assumed to be equal to the viscosity of water.

	36.	Complete leakage can be confirmed by comparing the mea-
sured value of τD to the diffusion time of the fluorescent mol-
ecules in a solution without any LUVs.

	37.	The correction parameter, z0, is introduced to enforce that 
L = 0 in cases where there has been no leakage from the LUVs 
[14]. If z0 is not included in the protocol, then we typically 
find that Af, and thus L, is equal to a small but nonzero value 
in cases where there has been no leakage from the LUVs.

	38.	In order for Eq. 5 to be applicable to quantify leakage, k should 
be close to 1 [14]. In this context, it should be mentioned that 
the value of k may depend on the excitation power used in the 
FCS experiments. Specifically, the value of k may decrease 
when the excitation power is increased [14]. Consequently, k 
cannot be determined by use of a conventional fluorometer; it 
is necessary to measure k in the FCS setup.

	39.	To get more robust estimates of k, we typically average the 
photon count rates of multiple experiments.

	40.	Dextran molecules are not perfect spheres; rather dextran mol-
ecules are prolate ellipsoids with a short and long axis [31]. 
Consequently, the size of membrane disruptions estimated by 
use of the hydrodynamic diameter of dextran molecules should 
be regarded with caution [14]. Other types of fluorescently 
labeled molecules may be more appropriate for estimating the 
size of the disruptions in the membrane.

	41.	If the LUVs are labeled with a fluorescently labeled lipid that is 
spectrally separated from the encapsulated fluorescent mole-
cules, it would in principle also be possible to measure leakage 
and evaluate the leakage mechanism in one single experiment 
instead of in two different experiments.

	42.	To allow for comparison between the experiments, the lipid 
and peptide concentrations and the incubation time used in 
the experiments to evaluate the leakage mechanism (the 
experiments described in the protocol in Subheading  3.4) 
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should be the same as those used in the experiments in which 
leakage is measured (the experiments described in the proto-
col in Subheading 3.3).
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Chapter 12

Macromolecule Biosynthesis Assay and Fluorescence 
Spectroscopy Methods to Explore Antimicrobial Peptide 
Mode(s) of Action

Bimal Jana, Kristin Renee Baker, and Luca Guardabassi

Abstract

Antimicrobial peptides (AMPs) are viable alternatives to the currently available antimicrobials, and numer-
ous studies have investigated their possible use as therapeutic agents for specific clinical applications. AMPs 
are a diverse class of antimicrobials that often act upon the bacterial cell membrane but may exhibit addi-
tional modes of action. Identification of the multiple modes of action requires a comprehensive study at 
subinhibitory concentrations and careful data analysis since additional modes of action can be eclipsed by 
AMP action on the cell membrane.

Techniques that measure the biosynthesis rate of macromolecules (e.g., DNA, RNA, protein, and cell 
wall) and the cytoplasmic membrane proton motive force (PMF) energy can help to unravel the diverse 
modes of action of AMPs. Here, we present an overview of macromolecule biosynthesis rate measurement 
and fluorescence spectroscopy methods to identify AMP mode(s) of action. Detailed protocols designed 
to measure inhibition of DNA, RNA, protein, and cell wall synthesis or membrane de-energization are 
presented and discussed for optimal application of these two techniques as well as to enable accurate inter-
pretation of the experimental findings.

Key words Antimicrobial peptide, Mode(s) of action, Macromolecule biosynthesis, Fluorescence 
spectroscopy, Proton motive force, Membrane de-energization/depolarization

1  Introduction

The increasing prevalence of bacterial resistance to clinically impor-
tant antimicrobials has resulted in an urgent need for alternative 
antimicrobial drugs [1]. Antimicrobial peptides (AMPs) are an 
integral part of most host defense systems, and have favorable fea-
tures as antimicrobial drugs [2]. In contrast to conventional anti-
biotics, development of resistance to AMPs can be more difficult 
and costly for the cell to maintain as a consequence of membrane 
permeabilization and multi-target antimicrobial activity [2–4].
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Accurate elucidation of AMP modes of action requires a com-
bination of several experimental approaches. The most commonly 
reported AMP mode of action, membrane permeabilization, is 
often caused by pore formation and can be identified by tracing the 
leakage of material using small molecule probes in lipid vesicles, 
fluorescence microscopy, and electron microscopy methods [5, 6]. 
However, identification of additional AMP modes of action using 
inhibitory concentrations is often eclipsed by membrane depolar-
ization, which causes secondary effects on DNA, RNA, protein, 
and cell wall synthesis [7]. Instead, macromolecule biosynthesis 
experiments to assess AMP inhibition on DNA, RNA, protein, or 
cell wall synthesis should be conducted at subinhibitory concentra-
tions, identified from growth curve analysis. Because partial mem-
brane permeabilization can lower macromolecule biosynthesis 
rates, additional experiments to measure relative proton motive 
force (PMF) are required to determine if macromolecule synthesis 
inhibition is due to targeted AMP action or is a consequence of 
membrane permeabilization. Measurement of macromolecule bio-
synthesis rates coupled with analysis of AMP impact on PMF, using 
probe-based fluorescence spectroscopy, is an accurate approach to 
explore the existence of multiple modes of action.

Macromolecule biosynthesis assays measure the synthesis rate 
of four main cellular components: (DNA, RNA, protein, and cell 
wall) by determining the incorporation rate of corresponding 
radiolabeled precursors [8]. These assays estimate the percent inhi-
bition of precursor incorporation in the presence of subinhibitory 
AMP concentrations with respect to a negative (unexposed) con-
trol. A reduced incorporation rate upon AMP exposure indicates 
possible AMP interference in a particular cellular process. However, 
this interference can be indirectly caused by cellular PMF energy 
dissipation at the cytoplasmic membrane [9], a common effect of 
the membrane permeabilization activity of many AMPs. Hence, an 
additional probe-based fluorescence spectroscopy approach is 
needed to measure relative PMF, allowing evaluation of the AMP 
effects on membrane potential.

Fluorescence spectroscopy measures relative change of PMF of 
the cytoplasmic membrane based on the fluorescence of a fluoro-
phore probe, which fluoresces proportionally to dissipation of 
membrane potential [10]. Under normal conditions the fluoro-
phore concentrates on the cytoplasmic membrane. Upon dissipa-
tion of PMF, the fluorophore molecule dissociates from the 
cytoplasmic membrane and is released into the assay medium, 
increasing fluorescence emission. Exposure of bacteria to subin-
hibitory concentrations of AMP could be sufficient to partially per-
meabilize the membrane, allowing diffusion of ions and weakening 
PMF without significant leakage of cellular contents. Concentration-
dependent effects of AMPs on PMF can be evaluated by this probe-
based fluorescence spectroscopy method.
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2  Materials

	 1.	Cation-adjusted Mueller-Hinton Broth II (MHB II): 0.3 % 
(w/v) beef extract, 1.75 % (w/v) acid hydrolysate of casein, 
0.15 % (w/v) starch in distilled water, and supplement with 
20–25 mg/l of calcium and 10–12.5 mg/l magnesium, pH 
7.3–7.4 (see Note 1).

	 2.	Spectrophotometer.
	 3.	Centrifuge.
	 4.	ThermoMixer.
	 5.	Radionuclide: DNA, RNA, protein, and cell wall precursors are 

tritiated (3H)-thymidine, (3H)-uridine, (3H)-isoleucine, and 
(3H)-glucosamine hydrochloride, respectively (see Note 2).

	 6.	30 % trichloroacetic acid (TCA) (w/v) solution in water.
	 7.	Vacuum manifold including chimney weights and vacuum pump.
	 8.	Blotting filter paper.
	 9.	Cellulose membrane filter.
	10.	Scintillation vial.
	11.	Scintillation liquid.
	12.	Scintillation counter.

	 1.	1  mM 3, 3′-Dipropylthiadicarbocyanine iodide [DiSC3(5)] 
solution in DMSO and stored at 4 °C with a cover of alumi-
num foil to protect it from direct exposure of light.

	 2.	Spectrofluorometer.
	 3.	Transparent 2 ml plastic disposable cuvette.

3  Methods

Effect of subinhibitory or sub-bactericidal concentrations of AMP 
on the macromolecule biosynthesis rate can identify AMP inhibition 
of cellular processes. Following this method, the rate of any cellular 
process can be measured using radiolabeled precursors specific to 
that particular process. In general, four major macromolecule bio-
synthesis (DNA, RNA, protein, and cell wall) rate studies can pro-
vide initial hints regarding the intracellular targets of AMPs. Nisin, a 
lantibiotic, known to possess multiple modes of action, can be used 
in this method as a positive control in Gram-positive species [11]. 
The protocol below has been optimized for staphylococci.

	 1.	Bacteria are inoculated in 5 ml MBH II and incubated at 37 °C 
overnight in the incubator with shaking 150 rpm (see Note 1).

2.1  Macromolecule 
Biosynthesis Assay

2.2  Fluorescence 
Spectroscopy

3.1  Macromolecule 
Biosynthesis Assay

Macromolecule Biosynthesis Assay and Fluorescence Spectroscopy Methods…



184

	 2.	Overnight cultures are subcultured at 1:100 dilution in 25 ml 
MHB II media and incubated at 37  °C with shaking at 
150 rpm. Cultures are grown up to optical density (OD) ~ 0.2 
at 600 nm. The OD of the culture needs to be monitored by 
checking the OD of 1 ml culture in a 30 min interval using a 
spectrophotometer.

	 3.	Pellet down the entire volume of freshly grown cells by cen-
trifugation at speed 1500 × g for 10 min at room temperature 
(RT), and suspend the pellet in 25 ml MHB II media.

	 4.	Distribute 2 ml of the cell suspension to four 2.2 ml microfuge 
tubes (see Note 3).

	 5.	Add the four radiolabeled precursors, to a final concentration 
of 0.1 mCi/ml, individually to the four 2.2 ml tubes (see Note 
4). Vortex and immediately transfer 0.5 ml volumes to four 
new 1.5 ml tubes to create a duplicate set with a technical rep-
licate (two for control and two for the test compound). To one 
pair of tubes, add a subinhibitory concentration of AMP, and 
to the control pair, add an equal volume of solvent. This 
arrangement shall be repeated for each precursor (see Note 5).

	 6.	Pulse-label the samples by incubation for 20 min at 37 °C (see 
Note 6).

	 7.	Add an equal volume of 30 % ice-cold TCA to precipitate down 
the radiolabeled cells. Keep in ice for 1–2 h.

	 8.	Place cellulose membrane filters on vacuum manifold, add the 
chimney weights, and switch on the vacuum pump (see Note 7).

	 9.	Transfer 1 ml cell precipitates to the cellulose membrane fil-
ters, and subsequently wash three times with 3  ml ice-cold 
15 % TCA and then two times with 3 ml ice-cold water (five 
washes in total).

	10.	Turn off the pump and move the cellulose membrane filters to 
blotting paper to air-dry overnight.

	11.	Transfer the membrane to 10 ml scintillation vials with forceps 
and add 3 ml scintillation fluid to each vial to soak the mem-
brane in liquid for a minimum of 1 h.

	12.	Finally, transfer the scintillation vials, containing membrane 
and scintillation fluid, to the holding rack of the scintillation 
counter and place inside the counter.

	13.	Select the flag that corresponds to 1 min 3H count program 
and start the run of counting.

	14.	Radioactive count of a control without antimicrobial treat-
ment is considered as 100 % precursor incorporation, and 
accordingly, percentage rate of precursor incorporation for 
other samples shall be calculated relative to the untreated con-
trol. Examples of DNA and cell well synthesis rates are shown 
in Fig. 1.
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Effect of sub-lysis concentrations of AMP on bacterial PMF can be 
measured by fluorescence spectroscopy. Comparison of the degree 
of PMF dissipation to the reduced rate of radiolabeled precursor 
incorporation can determine if inhibition of a cellular process is 
specifically targeted in that synthetic pathway or if inhibition is due 
to de-energization of the cytoplasmic membrane (i.e., PMF dis-
sipation). Nisin can be used in this method as a control to com-
pare the effect of antimicrobial peptide on membrane PMF and 
macromolecule biosynthesis. This protocol has been optimized for 
staphylococci.

	 1.	Bacteria are inoculated in 5 ml MBH II and incubated at 37 °C 
overnight in the incubator with shaking 150 rpm.

	 2.	Overnight cultures are subcultured in 1:100 dilution in 25 ml 
MHB II media with shaking at 150 rpm. Cultures are grown up 
to optical density (OD) ~ 0.2 at 600 nm. OD of the culture is 
monitored by checking the OD of 1 ml culture in 30 min inter-
val using a spectrophotometer.

	 3.	Dilute the freshly grown cells to OD ~ 0.1 at 600  nm with 
equal volume of MHB II and aliquot 1 ml of diluted culture to 
a 2 ml plastic disposable cuvette.

	 4.	Label the cells with 1 μM DiSC3(5) and incubate at RT for 
2–3 min covered by aluminum foil to avoid direct exposure to 
light (see Note 8).

	 5.	Set the fluorescence spectrometer with excitation (Ex) and 
emission (Em) wavelengths 546 nm and 573 nm, respectively, 
in time drive continuous mode with Ex/Em slits 5 nm/5 nm 
(see Note 9).

	 6.	Place the cuvette of DiSC3(5)-labelled cells in the holder of  
the spectrofluorometer, and start to take the continuous emis-
sion spectra over time for 2–3 min. The emission spectra will 
stabilize over time.

3.2  Fluorescence 
Spectroscopy
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Fig. 1 Rate of radiolabel precursor incorporation for (a) 3H-thymidine (DNA synthesis) and (b) 3H-Glucosamine 
hydrochloride (cell wall synthesis). Initial rates of radiolabeled precursor incorporation were determined rela-
tive to the untreated sample (100 %)
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	 7.	When emission spectra has stabilized, AMP or nisin or solvent 
control can be added to the labeled cell suspension with the 
continuous recording of emission spectra (see Note 5). For 
every individual exposure, a new cuvette with DiSC3(5) freshly 
labeled cells needs to be used (see Note 10).

	 8.	Transfer DiSC3(5) emission spectra to excel (or similar plot-
ting software), and plot the emission spectra over time. The 
change of DiSC3(5) fluorescence upon AMP or nisin addition 
(FUafter treatment − FUbefore treatment) can be plotted as column plot. 
(FU = arbitrary fluorescence unit). An example of each plot is 
shown in Fig.  2. Interpretation of AMP mode of action is 
achieved by comparison of fluorescence spectroscopy and mac-
romolecule biosynthesis assay results (see Note 11).

4  Notes

	 1.	The final pH of the media needs to be adjusted to 7.3–7.4 
with 1 normal (N) sodium hydroxide (NaOH). Dispense 
media aliquots in glass bottles, autoclave them at 120  °C, 
15 psi for 20 min, and store the sterilized media at room tem-
perature. MBH II media is also available from commercial 
suppliers. In general, minimal growth media is the best choice 
to grow bacteria for macromolecule biosynthesis rate mea-
surement because the low abundance of natural macromole-
cule precursors in this media increases cellular utilization of 
radiolabeled precursors. Unfortunately, AMP activity is salt 
concentration dependent, and that limits the use of standard 
minimal media for AMP mode of action studies. Therefore, to 
increase radiolabeled precursor incorporation in MHB II 
media, which increases assay sensitivity, a higher concentra-
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Fig. 2 Emission of DiSC3(5) fluorescence. (a) Time-spectra plot of DiSC3(5) emission over time. AMPs or nisin was 
added at 36 s, indicated by arrow. (b) Maximum change in DiSC3(5) fluorescence after AMP or nisin addition
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tion of labeled precursor probe can be considered. The con-
centration given in this protocol (0.1  mCi/ml) should be 
sufficient for most applications.

	 2.	Although the decay rate of 3H is very slow, radionuclide-
handling guidelines must be followed.

	 3.	Four tubes will be needed to measure the rate of incorporation 
of radiolabeled DNA, RNA, protein, and cell wall precursors 
of one AMP sample and one unexposed control sample. For 
additional samples, increase the cell aliquot volume and pre-
cursor such that it can be easily divided. For example, three 
samples and one control need a 4 ml aliquot of cell suspension 
and shall be divided to equal 0.5 ml aliquots after precursor 
addition.

	 4.	For slow-acting AMPs, bacteria can be exposed to AMP prior 
to radiolabeled precursor addition. However, cell numbers 
between control and exposed samples need to be equalized by 
measuring and adjusting the OD before the addition of labeled 
precursor. Additional precautions need be taken for slow-
acting AMPs because prolonged inhibition of one macromol-
ecule synthesis pathway may collaterally reduce the synthesis 
rate of others. Consequently, if inhibition in all synthesis path-
ways is detected, a shorter incubation time is recommended.

	 5.	AMP concentrations need to be carefully considered and 
determined by growth curve analysis in growth conditions 
identical to the desired assay. It may be necessary to choose 
several different subinhibitory concentrations to achieve a full 
view of relative macromolecule synthesis inhibition and PMF 
dissipation. Carbonyl cyanide 3-chlorophenylhydrazone 
(CCCP), a known protonophore, can be used to study or stan-
dardize the effect of PMF dissipation on cellular growth and its 
consequence on macromolecule biosynthesis rate [12]. In 
addition, the bactericidal effect can be measured by plating 
aliquots of the culture during growth curve analysis and by 
colony counting after plate incubation.

	 6.	Do not increase incubation time to increase radioactive counts 
in the sample. Instead, if higher counts are desired, use a higher 
mCi/ml concentration to increase counts. An increased incu-
bation time may decrease assay sensitivity to discriminate 
between inhibited and uninhibited samples, as explained below. 
Longer incubations will decrease the concentration of the 
radiolabeled precursor in the media (and thus the rate of pre-
cursor incorporation) over time in a non-inhibited sample. In 
contrast, in an inhibited sample, the concentration of the 
radiolabeled precursor and the rate of precursor incorporation 
will remain almost constant over time. Thus long incubations 
may equalize the counts of inhibited and uninhibited samples 
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due to the limitation of precursor. Hence, short incubations 
keep the radiolabeled precursor concentration constant in the 
medium for both control and AMP-exposed samples, allowing 
accurate measurement of the relative initial rate of radiolabeled 
precursor incorporation.

	 7.	To miniaturize the assay and perform the experiment in a high-
throughput manner, the macromolecule synthesis assay can be 
performed in a 96-well format using multiscreen filter plates. 
In such case, after the wash and dry steps, the scintillation 
counting of samples from individual wells of the plate can be 
taken using a Microplate Scintillation Counter. Volumes of cell 
suspension, cellular precipitates, and washes should be reduced 
when using this approach.

	 8.	For aerobic bacteria, DiSC3(5)-labelled cells cannot be stored 
for a long time (>15  min) because cellular PMF dissipates 
under anaerobic conditions.

	 9.	The spectrofluorometer needs to be turned on 30  min in 
advance, to avoid the fluctuation of light source. Slits may need 
to be optimized depending on the model or light source of the 
spectrofluorometer used and the fluorescence property of the 
fluorophore to get clear signal with respect to background noise.

	10.	Membrane potential of bacteria is dependent on the cellular 
energy state that relies on the respiration of aerobic bacteria, 
which necessitates continuous aeration. Since the lack of aera-
tion may affect the PMF of the cell, maximum 2–3 samples 
should be handled at a time for PMF measurement. 
Subculturing of cells in 20–30 min intervals can enable con-
tinuous assay of large numbers of samples.

	11.	Comparison of fluorescence spectroscopy and macromolecular 
biosynthesis experiments results is required to determine if 
inhibition of a cellular process, detected by a decreased rate of 
macromolecule biosynthesis, is due to the direct AMP action 
or is a consequence of AMP action on the membrane resulting 
in PMF dissipation. Figures 1 and 2 are used to illustrate the 
results of this analysis. Nisin does not have any effect on PMF 
(Fig. 2), indicating that the cell wall and DNA synthesis inhibi-
tion by nisin (Fig. 1) are not due to a secondary effect of mem-
brane permeabilization. However, it should be noted that 
DNA synthesis inhibition may be a consequence of cell wall 
synthesis inhibition. Interpretation of the results is more diffi-
cult for the two AMP compounds (AMP1 and AMP2). Both 
AMP1 and AMP2 decreased the rate of incorporation of cell 
wall synthesis precursors (Fig. 1). Since the relative PMF dis-
sipation mediated by the AMPs (Fig. 2) correlates similarly to 
the degree of inhibition in macromolecule biosynthesis, inhibi-
tion could be indirectly caused by AMP action on the mem-
brane and subsequent PMF dissipation. Although AMP1 
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inhibited 20 % cell wall synthesis, it did not hamper the synthe-
sis rate of DNA, suggesting that either DNA synthesis is less 
sensitive to partial PMF dissipation or that this AMP can 
indeed inhibit cell wall synthesis. Although AMP2 dissipated 
PMF to a lesser degree than AMP1, it had a greater degree of 
DNA synthesis inhibition, suggesting a potential intracellular 
mode of action of AMP2. Additional experiments with these 
peptides at varying concentrations are needed to clearly estab-
lish if PMF dissipation is directly correlated to a corresponding 
degree of DNA and cell wall synthesis inhibition. Comparison 
of macromolecule synthesis inhibition and PMF dissipation of 
CCCP-treated control samples may further aid interpretation. 
Additional studies, e.g., measurement of accumulated precur-
sors of inhibited cellular pathways by mass spectrometry of cel-
lular content, can be performed to further detail the mode of 
action [8].
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Chapter 13

Using Confocal Microscopy and Computational  
Modeling to Investigate the Cell-Penetrating  
Properties of Antimicrobial Peptides

Gabriel Del Rio, Edda Klipp, and Andreas Herrmann

Abstract

Antimicrobial peptides (AMPs) may display the ability to penetrate cells, which may be relevant for their 
antibiotic activity. To investigate the relevance of the penetrating activity for the antibiotic activity of 
AMPs, here we describe a method based on the combined use of confocal microscopy and computational 
modeling coupled with cell death kinetics.

Key words Antimicrobial peptides, Cell-penetrating peptides, Mathematical modeling, Confocal 
microscopy, Multifunctional peptides, Cell death kinetics

1  Introduction

The widespread use of AMPs among living forms [1] and their 
potential use in pharmaceutical industry [2] constitute a driving 
force to characterize the activity of these peptides. Different stud-
ies have shown that several AMPs display other activities such as 
cell-penetrating activity [3], antiviral activity [4], or immunomod-
ulating activity [5]. Of particular interest is the relationship 
between AMPs and cell-penetrating peptides (CPPs) since AMP 
and CPP activities may be just the same activity, as has been early 
noted [6]. For instance, many AMPs and CPPs are cationic and 
amphipathic, features that may be relevant for membrane translo-
cation; in agreement with this idea, it has been noted that at high 
CPP concentrations these peptides may permeabilize cell mem-
branes acting as pore-forming AMPs [7], while AMPs may reach 
intracellular targets before membrane permeabilization thus acting 
as CPPs [8]. Hence, to understand the mechanism of action of 
AMPs, it is relevant to establish the significance of the CPP activity 
for the antimicrobial activity.
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AMP activity is commonly determined by following the optical 
density of cells that have been exposed to AMPs as a way to interfere 
with cell growth [9]. Such effect may be the consequence of cell 
growth arrest or cell death, and further experiments are required to 
discriminate between these two possibilities, such as determining the 
number of colony-forming units (CFUs) and the use of fluorescent 
markers of cell metabolic activity to distinguish the living from the 
death cells [10]. For any AMP the mechanism of action involves the 
peptide interaction with the cell membrane. As a result of this interac-
tion, the peptide may disrupt the membrane integrity through differ-
ent mechanisms [11], e.g., pore-forming mechanism and carpet-like 
mechanism. Alternatively, the peptide may penetrate the cell mem-
brane without any apparent damage to the membrane integrity to find 
an intracellular target (e.g., DNA [12]) and exerts its antimicrobial 
activity. The peptide internalization may as well be accomplished by 
different mechanisms [13], including those involving energy-depen-
dent mechanisms (e.g., receptor-mediated internalization, endocyto-
sis) or energy-independent translocation of the peptide.

Attaching a fluorogenic compound to a peptide may be used 
to detect the peptide in the interior of a cell using confocal micros-
copy; this is commonly used to monitor CPP activity [14]. An 
important limitation of this approach is that the labeled peptide 
may be internalized into cells independently of the peptide’s anti-
microbial activity. To test whether the CPP activity is relevant for 
the AMP activity, it is desirable to correlate the observed internal-
ization rate of the peptide with the AMP activity. For instance, it is 
possible to compare the kinetics of the cell death induced by an 
AMP with the cell internalization rate by mathematical modeling; 
this modeling in turn may be used to predict possible mechanisms 
of internalization at play during the AMP activity.

In this work we describe a procedure aimed to test for the rel-
evance of CPP activity for AMP activity [15]. The basic idea of our 
work is described in Fig. 1. Briefly, live cells are exposed to an AMP 
known to kill them [16]; in parallel, using confocal microscopy, the 
intracellular presence of a fluorescent version of this peptide is 
observed. Once both activities are observed, the rate of cell death 
may be quantitatively estimated to fit the parameters of two dis-
tinct internalization mathematical models: one energy-dependent 
and another energy-independent. The observed fitting of the mod-
els to the experimental data may provide evidence supporting the 
relevance of the internalization for the observed phenotype (e.g., 
cell death), and the best model fitting the experimental data may 
predict the mechanism of internalization. This method has been 
applied to the study of the CPP activity observed in the AMP 
referred here as Iztli peptide 1, IP-1 [15]. Our results showed that 
the best model fitting the experimental data was the energy-
independent one. We show by genetic studies that indeed 
endocytosis does not participate in the AMP activity of IP-1, yet 
the Ste2 receptor was required for this AMP activity [16].
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2  Materials

	 1.	5-(and-6)-carboxytetramethylrhodamine succinimidyl ester 
(5(6)-TAMRA SE), mixed isomers.

	 2.	HiLyte Fluor™ 488 succinimidyl ester.
	 3.	Peptides (>95 % purity) may be synthesized as described in 

Chaps. 3 and 4 or obtained commercially. See Table 1 for full 
sequences.

	 4.	IP-1 (KFLNRFWHWLQLKPGQPMY).
	 5.	70 μM TAMRA-IP-1.
	 6.	90 μM HiLyte Fluor™-IP-1.

	 1.	Yeast synthetic complete media: yeast nitrogen base without 
amino acids 0.67 %, potassium phosphate monobasic 0.1 %, 
glucose 2 %, and amino acids 0.079 %.

	 2.	S. cerevisiae strain BY4741.

2.1  Peptides 
and Fluorophores

2.2  Microbial Growth

Fig. 1 Method summary. (A) Broth microdilution antimicrobial assay of peptides 
the red curve corresponds with bacterial cells growing in rich media and the blue 
curve corresponds to those bacteria exposed to an AMP. (B) Confocal microscopy 
of live cells (orange ovals) in the presence of a fluorescently labeled peptide 
(green stars). (C) Comparing two models fitted to the measured number of dead 
cells; in this example, the blue model fits best the experimental data represented 
by black rhombs. (D) Model assuming an energy-dependent internalization of an 
AMP (in this example, a receptor-mediated internalization). (E) Model assuming 
internalization of an AMP where the peptide may cross the membrane indepen-
dent of receptor-mediated endocytosis

Cell Penetrating Properties of AMPs
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	 3.	Petri dishes (disposable 100 × 15 mm).
	 4.	Solid YPD: dissolve 1.0 g yeast extract, 2.0 g Bacto™ peptone, 

2.0 g glucose, 1.5 g agar in 100 mL of distilled water.
	 5.	Sterilized media is poured into the petri dish when the media 

is still liquid.

	 1.	Cell death kinetic data (number of dead cells vs. time) is used 
to fit two different internalization models (see below).

	 2.	This fitting is done using the LSODA solver and an evolution-
ary optimization algorithm.

	 3.	Here, we use the implementations within the modeling soft-
ware COPASI (http://copasi.org).

	 4.	For the statistical analysis of the data generated with the math-
ematical models and the experimental data, we used the R 
package (https://www.r-project.org) (see Note 1).

3  Methods

	 1.	Peptides are essentially labeled with HiLyte Fluor™ 488 or 
TAMRA (see Note 2) as described in Chapter 22, Subheading 3.1. 
IP-1 is both N- and C-terminus-free (see Note 3).

	 2.	All the fluorescent forms of IP-1 must be tested for MIC activ-
ity (see Note 4) as described in Chapter 22, Subheading 3.2.

	 1.	Yeast cells are grown overnight on synthetic complete media 
(see Note 5).

	 2.	Cells are diluted to a final optical density of 0.4 at 600 nm.
	 3.	MATa cells are exposed to TAMRA-IP-1 (70 μM) or HiLyte 

Fluor-IP-1 (90 μM) and observed under the microscope after 
15, 30, 45, and 60 min (see Note 6). It is recommended to use 

2.3  Computational 
Modeling

3.1  Labeling 
of Peptides

3.2  Sample 
Preparation 
for Microscopy

Table 1 
Fluorescent peptides

Name Fluorophore Peptide sequence
Modification 
point

IP-1 None KFLNRFWHWLQLKPGQPMY None

TAMRA-IP-1 TAMRA KFLNRFWHWLQLKPGQPMY (K1)

HiLyte Fluor-IP-1 HiLyte Fluor™ 488 KFLNRFWHWLQLKPGQPMY (K13)

The table specifies the name of the peptide used in this work, the fluorophore name, the peptide sequence, and the 
modification in the peptide sequence where the fluorophore was linked. In parenthesis, the amino acid position is indi-
cated, e.g., the first lysine is indicated by K1. Amino acids are indicated by one-letter code
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a confocal microscope with at least 60× amplification for this 
analysis using yeast cells.

	 1.	To determine the number of viable or death cells exposed to 
IP-1 over time, S. cerevisiae strain BY4741 is grown in YPD at 
0.03 optical density (A600 nm).

	 2.	Cells are exposed to IP-1 for 0, 30, 60, 120, and 180 min.
	 3.	As a control, BY4741 cells are grown in the absence of IP-1 

(see Note 7).
	 4.	The number of live cells for both cells treated or not with IP-1 

is estimated by counting at each time the number of living cells 
derived from a typical colony-forming units (CFU) assay.

	 5.	Briefly, cells (treated or not with IP-1) are diluted to reach 
concentrations that are between 10 and 102 cells per sample 
(as a guide, 1.0 OD600 has on average 107 yeast cells).

	 6.	The difference at each time between the non-treated cells with 
the treated cells corresponds with the number of cells killed by 
IP-1. This data may be used to fit the internalization models as 
described below.

Once the internalization and cell death kinetics have been measured, 
the kinetics data are fitted to two internalization models. For con-
venience, we have made available the models implemented for 
COPASI at http://bis.ifc.unam.mx:8090/CPP-AMP_Models

In this model the internalization depends on a receptor (R) that 
recognizes the AMP.  The following set of ordinary differential 
equations (square brackets denote concentrations, and the indices 
e, m, v, and c denote locations: extracellular, membrane, vacuole, 
and cytosol, respectively) summarizes this model (see Note 8):
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3.3  Microbial Growth

3.4  Mathematical 
Modeling

3.4.1  Energy-
Dependent Model
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n n

kD tot
c

D

AMP
=

	
(6)

k1 and k2 are the association and dissociation constants for the 
receptor-AMP complex. The rates of endocytosis, degradation, 
and synthesis for the receptor (R) are represented by k3, k4, and 
k5, respectively. Constants k1 through k5 are all derived from the 
literature in the case where R is Ste2p from S. cerevisiae. The last 
two constants, kD and kE, are obtained by adjusting the cell death 
kinetics to the model; kE is the rate of endosome escape for the 
receptor, and kD represents the intracellular concentration of the 
AMP required to kill a cell. The number of dead cells (nD; the 
number of initial cells is ntot) is evaluated in each step of the ordi-
nary differential equations and compared with that observed in 
experiments.

In this model, the internalization is independent of endocytosis, 
yet it is assumed that there is an interaction between the receptor 
and the AMP; thus Eqs. 1 through 5 are ignored, and a new equa-
tion is proposed to model this internalization process:

	

d AMP
d

c
in e c

[ ] = [ ] − [ ]
t

k AMP k AMP4
	

(7)

Here, kin represents the rate of internalization, and this is the 
parameter that is fitted from the experimental data. This fitting is 
achieved by using Eqs. 6 and 7 (see Note 9).

	 1.	LSODA is accessible through the Time Course widget within 
the task menu of COPASI (see COPASI tutorial for a more 
detailed description: http://copasi.org/Support/User_
Manual/Tasks/Time_Course_Simulation/).

	 2.	Briefly, LSODA is used to calculate time courses in a determin-
istic fashion, while the Gibson and Bruck method is used to 
calculate time courses in a stochastic fashion. To run these simu-
lations, it is necessary first to fit the missing parameters for each 
model described above. To do so, COPASI has a menu named 
Parameter Estimation under the Multiple Task menu (see 
COPASI tutorial for a more detailed description:http://copasi.
org/Support/User_Manual/Tasks/Parameter_Estimation/).

	 3.	After running the deterministic or stochastic time course simu-
lations, the predicted number of dead cells is compared with 
the experimental values and the F statistical test performed to 
determine the best fitting model. For that goal the R package 
is used (for further details, visit the R package web site: https://
cran.r-project.org/manuals.html).

3.4.2  Energy-
Independent Model

3.5  Computational 
Modeling
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4  Notes

	 1.	Note that COPASI and R packages are two freeware available, 
but other packages may as well be used for similar purposes. 
For instance, for statistical analysis there is a wiki page that lists 
several packages for this end (https://en.wikipedia.org/wiki/
List_of_statistical_packages). The web site http://systems-
biology.org maintains a list of software that may be used for 
similar purposes than COPASI.

	 2.	HiLyte Fluor™ 488 fluorescence is stable and independent of 
pH from pH 4–10, which is a major improvement over other 
dyes such as fluorescein or fluorescein isothiocyanate (FITC); 
TAMRA is a hydrophobic dye, facilitating the study of proteins 
or peptides associated to membranes, and its fluorescence is 
independent of pH between 4 and 10. Peptides modified with 
TAMRA while they may look soluble, sometimes form aggre-
gates due to the hydrophobic nature of TAMRA. These aggre-
gates may be observed under the microscope. In that case, it is 
recommended to sonicate the solution with the labeled pep-
tide before this can be used for the internalization assay.

	 3.	Modification of the C-terminus with a NH2 group is com-
monly used to stabilize the helical structure of peptides. Yet, 
modification of the N- or C-terminus of peptides may affect 
positively or negatively the peptide activity. Thus, it is recom-
mended to test the activity of peptides with and without modi-
fication of their N- or C-terminus.

	 4.	The modification of peptides by attaching a fluorogenic dye 
sometimes renders slightly less active or inactive peptides. 
Thus, it is recommended to: (1) try different dyes and/or (2) 
try different sites where to attach the dye.

	 5.	The media must be selected depending on the cell type or strain 
to be used. It is recommended that the same media used for cell 
growth is the one used for internalization assays. Since many 
AMPs are cationic, using a media with ions sometimes reduces 
the AMP activity and/or the penetrability of peptides.

	 6.	The concentration of labeled peptides has to be determined in 
each case. Since AMP may kill cells, it is important to consider 
whether to use a sublethal or lethal concentration for the inter-
nalization assays. It is recommended to use sublethal concen-
trations of the labeled peptide to prevent the staining of dead 
cells that would be a false positive for the internalization assay. 
Note that using sublethal concentrations of the labeled peptide 
may induce longer times for the internalization to be observed; 
this is particularly the case for those peptides that are internal-
ized independent of any receptor.
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	 7.	To expose cells for a specific time to the action of the peptide, 
cells are commonly centrifuged and washed to remove the 
peptide from the media. This process may reduce cell viability 
or cell number (or both) and hence, it is recommended that 
this procedure must be applied to cells not treated with pep-
tide (control). Depending on the cell type or strain, these may 
be more or less sensitive to this washing procedure and may as 
well limit the accuracy to determine the number of living cells 
present at different times.

	 8.	The differential equations presented may be used for any 
receptor-mediated endocytosis phenomena, since these equa-
tions represent the basic aspect of such type of endocytosis.

	 9.	Note that the binding to the receptor in this model only affects 
the availability of the AMP when the receptor is degraded (k4 
in Eq. 7).
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Chapter 14

Atomic Force Microscopy Study of the Interactions 
of Indolicidin with Model Membranes and DNA

Peter Fojan and Leonid Gurevich

Abstract

The cell membrane is the first barrier and quite often the primary target that antimicrobial peptides (AMPs) 
have to destroy or penetrate to fulfill their mission. Upon penetrating through the membrane, the peptides 
can further attack intracellular targets, in particular DNA. Studying the interaction of an antimicrobial 
peptide with a cell membrane and DNA holds keys to understanding its killing mechanisms. Commonly, 
these interactions are studied by using optical or scanning electron microscopy and appropriately labeled 
peptides. However, labeling can significantly affect the hydrophobicity, conformation, and size of the pep-
tide, hence altering the interaction significantly. Here, we describe the use of atomic force microscopy 
(AFM) for a label-free study of the interactions of peptides with model membranes under physiological 
conditions and DNA as a possible intracellular target.

Key words Atomic force microscopy (AFM), Antimicrobial peptides (AMPs), Indolicidin, Supported 
planar bilayers (SPBs), Peptide–DNA interaction

1  Introduction

Atomic force microscopy (AFM) has proven to be a useful tech-
nique to elucidate surface structures of biological materials with 
unprecedented resolution (see, e.g., [1] for review). In particular, 
AFM imaging in liquid has seen significant improvement, allowing 
operation under physiological conditions. This has made it possi-
ble to monitor important biological processes in real time at high 
resolution (for review see [2] and references therein). Studies [3–5] 
have shown that in situ AFM, using supported planar bilayers 
(SPBs) as membrane mimics, is a very well-suited technique for 
studying peptide–membrane interactions. Specifically, AFM has 
been used to directly visualize how indolicidin induces pore forma-
tion in the gel state of negatively charged SPBs [6]. Furthermore, 
it has been found that indolicidin–membrane interactions are 
dependent on the composition of the model membranes as well as 
the peptide concentration [7, 8]. In the case of phospholipid model 
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membranes composed of phase-segregated phosphatidylcholine 
(PC) and phosphatidylglycerol (PG), indolicidin has been shown 
to interact with the membrane in a concentration-dependent man-
ner. At low concentrations (<5 μM), indolicidin forms an amor-
phous layer localized at the fluid domains, in the case they contain 
anionic lipids (i.e., PG). At high peptide concentrations (>5 μM), 
indolicidin appears to initiate the melting of gel-phase domains, 
leading to a reduction in height, which is independent of the pres-
ence of an anionic lipid [9]. Another study, involving simultaneous 
AFM and confocal microscopy imaging, revealed that indolicidin is 
preferentially inserted into the fluid phase of the PC domains [10]. 
These data suggest that the indolicidin–membrane association is 
influenced greatly by specific electrostatic interactions, lipid fluid-
ity, and peptide concentration [10]. This leads to the suggestion 
that, similar to the preferred activation mechanism of Candida 
rugosa lipase [11], the edges of the initial structural lipid defects 
are the preferred interaction sites for indolicidin with phospholipid 
bilayers composed of PC [9, 10]. Previously, we have described 
that the mechanism of action of indolicidin could be best seen and 
studied at the boundary of the gel–fluid domains when imaged by 
in situ AFM [9]. These studies showed that the physical properties 
of the lipids play a crucial role as the specificity of the peptide is 
dependent upon the composition of the membrane. The different 
phases of lipid membranes observed by AFM suggest that the pro-
cess of indolicidin-induced membrane thinning requires phase seg-
regation, where indolicidin acts at the boundary of the fluid and 
gel domains. It has also been suggested that indolicidin induces a 
gel–fluid phase transition in phospholipid bilayers [9]. Furthermore, 
as has been found in the above studies as well as in earlier works [8, 
12], indolicidin does not lead to lysis of the cell membrane at phys-
iologically relevant concentrations, which implies the presence of 
secondary mechanisms of antimicrobial actions. Several studies 
[13–15] have demonstrated a strong affinity between indolicidin 
and DNA, which leads to indolicidin–DNA complex formation 
and inhibits DNA replication, transcription, and repair mecha-
nisms. Although the actual interaction mechanisms are still under 
debate, interaction with both membrane and DNA holds the key 
to understanding of the broad activity spectrum of indolicidin and 
eventually can pave the way to novel AMP-inspired antibiotics. 
With appropriate knowledge about the target organism, it should 
be possible to engineer a peptide with charge properties comple-
mentary to that of the membrane—optimal to bind but not too 
strong to prevent aggregation—and with hydrophobicity best 
suited to permeabilize the membrane while maintaining its DNA-
binding properties.

In this chapter we show how AFM can be applied to study the 
interactions between indolicidin and differently charged model 
membranes on one side and indolicidin and DNA on the other 
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side. In situ AFM imaging of the peptide–membrane interactions 
was carried out using SPBs of a one-component phospholipid, 
being either zwitterionic, cationic, or anionic (results with zwit-
terionic PC membranes were presented in our previous study [9]). 
To further approach an actual bacterial membrane, the results on a 
lipid mixture (20 % PG and 80 % PC), corresponding to a typical 
membrane composition of a bacterium [16], are shown. We fur-
ther demonstrate the formation of indolicidin–DNA complexes, 
observed by AFM as a significant height increase of DNA 
molecules.

2  Materials

	 1.	Chloroform 99.8 %.
	 2.	Acrylamide solution 40 % for electrophoresis.
	 3.	 l-α-Phosphatidylcholine (PC) from egg yolk (60 % TLC 

purity).
	 4.	(3-Aminopropyl)-trimethoxysilane (APTMS).
	 5.	Ammonium acetate (99.99 %).
	 6.	Water (DNAse free).
	 7.	Anhydrous toluene.
	 8.	HEPES sodium salt ≥99.0 %.
	 9.	1,2-Distearoyl-sn-glycero-3-phospho-(1′-rac-glycerol) 

(sodium salt) (DSPG).
	10.	1,2-Dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (sodium 

salt) (DOPG).
	11.	1,2-Distearoyl-sn-glycero-3-ethylphosphocholine (chloride 

salt) (ESPC).
	12.	1,2-Dioleoyl-sn-glycero-3-ethylphosphocholine (chloride salt) 

(EOPC).
All the above chemicals were used as is without prior 

purification.
All buffer solutions were prepared using DI water (18 MΩ) at 

25 °C and pH adjusted accordingly.

	 1.	9-Flurenylmethyloxycarbonyl (Fmoc)-protected amino acids.
	 2.	Fmoc-protected Rink–MBHA resins.
	 3.	2-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexa-

fluorophosphate (HBTU).
	 4.	1-Hydroxybenzoetriazole (HOBt).
	 5.	Trifluoroacetic acid (TFA).
	 6.	Triisopropylsilane (TIS).

2.1  Reagents

2.2  Peptide 
Synthesis
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	 7.	Peptide cleavage mixture: (95 % TFA, 2.5 % TIS, and 2.5 % water).
	 8.	4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

buffer: 10 mM HEPES adjusted to pH 7.0.

	 1.	Semi-preparative C-18 reversed phase column.
	 2.	Buffer A: H2O with 0.1 % TFA.
	 3.	Buffer B: Acetonitrile.

	 1.	Lipid solutions: Either PC, ESPC/EOPC (EPC) 4:1 w/w %, 
DSPG/DOPG (PG) 4:1  w/w  %, or PC/PG (PC/PG) 
4:1 w/w % at a concentration of 3 mg/ml in chloroform.

	 2.	Round mica sheets (grade V1 muscovite mica, 9.5 mm diam.).
	 3.	Mica surface solution: 5 mM MgCl2.
	 4.	Teflon disks, glued on metal chucks (specimen metal disks for 

AFM, 15 mm diameter).

	 1.	APTMS in anhydrous toluene (1:3 v/v).
	 2.	Triangular silicon nitride cantilever (NP-S or NP series).
	 3.	Smal1 linearized pUC19 plasmid (2686 bps).
	 4.	Ammonium acetate solution: 20 mM (AmAc).
	 5.	Sephadex column: Illustra Nap-5 Sephadex G-25 gravity col-

umn equilibrated with 20 mM ammonium acetate.

	 1.	Automatic peptide synthesizer.
	 2.	Freeze dryer.
	 3.	Preparative HPLC.
	 4.	Analytical HPLC.
	 5.	UV–Vis spectrophotometer.
	 6.	LiposoFast extruder.
	 7.	Nanoscope IIIa atomic force microscope.
	 8.	All AFM images were processed using the WSxM software 

package [17].

3  Methods

	 1.	Indolicidin is synthesized by standard solid-phase peptide synthe-
sis using Fmoc chemistry as described in Chapters 3 and 4. The 
obtained resin peptide is dried in a freeze dryer (see Note 1).

	 2.	 After synthesis, 3 ml of cleavage mix (see Note 2) is added to 
the entire amount of dried resin peptide and mixed vigorously 
for 60 min using a manual synthesizer.

2.3  HPLC

2.4  Vesicle 
Preparation for AFM 
and Supported Planar 
Lipid Bilayer 
Formation

2.5  AFM Imaging 
of DNA and DNA–
Indolicidin Complexes

2.6  Apparatus

3.1  Indolicidin 
Synthesis and Stock 
Solution Preparation
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	 3.	The 3 ml cleavage mix is removed from the resin and collected 
in a 15 ml PP-tube. The resin is washed once with 3 ml pure 
TFA, and the liquid is collected into the same 15 ml PP-tube.

	 4.	From the resulting 6 ml solution, the peptide is precipitated 
with 10 ml of ice-cold diethyl ether and centrifuged for 10 min.

	 5.	The supernatant is decanted and the white precipitate is washed 
with 12  ml of ice-cold diethyl ether by centrifugation for 
10 min. The procedure is repeated twice.

	 6.	The white precipitate is dried in a freeze dryer overnight.
	 7.	Indolicidin is purified by HPLC on a C-18 reversed phase col-

umn. For this, 2 ml of the dissolved peptide in 0.1 % TFA in 
water is injected onto a semi-preparative C-18 reversed phase 
column, running a 10–80 % acetonitrile gradient with an initial 
step of 10 % acetonitrile.

	 8.	The collected indolicidin is freeze-dried overnight.
	 9.	Indolicidin stock solution is prepared by dissolving 5 mg of the 

freeze-dried powder in 10 ml of a 10 mM HEPES pH 7.0.
	10.	Indolicidin concentration is determined by absorbance mea-

surement at 280  nm on a UV–Vis spectrophotometer. The 
peptide concentration is calculated using a theoretical molar 
extinction coefficient of 28,450 M−1 cm−1 [8].

	11.	The obtained solution is diluted to a final stock concentration of 
25.0 μM, and 1 ml aliquots are stored at −21 °C (see Note 3).

	 1.	Lipid solutions are prepared (see Subheading 2.4, step 1), and 
the solvent is removed by rotary evaporation overnight to form 
a dry lipid film on the inside of the round-bottom flask.

	 2.	The lipids are rehydrated in 5 ml of 10 mM HEPES buffer 
(pH 7.0) in the rotary evaporator at 80 rpm and temperature 
above the phase transition temperature for the respective lipids 
used (50 °C for PC, 60 °C for ESPC/EOPC, and 60 °C for 
DSPG/DOPG are used in the experiment; see Note 4).

	 3.	The vesicles are extruded 21 times using a LiposoFast extruder 
equipped with a polycarbonate filter with a pore diameter of 
100 nm (see Note 5).

	 1.	Round mica sheets are glued with epoxy glue onto a 15 mm 
diam. Teflon disks, glued on metal chucks (see Notes 6 and 7).

	 2.	The mica disks are freshly cleaved with adhesive tape right 
before use.

	 3.	50 μl of a respective hydrated vesicle solution is applied to the 
mica surface and incubated, in the case of PC, ESPC/EOPC, 
and DSPG/DOPG, for 20 min at room temperature. In the 
case of PG and PC/PG, the vesicle solution is mixed with 

3.2  Vesicle 
Preparation for Atomic 
Force Microscopy 
Experiments

3.3  Supported Planar 
Lipid Bilayer 
Formation
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5 mM MgCl2, applied to a freshly cleaved mica surface and 
incubated for 30 min (see Note 8).

	 4.	The surface is rinsed with centrifuged 10 mM HEPES buffer 
at pH 7.0 (15 °C, 15 min, see Note 9).

	 5.	All samples are used for AFM measurements immediately after 
preparation.

	 1.	The samples are prepared on mica substrates as described 
above.

	 2.	A Nanoscope IIIa, equipped with a J-scanner and liquid cell 
cantilever holder, is used throughout the experiment. A 
115 μm long triangular silicon nitride cantilever with a nomi-
nal spring constant of 0.58 N/m is used for imaging. The liq-
uid cell is filled with centrifuged 10 mM HEPES buffer, pH 
7.0, through the inlet of the liquid cell using a 2 ml syringe.

	 3.	After filling the cell, the syringe is carefully removed avoiding 
formation of an air bubble between the cantilever and the cell 
(see Note 10).

	 4.	AFM images are acquired using tapping mode at approxi-
mately 7 kHz and are captured as 512 × 512 pixel images. The 
scan rate is adjusted for each sample and is between 0.4 and 
1 Hz.

	 1.	The contact/tapping mode liquid cell placed over the Teflon 
sample holder with the attached sample is equipped with inlet 
tubes to allow injections of fluid into the chamber between 
measurements without removing the liquid cell. Reference 
images of liquid-equilibrated SPBs are acquired at this point 
(Fig. 1), prior to injection of indolicidin, to ensure surface sta-
bility and optimal imaging conditions (see Note 11).

	 2.	Once a stable SPB had been formed as determined by in situ 
AFM imaging, 100 μl of the 25 μM indolicidin stock solution 
is injected into the liquid cell. Starting from this point, the 
effect of indolicidin on the SPBs is continuously monitored by 
in situ AFM in real time. The experiments are performed in 
identical manner on EPC (Fig. 2), PG (Fig. 3), and PG/PC 
(Fig. 4) planar bilayers (see Note 12).

	 3.	To avoid evaporation of the liquid and formation of air bub-
bles in the liquid cell, the injections of 100 μl indolicidin stock 
solution are repeated at time intervals of approximately 2  h 
during the experiment.

	 1.	Mica sheets are attached to 15 mm metal chucks using double-
sided adhesive and placed into a desiccator (see Note 13).

	 2.	The desiccator is evacuated using a solvent-resistant membrane 
pump down to approximately 100  mTorr and flushed with 

3.4  Atomic Force 
Microscopy Imaging 
of SPBs

3.5  Imaging 
of the Interaction 
Between Indolicidin 
and SPBs

3.6  AFM Imaging 
of DNA and DNA–
Indolicidin Complexes
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argon. The procedure is repeated at least three times to ensure 
that the atmospheric humidity is largely removed. In the end 
of the step, the desiccator is filled with argon up to atmospheric 
pressure (see Note 14).

	 3.	A test tube containing 1 ml of APTMS in anhydrous toluene 
(1:3 v/v) is gently placed into the bottom of the desiccator, 
which is immediately evacuated down to 100 mTorr, flushed 
three times with argon, and left under argon at a pressure 
slightly below atmospheric pressure for 30 min. The resulting 
modified surface is positively charged and extremely flat and 
can be stored under argon for weeks (see Note 15).

	 4.	For imaging of the DNA–indolicidin complexes, Sma1-
linearized pUC19 plasmid is used (see Note 16). The pUC19 
solution is purified using an Illustra Nap-5 Sephadex G-25 
gravity column equilibrated with 20 mM ammonium acetate. 
Obtained aliquots are checked using a UV–Vis spectrometer, 
and those exhibiting absorption at 250 nm are retained and 
used as a stock solution of DNA.

	 5.	3 μl of the stock solution is diluted with 15 μl of 20 mM AmAc 
and deposited on the substrate (see Note 17).
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Fig. 1 AFM images of SPB formed from a 3 mg/ml EPC vesicle preparation (a) immediately after the addition 
of 10 mM HEPES buffer pH 7.0 and (b) after 2 h of continuous scanning on the same surface. Both images are 
3 μm × 3 μm, scale bar is 600 nm, and height bar is 25 nm. Both images have been equalized
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Fig. 2 AFM images of SPB formed from 3 mg/ml EPC vesicle preparation, equilibrated in 10 mM HEPES buffer 
pH 7.0: (a) prior to the addition of indolicidin and (b) after the addition of 25 μM indolicidin (approximately 
25 min). Images (c) and (d) were acquired after approximately 90 min and 150 min of continuous scanning of 
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100 μl of 25 μM indolicidin was injected again after 1 h to keep the liquid level in the cell constant
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	 6.	After 5–6  min incubation, the droplet of DNA solution is 
removed from the surface by blowing it off with a stream of 
nitrogen.

	 7.	A 10  μl droplet of indolicidin stock solution diluted with 
DNAse-free water (1:1 v/v) is deposited on the surface.

	 8.	After 5–10 min of incubation, the surface is rinsed with 1–2 ml 
of DNAse-free water and the substrate is blown dry with 
nitrogen.

	 9.	The obtained samples are scanned using a Nanoscope IIIa 
AFM in air at ambient conditions in tapping mode using soft 
noncontact cantilevers (nominal spring constant 1.8  N/m, 
resonant frequency ~70 kHz). Figure 5 shows a comparison 
of bare DNA molecules and DNA–indolicidin complexes 
obtained in two different ways (see Note 18).

4  Notes

	 1.	Drying of the resin peptide can be also accomplished by plac-
ing the reactor tube into a desiccator evacuated with a solvent-
resistant membrane vacuum pump until dry.

	 2.	The cleavage mix has to be prepared fresh right before use.
	 3.	Indolicidin stock solutions with an indolicidin concentration 

higher than 25  μM have been shown to lose their activity 
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within very short times, presumably, due to indolicidin self-
aggregation. Therefore, it is important to immediately adjust 
the initial high indolicidin concentration to 25 μM in order to 
preserve the stock solution over a prolonged period of time. 
The 1 ml volume for the aliquots is chosen because it fits very 
well with the need for the AFM measurements. This is to avoid 
freeze thawing cycles of indolicidin stock solutions.

	 4.	The formation of lipid vesicles from a dried lipid film through 
film rehydration is most efficient when the lipids are in a mol-
ten form, which is achieved by heating the system above the 
glass transition temperature of the respective lipids. The 
formed vesicles are multi-lamellar vesicles, having onion-like 
structure which consists of many layers on top of each other. 
To convert these vesicles into unilamellar vesicles, they need to 
be extruded.

	 5.	The vesicle extrusion through the LiposoFast membrane is 
done 21 times. The odd number of extrusions is to avoid hav-
ing the resulting unilamellar vesicles on the same side of the 
filter as the initial material. This provides a cleaner vesicle 
preparation.

	 6.	The round shape of the mica disks helps to stabilize the droplet 
and avoids sharp corners that might break the surface tension 
leading to leakage. In general manufacturers tend to use a 
denser mica for the production of round disks which are less 
prone to delamination and water penetration between the mica 
layers, hence contributing to more stable imaging conditions.

	 7.	The Teflon disk glued between the standard metal sample 
holder and the mica disk acts as a hydrophobic barrier to pre-
vent liquid from leaking into the piezo tube scanner of the 
AFM. This setup stabilizes the liquid meniscus at the edge of 
the mica disk, allowing for an open cell scanning. An impor-
tant advantage of this approach compared to the use of the 
standard closed cell is that the silicon o-ring between the can-
tilever cell holder and the sample surface is no longer required, 
hence eliminating drift and other imaging artifacts caused by 
friction between the sample scanner and the cantilever holder.

	 8.	The 5 mM MgCl2 is introduced to compensate for the nega-
tive charge on the vesicle surface and allow them to fuse with 
the mica surface.

	 9.	HEPES buffer is centrifuged to avoid contaminating particles 
on top of the membrane layer. Over time, buffer solutions are 
known to form small nanocrystals due to temperature changes 
and aging phenomena. A large number of particles are found 
on the samples washed with uncentrifuged buffers. Typically, 
only the top third of the solution after centrifugation is used in 
the experiments.
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	10.	Filling the liquid cell requires a careful and steady flow; there-
fore, a syringe with a total volume of 2 ml gave the best results. 
It is critical to flush out all air bubbles from the liquid cell, in 
particular those trapped between the cantilever and the cell 
top, as they make laser alignment impossible due to scattering 
and refraction. Furthermore, air bubbles in the vicinity of the 
cantilever will also be collected during scanning and eventually 
disturb imaging. If an air bubble is visible in the video micro-
scope, careful cycling the liquid in and out can remove it.

	11.	Imaging of SPBs in HEPES buffer over a prolonged period of 
time provides an essential reference and also allows the system 
to equilibrate. In general, scanning of very soft materials is 
challenging as special care should be taken not to introduce 
scanning artifacts due to cantilever–surface interactions over a 
prolonged period of time. To ensure surface integrity and sta-
bility (stability refers to cessation of vesicle fusion and surface 
topography remaining unaffected by continuous scanning), 
the surface layer of the SPBs is continuously imaged over a 
period of 3 h prior to the addition of AMPs. The liquid cell is 
constantly monitored to prevent it from drying out. It is essen-
tial to ensure that the surface topology does not change during 
this prolonged imaging period [9].

	12.	The indolicidin injections are carried out by inserting a flat-tip 
syringe needle into the end of the inlet tube to ensure minimal 
pressure disturbance in the system. As the total volume of the 
liquid cell is just below 100  μl, an injection of 100  μl of a 
25 μM indolicidin solution in HEPES buffer will exchange the 
buffer in the cell; however, small amounts of the remaining 
buffer inside the cell will lead to a dilution of indolicidin upon 
the first injection.

	13.	Due to the fact that mica acquires a negative surface charge in 
aqueous solution, direct attachment of negatively charged 
DNA is impossible. To achieve DNA deposition, either diva-
lent metal cations, such as Mg2+, bridging DNA to the surface, 
or covalent surface modification rendering it positively charged 
is necessary [18].

	14.	In general, the procedure can also be run with nitrogen; how-
ever, argon has some advantages over nitrogen. First of all, it is 
heavier than air, so it stays in the bottom of the desiccator and 
better protects the sample from humidity and atmospheric 
oxygen. Furthermore, nitrogen has a higher surface reactivity 
than argon which can be critical for surface modification 
purposes.

	15.	Samples prepared according to the described procedure exhibit 
positively charged surface at normal pH and a contact angle of 
about 60° and can be stored without losing their activity for 
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several hours at ambient conditions or for several days or even 
weeks in a desiccator under argon. Positively charged mica sur-
face binds DNA molecules while preventing adsorption of cat-
ionic indolicidin. Another important advantage of this 
procedure, besides its simplicity, is that it essentially preserves 
atomic flatness of mica by forming a uniform (sub)monolayer 
of APTMS. Alternatively, good results are also obtained with 
the procedure involving silatrane described by Shlyakhtenko 
et  al. [19]. This procedure leads to a water-resistant silane, 
which is preferable for surface modification in aqueous envi-
ronments. However, the silatrane preparation and surface 
modification are somewhat more time consuming.

	16.	Linearized pUC19 has a length convenient for AFM measure-
ments (ca. 700 nm in length). Moreover, Sma1 produces blunt 
ends upon cutting and therefore the DNA is less prone to form 
networks upon surface deposition.

	17.	AmAc is a convenient and very clean, even on the nanoscale, 
salt which is used to adjust the ionic strength in solutions 
accordingly. An additional advantage of AmAc over classical 
used salts to regulate the ionic strength is its relative volatility, 
so it can evaporate from the substrate without leaving residual 
crystals.

	18.	The AFM images (Fig.  5) reveal that an indolicidin-coated 
DNA exhibits a different morphology and is significantly 
higher as compared to the native DNA. Alternatively, it is also 
possible to form the DNA–indolicidin complex in solution 
first, separate the complexes with gravity columns, and deposit 
them on an APTMS-treated mica surface. This method how-
ever produces the DNA–indolicidin complexes of the same 
morphology as the ones described above (cf. Fig. 5b, c), but 
has a significantly lower yield and is more time consuming.
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Chapter 15

Protocols for Studying the Interaction of MSI-78 
with the Membranes of Whole Gram-Positive  
and Gram-Negative Bacteria by NMR

Nury P. Santisteban, Michael R. Morrow, and Valerie Booth

Abstract

Antimicrobial peptides (AMPs) may interact with a variety of target cell components, including the lipid 
bilayer, non-lipidic cell envelope components, and/or intracellular targets. However, most biophysical 
experiments aimed at elucidating the detailed mechanism of AMPs are limited to simple model membrane 
systems and neglect potentially functional interactions between AMPs and non-lipidic cell components. 
One of the biophysical techniques commonly used to study how AMPs interact with lipid bilayers is solid-
state deuterium NMR. In this chapter we provide protocols to prepare deuterium-labeled intact Gram-
negative and Gram-positive bacteria and to observe these samples using solid-state deuterium NMR. Such 
experiments have the potential to provide important information about how non-lipidic cell envelope 
components modulate AMP interactions with the cytoplasmic membrane of bacteria.

Key words AMP, Antimicrobial peptide, Solid-state NMR, Deuterium NMR, Whole-cell NMR

1  Introduction

The detailed mechanisms by which antimicrobial peptides (AMPs) 
interact with and disrupt lipid bilayers are often studied via “bio-
physical” methods such as solid-state NMR, fluorescence, or 
molecular dynamics simulation. The norm for such methods is to 
apply them solely to simplified model membrane systems, i.e., lipid 
bilayers with simple compositions. While these biophysical appro
aches provide an excellent starting place for understanding the 
details of AMP/pathogen interactions, they fail to capture all of 
the myriad of potentially important interactions that AMPs may 
have with their target microbes. For instance, before reaching the 
cytoplasmic membrane of bacteria, AMPs must traverse the thick 
peptidoglycan layer of Gram-positive bacteria or, in the case of 
Gram-negative bacteria, a thin peptidoglycan layer and an outer 
membrane containing lipopolysaccharide (Fig. 1). Other potential 
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modifiers of AMP action on bacteria are the presence of membrane 
proteins, lipid domains, bilayer asymmetry, and other complexities 
of cell envelope composition and organization not reflected by the 
one- or two-component lipid systems typically used in biophysical 
studies. It is important to consider AMP interactions with non-
lipidic cell components, both from the point of view obtaining a 
more comprehensive understanding of how AMPs function and 
for the optimization of effective drugs based on AMPs.

In order to assess the effect that non-lipidic cell components 
have on AMP-membrane interactions in bacteria, our group and 
others have developed methods to apply deuterium solid-state NMR 
methods to intact, deuterium-labeled bacteria [1–4]. We have intro-
duced deuterated acyl chains into the cell envelope lipids via two 
main strategies, and, as of now, we have applied each strategy to two 
strains of bacteria (summarized in Table 1). The first strategy was 
pioneered in our group [1, 5] and employs mutated bacteria grown 
in media with deuterated palmitic acid. The mutations affect fatty 

Fig. 1 Schematic view of Gram-negative and Gram-positive bacterial cell envelopes

Table 1 
Summary of bacteria and labeling strategies employed

Strain Type Function of mutation(s) 2H-labeling pattern

Mutated 
bacteria

K1060 (CGSC#: 
5040)

Gram 
negative

Cannot synthesize or degrade 
unsaturated fatty acids

Unsaturated acyl 
chains

LA8 [1] Gram 
negative

No fatty acid synthesis or 
metabolism

Saturated acyl 
chains

Unmutated 
bacteria

JM109 (CGSC#: 
8267)

Gram 
negative

– Saturated lipid acyl 
chains

B. subtilis 
(ATCC#: 
E6051)

Gram 
positive

– Saturated lipid acyl 
chains

Nury P. Santisteban et al.
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acid synthesis and/or metabolism and are employed with a view to 
increasing the fraction of lipids in the cell membrane that are deuter-
ated, while preventing deuteration of non-lipid cell components. 
One mutated strain, referred to as LA8, cannot synthesize (accB 
mutation) or metabolize (fadE mutation) fatty acids [1]. The other 
mutated strain, K1060, cannot synthesize or degrade fatty acids that 
are unsaturated [6]. The second strategy we use is a modified ver-
sion of the protocol established by the Marcotte group [2]. It 
employs nonmutated bacteria and achieves the desired deuteron 
labeling by incorporating deuterated palmitic acid into dodecy-
lphosphocholine (DPC) micelles and adding these to the bacterial 
growth media. The use of DPC is expected to increase the uptake of 
the deuterated palmitic acid by the bacteria. In this work, the main 
alteration to the protocol described by Tardy-Laporte and cowork-
ers [2] is the addition of oleic acid to the growth media in our 
protocol.

2  Materials

All bacterial strains are stored at −80 °C in 1 mL aliquots of 50:50 
glycerol: growth medium. E. coli LA8, starting with the L8 strain 
of bacteria (GCSC #5637), E. coli K1060 bacteria (CGSC #5040).

	 1.	E. coli JM109 bacteria (CGSG #8267).
	 2.	Bacillus subtilis (B. subtilis) bacteria (ATCC # E6051).
	 3.	Antimicrobial peptide MSI-78.

	 1.	5  mg/mL ferrous sulfate (FeSO4 · 7H2O) stock: 100  mg of 
FeSO4 · 7H2O is dissolved in 20 mL of 95 % ethanol in a 50 mL 
Falcon tube, mix until the solution is clear, and store at −20 °C.

	 2.	200 mg/mL casamino acid stock: Dissolve 9 g of casamino 
acids in 45 mL of deionized water in a 50 mL Falcon tube; mix 
until the solution is clear, using a 20 mL syringe; pass the solu-
tion through a 0.2 μm filter unit in a new 50 mL Falcon tube; 
and store at −20 °C.

	 3.	7.25 mg/mL deuterated palmitic acid (PA-d31) stock: Dissolve 
0.3 g of hexadecanoic-d31 acid in 41.4 mL of 95 % ethanol in a 
50 mL Falcon tube, mix, and store as described above.

	 4.	63.85 mg/mL oleic acid stock: Dissolve 2 g of oleic acid in 
31.32 mL of 95 % ethanol in a 50 mL Falcon tube, mix, and 
store as described above.

	 5.	7.14 mg/mL deuterated oleic acid (OA-d34) stock: Dissolve 
250 mg of deuterated oleic acid in 35 mL of 95 % ethanol in a 
50 mL Falcon tube, mix, and store as explained above.

2.1  Bacterial Strains 
and Peptide

2.2  Stocks 
for Making Up Media

Whole Cell NMR of MSI-78 Treated Bacteria
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	 6.	56 mg/mL n-dodecylphosphocholine (DPC) stock: Dissolve 
560 mg of DPC in 10 mL of 95 % ethanol in a 50 mL Falcon 
tube, mix, and store as explained above.

	 7.	1 mg/mL thiamine stock: 20 mg of thiamine is dissolved in 
20 mL of deionized water in a 50 mL Falcon tube, mix, filter, 
and store as explained above.

	 8.	50 mg/mL Brij-58 stock: Dissolve 2.25 g of Brij-58 in 45 mL 
of deionized water in a 50 mL Falcon tube, mix, filter, and 
store as explained above.

	 9.	30 mg/mL kanamycin stock: Dissolve 600 mg of kanamycin 
in 20 mL deionized water in a 50 mL Falcon tube, mix, filter, 
and store as explained above.

	 1.	Medium 63  – 13.6  g/L KH2PO4, 2.0  g/L (NH4)2SO4, 
0.2  g/L MgSO4 · 7H2O, 0.5  mg/L FeSO4 · 7H2O, 4.0  g/L 
glycerol, pH 7.0, prepared as follows: 13.6  g of potassium 
phosphate monobasic (KH2PO4), 2  g of ammonium sulfate 
(NH4)2SO4, 200  mg of magnesium sulfate heptahydrate 
(MgSO4 · 7H2O), 4 g of glycerol, and 100 μL of the 5 mg/mL 
FeSO4 · 7H2O stock are dissolved in 800  mL of deionized 
water, pH 7.0

	 2.	pH is adjusted to 7.0 using NaOH (see Note 1).
	 3.	Adjust volume to 1 L.
	 4.	400 mL of the mixture (800 mL total) is placed in each of two 

4  L flasks (one for each of two experiments). Each flask is 
closed with a sponge plug and foil. The remaining volume of 
the mixture is placed in a 500 mL media storage bottle.

	 5.	The medium is autoclaved and stored at room temperature. 
The two 4 L flasks are each used for one experiment, and the 
remaining volume is used for growth of overnight culture and 
for the washing of cells.

	 1.	LB medium – 10 g/L tryptone, 5 g/L NaCl, and 5 g/L yeast 
extract prepared as follows: 10  g of tryptone, 5  g of yeast 
extract, and 5 g of NaCl are dissolved in 900 mL of distilled 
water.

	 2.	Adjust volume to 1 L.
	 3.	Repeat Subheading 2.3, items 4 and 5.

	 1.	2XYT medium – 16 g/L tryptone, 5 g/L NaCl, and 10 g/L 
yeast extract prepared as follows: 16  g of tryptone, 10  g of 
yeast extract, and 5 g of NaCl are dissolved in 900 mL of dis-
tilled water.

	 2.	Adjust volume to 1 L.
	 3.	Repeat Subheading 2.3, items 4 and 5.

2.3  Culture Media: 
Medium 63

2.4  LB Medium

2.5  2XYT Medium

Nury P. Santisteban et al.
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3  Methods

	 1.	100  mL of medium 63 contained in a 500  mL Erlenmeyer 
flask is enriched with 100 μL of the 1 mg/mL thiamine stock, 
1.5 mL of the 200 mg/mL casamino acid stock, 100 μL of the 
30 mg/mL kanamycin stock, 2 mL of the 50 mg/mL Brij-58 
stock, and 700 μL of the 7.14 mg/mL deuterated oleic acid 
stock.

	 2.	The flask with the medium is placed in a 37  °C shaking 
incubator.

	 3.	When the medium equilibrates to the incubator’s temperature, 
a 1 mL aliquot of 50:50 glycerol: growth medium containing 
K1060 is added to the medium and the shaking incubator is 
set at 150 rpm.

	 4.	Check the culture’s absorbance at 600 nm (A600) every 45 min 
using the same media for the blank until A600 ≈ 2.0 is reached.

	 5.	To harvest, the cell culture is transferred into two 50  mL 
Falcon tubes and centrifuged at 2590 × g, 4  °C for 10  min. 
Then, the cells are washed twice with 20 mL of cold medium 
63 containing 0.1 % Brij-58 and centrifuged as before.

	 6.	Finally, the pellet is removed from the centrifuge vessel using a 
clean spatula and placed in a 400 μL, 8 mm diameter, NMR 
sample tube which is closed with a Teflon stopper. The NMR 
tube top is wrapped with Teflon tape to avoid leakage.

	 1.	In a 50 mL Falcon tube, 10 mL of medium 63 at room tem-
perature is enriched with 10  μL of the 1  mg/mL thiamine 
stock, 150 μL of the 200 mg/mL casamino acids stock, and 
10 μL of the 30 mg/mL kanamycin stock.

	 2.	Then, the enriched medium is inoculated with 50 μL of E. coli 
LA8 and incubated overnight.

	 3.	All overnight cultures are incubated at 30 °C with a shaking 
speed of 150 rpm. The end of this step is indicated by clouding 
of the solution.

	 4.	400 mL of medium 63 contained in a 4 L flask is enriched with 
400 μL of the 1 mg/mL thiamine stock, 6 mL of the 200 mg/
mL casamino acids stock, 400 μL of the 30 mg/mL kanamycin 
stock, 8 mL of the 50 mg/mL Brij-58 stock, 2.78 mL of the 
7.14 mg/mL deuterated palmitic acid stock, and 313 μL of 
the 63.85 mg/mL oleic acid stock.

	 5.	The flask with the medium is placed in a 37 °C incubator and 
once equilibrated, 4 mL of the overnight culture is added, and 
the media is incubated at 37  °C with a shaking speed of 
150 rpm.

3.1  E. coli Mutant 
K1060 Labeled 
with Deuterated 
Unsaturated Chains

3.2  E. coli Mutant 
LA8 Labeled 
with Deuterated 
Saturated Chains

Whole Cell NMR of MSI-78 Treated Bacteria
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	 6.	Check the culture’s absorbance at 600 nm (A600) every ~45 min 
using the same media for the blank until A600 = 0.6–1.0.

	 7.	To harvest, the cells are centrifuged at 4  °C for 10  min at 
4100 × g. The resulting pellet should have a whitish color and 
be adhered to the centrifuge vessel wall.

	 8.	Add 60 mL of cold medium 63 to the centrifuge vessel with 
the pellet, shake gently by the hand for 30 s, and then discard. 
The pellet should remain adhered to the centrifuge bottle wall 
(see Note 2).

	 9.	Finally, the pellet is removed from the centrifuge vessel using a 
clean spatula and placed in the NMR sample tube as described 
above. The NMR tube top is wrapped with Teflon tape to 
avoid leakage.

	 1.	Prepare 0.25  mM oleic acid encapsulated in 1  mM DPC 
micelles:

	 2.	In a 50 mL Falcon tube, mix 442.4 μL of the 63.85 mg/mL 
oleic acid stock, 2.5 mL of the 56 mg/mL DPC stock, and 
7.058 mL of distilled water.

	 3.	Using a 10 mL syringe, pass the solution through a 0.2 μm 
filter unit into a new 50 mL Falcon tube.

	 4.	The tube with the mixture is placed in a water bath at 95 °C 
for 2 min and then submerged in liquid nitrogen for 2 min (see 
Note 3).

	 5.	Finally, the tube is warmed in a water bath at room tempera-
ture (see Note 4).

	 6.	The solution is used immediately.
	 7.	To prepare 0.05 mM oleic acid encapsulated in 0.2 mM DPC 

micelles:
	 8.	In a 50 mL Falcon tube, mix 88.5 μL of the 63.85 mg/mL 

oleic acid stock, 500 μL of the 56 mg/mL DPC stock, and 
9.412 mL of distilled water.

	 9.	Repeat steps 2–5.
	10.	To prepare 0.25 mM of deuterated palmitic acid encapsulated 

in 1 mM DPC micelles.
	11.	In a 50 mL Falcon tube, mix 3.97 mL of the 7.248 mg/mL 

PA-d31 stock, 140 mg of DPC, and 6.03 mL of distilled water.
	12.	Repeat steps 2–5.
	13.	To prepare 0.05 mM of deuterated palmitic acid encapsulated 

in 0.2 mM DPC micelles: In a 50 mL Falcon tube, mix 794 μL 
of the 7.25 mg/mL PA-d31 stock, 500 μL of the 56 mg/mL 
DPC stock, and 8.706 mL of distilled water.

	14.	Repeat steps 2–5.

3.3  Non-mutated E. 
coli JM109 Labeled 
with Deuterated Acid 
Chains

Nury P. Santisteban et al.
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	 1.	In a 50  mL Falcon tube, 10  mL of LB medium at room 
temperature is inoculated with a 1 mL aliquot of 50:50 glyc-
erol: growth medium containing E. coli JM109. Grow over-
night as detailed in Subheading 3.2, step 3.

	 2.	A 4 L flask with 400 mL of LB medium enriched with the 
(0.25  mM/1  mM) oleic acid-DPC and (0.25  mM/1  mM) 
PA-d31-DPC micelle solutions preheated at 37  °C is inocu-
lated with 4 mL of the overnight culture and placed in a 37 °C 
incubator with a shaking speed of 150 rpm (see Note 5).

	 3.	Repeat Subheading 3.2, steps 6–8.
	 4.	Add 60 mL of cold LB medium to the centrifuge vessel with 

the pellet, shake gently by the hand for 30 s, and then discard. 
The pellet should remain adhered to the centrifuge bottle wall 
(see Note 2).

	 5.	Repeat Subheading 3.2, step 9.

	 1.	In a 50 mL Falcon tube, 10 mL of 2×YT medium at room 
temperature is inoculated with a 1 mL aliquot of 50:50 glyc-
erol: growth medium containing B. subtilis. Grow overnight as 
detailed in Subheading 3.2, step 3.

	 2.	A 4 L flask with 400 mL of 2×YT medium enriched with the 
(0.05 mM/0.2 mM) oleic acid-DPC and (0.05 mM/0.2 mM) 
PA-d31-DPC micelle solutions at 37  °C is inoculated with 
4 mL of the overnight culture and placed in a 37 °C incubator 
with a shaking speed of 150 rpm. Note that this is a smaller 
concentration of oleic acid-DPC and PA/DPC than is used for 
E. coli (see Notes 5 and 6).

	 3.	Repeat Subheading 3.2, step 6.
	 4.	To harvest, the cells are centrifuged at 5670 × g, 4  °C for 

10 min (see Note 7). The resulting pellet should have a whitish 
color and be adhered to the centrifuge vessel wall.

	 5.	Add 60 mL of cold 2×YT medium to the centrifuge vessel with 
the pellet, shake gently by the hand for 30 s, and then discard. 
The pellet should remain adhered to the centrifuge bottle wall 
(see Note 2).

	 6.	Repeat Subheading 3.2, step 9.

Once the bacteria with deuterated lipid chains have been prepared, 
the protocol to treat them with antimicrobial peptide is the same 
regardless of the protocol followed for preparing the bacteria to 
this point:

	 1.	The desired mass of AMP is calculated as a percentage of the dry 
weight of the cells, which could be found using the relation 
described below in step 4. The peptide is weighed and added to 

3.4  Non-mutated E. 
coli JM109 Labeled 
with Deuterated Acid 
Chains

3.5  Non-mutated B. 
subtilis Labeled 
with Deuterated Acid 
Chains

3.6  Treating 
2H-Labeled Bacteria 
with Antimicrobial 
Peptide

Whole Cell NMR of MSI-78 Treated Bacteria
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60 mL of growth media (medium 63 for K1060 and LA8, LB 
for JM109, and 2×YT for B. subtilis) precooled to 4 °C.

	 2.	The media + AMP is added to the centrifuge tube containing 
the deuterated bacterial cell pellet after harvest centrifugation 
(see Subheading 3.1, step 5 for K1060, Subheading 3.2, step 
8 for LA8, and JM109 and Subheading 3.4, step 4 for B. sub­
tilis). Scrape the pellet with a spatula and put the centrifuge 
tube with the loosened pellet in an orbital shaker at 200 rpm 
for 20 min at room temperature. The pellet should be com-
pletely solubilized in the medium.

	 3.	Centrifuge at 4100 × g (2590 × g in the K1060 case or 5670 × g 
in the B. subtilis case), 4 °C for 10 min. Remove excess medium 
and, using a spatula, transfer the resulting pellet into the NMR 
sample tube as described above. The NMR tube top is wrapped 
with Teflon tape to avoid leakage.

	 4.	Determining the bacterial dry weight: The goal of this proce-
dure is to establish a relationship between the bacterial cul-
ture’s absorbance and the final pellet dry weight. This is useful 
to allow the appropriate amount of AMP to be added as a 
function of the bacteria dry weight.

	 5.	Grow ~10 small cultures of bacteria exactly as for the NMR 
samples above (see Subheading 3.2). Harvest each at different 
time point of the exponential growth phase (see Note 8). The 
absorbance range selected should match the absorbance range 
normally used for harvesting cells for NMR studies. For exam-
ple, in the protocols provided above, the target absorbances 
are A600 ~ 2.0 for E. coli K1060 and A600 = 0.6–1.0 for JM109, 
LA8, and B. subtilis.

	 6.	Each resulting pellet is dissolved in 20 mL of the appropriate 
cold media for 20  min. Media + cells are centrifuged at the 
same conditions explained in Subheading 3.1, step 5.

	 7.	Pellets are removed from the centrifuge tube using a clean 
spatula and placed in a pre-weighed vessel, which is then placed 
in a vacuum chamber for 48 h.

	 8.	The vessels containing dry pellet are reweighed and the bacte-
rial dry weight is obtained by subtracting the weight of the 
vessel from the weight of the vessel + dry bacteria.

	 9.	At this point, an exponential relationship is expected between 
the absorbance at 600 nm and the cell dry weight. A plot of ln 
(dry weight) versus A600 should give a straight line as shown in 
Fig. 2. This relationship can be used to calculate the appropri-
ate amount of AMP to be added to the bacteria for NMR 
experiments, using the absorbance measured just before the 
cells are harvested. For example, if the absorbance of a JM109 
culture is 0.75, the dry weight of the pellet is (200 + 20) mg 
(see Notes 9 and 10).

Nury P. Santisteban et al.
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	 1.	The sample as prepared in Subheadings 3.1–3.6 is placed on 
ice and transported to the location of a wideline deuterium 
(2H) nuclear magnetic resonance (NMR) spectrometer. The 
wideline 2H NMR spectrometer used for this work was assem-
bled in-house. The 2H frequency for this system is 61.4 MHz. 
A 10 mm diameter transverse sample coil is contained within a 
copper oven on the NMR probe. The oven temperature is con-
trolled by a Lakeshore Cryogenics Model 325 temperature 
controller.

	 2.	The spectrometer frequency is set in advance of the experiment 
using a sample with similar dielectric properties but a stronger 
2H NMR signal.

	 3.	The probe oven is preheated to 37 °C prior to insertion of the 
sample in the probe coil.

	 4.	NMR data acquisition is started as soon as possible after inser-
tion of the sample in the probe.

	 5.	With the sample in place and equilibrated, probe tuning and 
matching are quickly performed, after which the NMR experi-
ment is started immediately.

	 6.	Time domain quadrupole echo signals are acquired using a 
quadrupole echo pulse sequence (π/2-τ -π/2-acq) [7] with a 
30 μs pulse separation, a 5 μs π/2 pulse duration, and a 900 ms 
recycling delay.

	 7.	For the acquisition of each transient, 8192 points in each of 
the real and imaginary channels are digitized with a dwell time 
of 1 μs. This results in oversampling [8] by a factor of 4 relative 
to the dwell time required to achieve the desired spectral width 
of 250 kHz.

3.7  NMR Acquisition

Fig. 2 ln (dry weight (mg)) cells vs. A600 for JM109. A linear regression was per-
formed to obtain the relation shown in the graph

Whole Cell NMR of MSI-78 Treated Bacteria
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	 8.	Transients are averaged in four sequential blocks of 8000 scans 
(acquisition time ~2 h) and processed separately to monitor for 
time-dependent changes in the spectral shape.

	 9.	Assuming no major changes in spectral shape occurs over the 
8 h acquisition, the 32,000 transients are added together and 
processed.

	10.	If necessary, a baseline correction and a phase shift are applied 
to the acquired quadrupole echo to minimize signal in the 
imaginary channel.

	11.	The echo is contracted [8] by a factor of 4 to give an effective 
dwell time of 4 μs and the echo peak is symmetrized [8, 9], and 
points preceding the echo peak are discarded to leave a free 
induction decay (FID) which is zero-filled to 4096 points.

	12.	The FID is Fourier transformed to obtain the 2H spectrum 
which is then baseline corrected and, if necessary, phase 
corrected.

Samples of processed spectra for the four bacterial strains examined 
in this work are shown in Fig. 3. In the absence of AMP, the spec-
tra of all the saturated chain-labeled bacteria (Fig. 3b–d) are unre-
solved superpositions of Pake doublet powder patterns characteristic 
of axially symmetric reorientation of each chain segment about the 
bilayer normal. The prominent shoulders near ± 12  kHz corre-
spond to deuterated segments near the headgroup end of the chain 
(the plateau region) where reorientation is most constrained. 
Segments closer to the bilayer center reorient more freely and con-
tribute spectral components with smaller quadrupole splittings. 
The prominent doublet with the smallest splitting corresponds to 
deuterated methyl groups at the ends of the deuterated acyl chains. 
When the unsaturated chain is deuterated (panel A), the spectra 
display more intensity near the center of the spectrum, as expected 
given that unsaturated chains are more disordered than saturated 
chains. The strong peak in the center most likely arises from natu-
rally occurring deuterated water although rapid isotropic reorien-
tation of small particle containing deuterated components can also 
yield a narrow central peak.

The exact growth protocol used can have a large effect on the 
NMR spectra and thus care must be taken to keep the details of the 
preparation protocol the same when comparing the results with 
and without AMP. For example, K1060 cells grown with casamino 
acids produce a very different spectrum than K1060 cells grown 
without casamino acids (Fig. 3a). Spectra of E. coli prepared from 
a mutated strain grown with added palmitic and oleic acid (Fig. 3b) 
are quite different than those from unmutated E. coli grown with 
DPC-encapsulated palmitic and oleic acid (Fig. 3c). The spectra in 
Fig. 3c have a component with a large splitting, corresponding to 
deuterons in very rigid structures.

3.8  NMR Analysis: 
Expected Results

Nury P. Santisteban et al.
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When treated with AMP (Fig. 3b, c), the intensity at larger 
splittings decreases and the intensity at smaller splittings increases. 
This reflects an AMP-induced decrease in acyl chain order corre-
sponding to membrane disruption or perturbation resulting from 
interaction with the AMP.

There are a variety of parameters that can be calculated from 
the 2H spectra in order to quantify and compare the experimental 
results [9]. Possible computed parameters include the first spectral 
moment, M1; the second spectral moment, M2; and the fractional 
mean squared width of the distribution of quadrupole splittings, 
Δ2. The nth moment of the spectra is defined as:
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Fig. 3 Solid-state 2H NMR spectra of 2H-membrane-enriched bacteria. (a) 2H-enriched K1060 E. coli  
grown with and without casamino acids in their growth media. Each spectrum represents 24,000 scans.  
(b) 2H-enriched LA8 E. coli with and without the AMP MSI-78. Each spectrum represents 32,000 scans.  
(c) 2H-enriched JM109 bacteria with and without the AMP MSI-78. Each spectrum represents 32,000  
scans. (d) 2H-enriched Bacillus subtilis. The spectrum represents 32,000 scans. All spectra were acquired at 
37°C in a 9.4 T in-house-assembled wideline deuterium NMR spectrometer. Gray vertical lines at ±15 kHz are 
included to facilitate comparison of the spectra from panel to panel. Panels (b) and (c) include data replotted 
with permission from Pius, 2012 [5]
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where ω is the angular frequency with respect to the Larmor 
angular frequency ω0, f(ω) is the spectrum intensity at ω frequency, 
and the integral is over positive ω in order to allow for the defini-
tion of odd moments. The first moment (M1) is proportional to 
the average quadrupole spitting of deuterons contributing to the 
spectrum and thus to the average orientational order parameter of 
CD bonds on the deuterated acyl chain.

To calculate the first moment, it is necessary to select the area 
of the spectrum over which to do the integration. The integration 
region should cover, and be limited to, the range of positive fre-
quencies (i.e., frequencies to the right of the spectral center) over 
which there is spectral intensity.

For chains undergoing axially symmetric reorientation, the 
upper limit of integration must be at least twice the frequency of 
the prominent spectral edges corresponding to the plateau deu
terons. A segment of baseline (typically 100 points) beyond the 
integration limit is averaged to determine a baseline value for the 
integration. Any unsplit central peak corresponding to naturally 
deuterated water or small isotropically reorienting particles (typi-
cally within 0.7 kHz of the spectral center) is excluded from the 
integral by extending the intensity at the edge of that region into 
the spectral center before integration. Table 2 shows values of M1 
for all the spectra shown in Fig. 3.

4  Notes

	 1.	Given the amount of NaOH needed to adjust the pH, we use 
a 5 M NaOH solution.

	 2.	Before discarding the medium in the bottle, check that the 
pellet is still adhered to the vessel bottle. In case that the pellet 

Table 2 
First moments M1 for different bacteria strains in the presence and 
absence of AMP

Bacterial strain M1 × 104 (s−1) Details

K1060 3.28 Grown without casamino acids 
(untreated)

3.39 Grown with casamino acids 
(untreated)

LA8 4.84 (untreated)
3.58 Treated with 30 % MSI-78

JM109 10.03 (untreated)
8.3 Treated with 17 % MSI-78

B. subtilis 4.88 (Untreated)
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is loose, an extra centrifugation step with the same conditions 
can be used to separate the medium from the bacterial cells.

	 3.	Submerging ~¾ of the 50 mL Falcon is enough to cool the 
mixture and allows the Falcon to be held in the hand.

	 4.	At the end of this step, lipid crystal will be observed in the 
crystalline solution for a brief moment.

	 5.	A change in the oleic acids concentration will affect the fluidity 
of the bacterial membrane and consequently the moment 
values. It is advisable not to change the concentration between 
experiments if a comparison is to be made.

	 6.	The amount of oleic acid and PA-d31 encapsulated in DPC 
micelles used to label the B. subtilis cell envelope was reduced 
to 20 % of the amount used with E. coli JM109. The reduction 
was necessary to optimize B. subtilis cell growth.

	 7.	This temperature is important to obtain a good pellet to work 
with. The time and speed could be increased in order to allow 
a separation between the cells and the medium.

	 8.	Time calculation is very important in this experiment. Because 
E. coli takes approximately 20 min to duplicate and B. subtilis 
30 min, it is not advisable to start all cultures at the same time.

	 9.	It is highly advisable to calculate the approximate amount of 
peptide needed for one experiment because the amount of 
peptide needed to perform one experiment is large in compari-
son with model lipid experiments.

	10.	It is highly recommended that the cells be harvested at an 
absorbance of approximately 0.6 because the culture should be 
in the exponential growth phase and the amount of peptide 
needed increases exponentially with the absorbance.
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Chapter 16

Preparation of Membrane Models of Gram-Negative 
Bacteria and Their Interaction with Antimicrobial  
Peptides Studied by CD and NMR

Rickey Hicks

Abstract

The antibiotic activity of antimicrobial peptides is generally derived via some type of disruption of the cell 
membrane(s). The most common models used to mimic the properties of bacterial membranes consist of 
mixtures of various zwitterionic and anionic phospholipids. This approach works reasonably well for Gram-
positive bacteria. However, since the membranes of Gram-negative bacteria contain lipopolysaccharides, as 
well as zwitterionic and anionic phospholipids, a more complex model is required to simulate the outer 
membrane of Gram-negative bacteria. Herein we present a protocol for the preparation of models of 
the outer membranes of the Gram-negative bacteria Klebsiella pneumoniae and Pseudomonas aeruginosa. 
This protocol can be used to prepare models of other Gram-negative bacteria provided the strain-specific 
lipopolysaccharides are available.

Key words Gram-negative bacteria membrane models, Phospholipids, Lipopolysaccharides, Circular 
dichroism, Nuclear magnetic resonance, Klebsiella pneumoniae, Pseudomonas aeruginosa

1  Introduction

Mechanistically the bactericidal activity of an antimicrobial peptide 
(AMP) is generally the result of the disruption of the cell membrane(s) 
resulting in lysis, thus causing cell death [1, 2]. In an effort to under-
stand the mechanism(s) of membrane disruption, structure-activity 
relationship studies have been conducted using various combina-
tions of zwitterionic and anionic phospholipids as simple models for 
bacterial membranes [3–6]. Bhunia and co-workers [7] have 
observed the protocol of employing various compositions of zwit-
terionic and anionic phospholipids as simple models for bacterial 
membranes [3–6] is relatively effective for the single phospholipid 
membrane found in Gram-positive bacteria. However, this approach 
fails to accurately model AMP interactions with Gram-negative bac-
teria since they contain two cell membranes of very different chemi-
cal compositions [7]. The outer leaflet of the outer membrane of 

Paul R. Hansen (ed.), Antimicrobial Peptides: Methods and Protocols, Methods in Molecular Biology, vol. 1548,
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Gram-negative bacteria contains a very high concentration of lipo-
polysaccharides (LPSs) [8–10]. LPS molecules are highly negatively 
charged and function as a semipermeable membrane that modulates 
the transport of a variety of molecules across the membrane [11–
14]. The differences in the chemical compositions of the membranes 
result in very different physicochemical surface properties for the 
membranes of Gram-negative bacteria compared to those of Gram-
positive bacteria. It is the interactions that occur between the physi-
cochemical properties of the membrane and the AMP that determine 
the mechanism and extent of membrane disruption.

LPSs consist of three major subcomponents [11, 15, 16]. A poly-
saccharide, referred to as the O-antigen, is the outermost component, 
the chemical composition of which varies as a function of the bacterial 
strain. The second component consists of the core oligosaccharide, 
the chemical composition of which also varies as a function of the 
bacterial strain. The inner component is the highly conserved lipid A, 
which consists of a polyacylated glucosamine-based bis-phospholipid. 
In order to design AMPs with increased antibacterial activity against 
Gram-negative bacteria, it is just as important to understand the phys-
icochemical interactions that occur between an AMP and LPS as it is 
to understand the physicochemical interactions that occur between 
the AMP and the phospholipid components of the cell [7, 8, 15].

Figure 1 is a cartoon representation [3, 7, 8, 11, 15, 17–25] 
depicting many of the complex equilibria that exist during the 

Fig. 1 A cartoon representation depicting many of the complex equilibria that exist during the multistep binding 
to, and the disruption of, the membranes of Gram-negative bacteria by AMPs
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multistep binding to, and the disruption of, the membranes of 
Gram-negative bacteria by AMPs. It is very difficult to simulate 
each of these steps individually. Small unilamellar vesicles (SUVs) 
consisting of bacteria-specific LPS can be used to investigate the 
movement of the AMP thru the outer leaflet of the outer mem-
brane (Fig. 1, steps 1–3). Here we present a protocol for studying 
membrane models of Gram-negative bacteria and their interaction 
with antimicrobial peptides studied by CD and NMR.

2  Materials

	 1.	K2HPO4.
	 2.	KH2PO4.
	 3.	Sodium acetate-d3.
	 4.	D2O.
	 5.	1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC).
	 6.	1-Hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3-phospho-

(1′-rac-glycerol) (POPG).
	 7.	1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine 

(POPE).
	 8.	Lipopolysaccharide isolated from Pseudomonas aeruginosa.
	 9.	Lipopolysaccharide isolated from Klebsiella pneumoniae.
	10.	Titanium-tip ultra-sonicator.
	11.	Sonicator.
	12.	CD spectrometer.
	13.	NMR spectrometer.

	 1.	40  mM potassium phosphate buffer: Dissolve 34.84  g of 
K2HPO4 (MW = 174.18 g/mol) in 500 mL of distilled water 
yielding a 0.4  M solution of K2HPO4; dissolve 27.22  g of 
KH2PO4 (MW = 136.09 g/mol) in 500 mL of distilled water 
yielding a 0.4 M solution of KH2PO4; take 49.7 mL of 0.4 M 
K2HPO4, add to 50.3 mL of 0.4 M KH2PO4, and dilute to a 
final volume of 1.0 L with distilled water to yield a 40 mM 
potassium phosphate buffer, pH = 6.8; and final pH is con-
firmed with a pH meter and adjusted as needed.

	 2.	150  mM perdeuterated sodium acetate buffer: Dissolve 
12.75 mg of sodium acetate-d3 in 10 mL of D2O, and titrate 
with acetic acid-d3 to a pH = 5.64 using a pH meter.

	 3.	2 mg/mL peptide stock solutions: The peptide solutions were 
prepared weighing approximately 2 mg of peptide dissolved in 
1.0 mL of phosphate buffer. The peptides used in this study 
are shown in Table 1.

2.1  Chemicals 
and Apparatus

2.2  Preparation 
of Buffer

Models of Gram-Negative Bacteria and Their Interaction with AMPs
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	 1.	75%POPC/5%POPG/20 % POPE SUV: Dry powder mix-
tures of a 5 mg sample of the lipopolysaccharide isolated from 
Klebsiella pneumoniae are mixed with 9.84  mg of POPC, 
0.68 mg of POPG, and 2.53 mg of POPE yielding a lipid com-
position of 75%POPC/5%POPG/20 % POPE; hydrate with 
2 mL of buffer (40 mM sodium phosphate, pH = 6.8) and vor-
tex to yield a milky suspension; SUVs are prepared by sonica-
tion of the suspension in an ice bath for approximately 40 min 
until the solution became transparent using a titanium-tip 
ultra-sonicator (see Note 1); centrifugation (8800 rev./min for 
10  min using an Eppendorf tabletop centrifuge) is used to 
remove any titanium debris (see Note 2) resulting from sonica-
tion [26]. A similar procedure was used by Matsuzaki and co-
workers to prepare LPS-POPC SUVs [23].

	 2.	59%POPC/21%POPG/20 % POPE SUV: Dry powder mix-
tures of a 5.07 mg sample of the lipopolysaccharide isolated 
from Pseudomonas aeruginosa are mixed with 7.66  mg of 
POPC, 2.79 mg of POPG, and 2.52 mg of POPE yielding a 
lipid composition of 59%POPC/21%POPG/20 % POPE; 
hydrate with 2  mL of buffer (40  mM sodium phosphate, 
pH = 6.8) and vortex to yield a milky suspension; SUVs are pre-
pared by sonication of the suspension in an ice bath for approxi-
mately 40 min until the solution became transparent using a 
titanium-tip ultra-sonicator (see Note 1). Centrifugation (8800 
rev./min for 10 min using an Eppendorf tabletop centrifuge) is 
used to remove any titanium debris (see Note 2) resulting from 
sonication [26]. A similar procedure was used by Matsuzaki 
and co-workers to prepare LPS-POPC SUVs [23].

2.3  LPS-Mixed 
Phospholipid SUVs

Table 1 
Amino acid sequences of the Tic-Oic containing AMPs referenced in this study

Comp 
# Amino acid sequence

23 Ac-Gly-Phe-Tic-Oic-Gly-Lys-Tic-Oic- Gly-Phe -Tic-Oic- Gly-Lys -Tic-Lys-Lys-Lys-Lys-NH2

43 Ac- Gly-Phe -Tic-Oic-Gly-Orn-Tic-Oic- Gly-Phe 
-Tic-Oic-Gly-Orn-Tic-Orn-Orn-Orn-Orn-NH2

53 Ac- Gly-Phe -Tic-Oic-Gly-Dab-Tic-Oic- Gly-Phe 
-Tic-Oic-Gly-Dab-Tic-Dab-Dab-Dab-Dab-NH2

Tic: tetrahydro-isoquinoline-3-carboxylic acid
Oic: cis-octahydroindole-2-carboxylic acid
Dab: l-2,4-diaminobutyric acid
Orn: l-ornithine
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35 mM POPC, POPG, and POPE SUV: The appropriate amount 
of dry POPC, POPG, and POPE is weighed out to yield a final 
lipid concentration of 35 mM with the desired percentage of each 
phospholipid; hydrate with 2 mL of buffer (40 mM sodium phos-
phate, pH = 6.8) and vortex to yield a milky suspension; SUVs are 
prepared by sonication of the suspension in an ice bath for approxi-
mately 40  min until the solution became transparent using a 
titanium-tip ultra-sonicator (see Note 1); centrifugation (8800 
rev./min for 10 min using an Eppendorf tabletop centrifuge) is 
used to remove any titanium debris (see Note 2) resulting from 
sonication [26]. Final lipid concentration used for CD studies was 
3.5 mM.

	 1.	LPS from Klebsiella pneumoniae SUV: A 4 mg sample of the 
lipopolysaccharide isolated from Klebsiella pneumoniae is 
hydrated with 4  mL of buffer (40  mM sodium phosphate, 
pH = 6.8) and vortexed to yield a milky lipid suspension; SUVs 
are prepared by sonication of the suspension for approximately 
10 min at a temperature of 40 °C, or until the solution became 
transparent [3, 15, 18] using a titanium-tip ultra-sonicator; 
centrifugation (8800 rev./min for 10 min using an Eppendorf 
tabletop centrifuge) is used to remove any titanium debris (see 
Note 2) resulting from sonication.

	 2.	LPS from Pseudomonas aeruginosa SUV: A 4 mg sample of the 
lipopolysaccharide isolated from Pseudomonas aeruginosa was 
hydrated with 4  mL of buffer (40  mM sodium phosphate, 
pH = 6.8) and vortexed to yield a milky lipid suspension; SUVs 
were prepared by sonication of the suspension for approxi-
mately 10 min at a temperature of 40 °C, or until the solution 
became transparent [3, 15, 18] using a titanium-tip ultra-
sonicator; centrifugation (8800 rev./min for 10 min using an 
Eppendorf tabletop centrifuge) was used to remove any tita-
nium debris (see Note 2) resulting from sonication.

3  Methods

CD spectroscopy is very sensitive and is commonly used to monitor 
conformational changes in peptides and proteins [27–29]. LPSs 
can exhibit strong CD spectra and thus requires careful subtraction 
of the LPS background spectrum before meaningful spectra of the 
AMPs bound to the LPS can be obtained [3, 15, 25]. All CD spec-
tra were obtained by acquiring eight scans on a CD spectrometer 
using a 0.1  mm cylindrical quartz cell from 260 to 195  nm at 
20 nm/min, 1 nm bandwidth, data pitch 0.2 nm, response time 
2.0  s, and 5  mdeg sensitivity at room temperature (~25  °C see 
Note 3). Contributions due to liposomes or LPS were eliminated 

2.4  Preparation 
of Mixed POPC/POPE/
POPG SUVs

2.5  Preparation 
of LPS SUVs

3.1  Circular 
Dichroism 
Spectroscopy
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by subtracting the lipid or LPS spectra of the corresponding 
peptide-free solutions (see Note 4). All CD spectra should be 
smoothed (with a means-movement function) using the JASCO 
spectra analysis program before quantitative or qualitative analysis 
is performed (see Note 5) [17, 24, 30].

	 1.	For LPS-lipid SUV studies, 100 μL of stock peptide solution is 
added to 20 μL of stock LPS-lipid solution and 80 μL of phos-
phate buffer.

	 2.	For lipid SUV studies, 100 μL of stock peptide solution was 
added to 20 μL of stock lipid solution and 80 μL of phosphate 
buffer.

	 3.	For LPS liposome studies, 350 μL of stock LPS solution was 
mixed with 50 μL of stock peptide solution.

	 1.	All 1H experiments were conducted on a Bruker Avance III 
400 MHz NMR spectrometer equipped with a 5 mm direct 
observe broadband probe with a Z-gradient.

	 2.	All spectra were collected at a temperature of 298 K. Data was 
collected with a spectral width of 4000 Hz, using 64 K data 
points per scan, 256 fids were collected per experiment.

	 3.	Data was processed using exponential multiplication with a 
line-broadening function of 5 Hz.

	 4.	The 1H spectra were obtained using a 1.0 mg sample of the 
LPS in the presence of 0.1 mg of the AMP (see Notes 6 and 7) 
in 600 μL of a 150 mM perdeuterated sodium acetate buffer at 
a pH of 5.64 in D2O.

	 1.	The CD spectra of three AMPs (23, 43, 53, amino acid 
sequences of these three AMPs are given in Table 1) in the 
presence of SUV consisting of LPS isolated from K. pneu-
moniae (solid lines) and P. aeruginosa (dashed lines) are shown 
in Fig.  2 and will be used to illustrate the type of data and 
information obtainable from these investigations.

All six spectra as expected are different, reflecting the 
chemical differences between the two LPSs. The γmim values 
for all three AMPs are larger in the presence of LPS isolated 
from K. pneumoniae (solid lines) than those observed in the 
presence of P. aeruginosa (dashed lines). This suggests an 
increase in periodicity or structure (see Note 8) of the AMPs 
in the presence of LPS isolated from K. pneumonia. Due to 
amino acid composition of the AMPs (see Note 9) used in 
this investigation, spectral decomposition algorithms to 
determine relative percentages of secondary structures can-
not be employed.

3.2  Nuclear 
Magnetic Resonance 
Spectroscopy

3.3  Data Analysis 
of CD Experiments
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	 2.	Mixed liposomes consisting of the LPS and phospholipids 
(associated with specific bacteria) were used as simple models 
to simulate the transport of an AMP across the outer mem-
brane (Fig. 1, steps 1–5). The CD spectra of three AMPs (23, 
43, 53) in the presence of mixed SUVs consisting of the phos-
pholipids used to model the outer membrane and the LPS iso-
lated from K. pneumoniae (solid lines) and P. aeruginosa 
(dashed lines) (see Notes 10 and 11) are shown in Fig. 3.

The CD spectra of AMP 23 and 53 are different in the 
presence of the mixed SUVs representing the outer membranes 
of K. pneumoniae (solid lines) and P. aeruginosa (dashed lines). 
The γmim values for both AMPs are larger in the presence of the 
mixed SUV containing 21 % POPG (increasing the net positive 
charge of the membrane). This increase in γmim indicates an 
increase in the periodicity (structure) (see Note 8) of the AMPs 
in this environment. This observation suggests that the net 
positive charge of the SUV plays a major role in defining the 
interactions that occur between the AMPs and these two mixed 
SUVs. However, the CD spectra of AMP 43 are very similar in 
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the presence of the mixed SUVs representing the outer mem-
branes of K. pneumoniae (solid lines) and P. aeruginosa (dashed 
lines). This observation suggests that the net positive charge of 
the SUV doesn’t play a major role in defining the interactions 
that occur between AMP 43 and these two mixed SUVs.

	 3.	Step 5 the conformational changes that may occur in the peri-
plasmic space cannot be easily simulated. Steps 6–8 were col-
lectively investigated using the following mixed phospholipid 
liposomes. The CD spectra of three AMPs (23, 43, 53) in the 
presence of SUV consisting of the phospholipids used to  
model the inner membrane of K. pneumoniae (solid lines) and  
P. aeruginosa (dashed lines) are shown in Fig. 4.

All six of the CD spectra are somewhat different. The γmim 
values for AMPs 43 and 53 are larger in the presence of the 
mixed SUV containing 5 % POPG (POPG is a negatively 
charged phospholipid). This increase in γmim indicates an 
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increase in the periodicity (structure) of the AMPs in this envi-
ronment. This observation suggests that the net positive 
charge of the SUV plays a lesser role in defining the interac-
tions that occur between these AMPs and the two mixed 
SUVs. However, the γmim values for AMP 23 are larger in the 
presence of the mixed SUV containing 21 % POPG.  This 
increase in γmim indicates an increase in the periodicity (struc-
ture) of the AMPs in this environment. This observation sug-
gest that the net positive charge of this SUV plays a major role 
in defining the interactions that occur between AMP 23 and 
these two mixed SUVs.

	 1.	1H NMR spectra of the AMP 23 in the presence of LPS iso-
lated from K. pneumonia and P. aeruginosa are used as two 
examples of the types of information that can be obtained from 
these studies. The region in the NMR spectrum between 1.5 
and 0.5 ppm corresponds to the resonances associated with the 
side chain protons of lipid A of LPS.

As shown in Fig. 5, there is a dramatic reduction (67 %) in 
the peak area of the resonances in this region of the 1H spec-
trum of a 1.0 mg sample of LPS isolated from P. aeruginosa in 
the presence of 0.1 mg of AMP 23 (at this low a concentration 
of AMP, no NMR signals corresponding to the AMPs are 
observed) compared to the 1H spectrum of the LPS alone. The 
other regions of the 1H spectrum remain relatively unchanged 
on addition of the AMP. The reduction in peak area indicates a 

3.4  Data Analysis 
of NMR Investigations
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strong binding interaction of this AMP with the lipid A region 
of the LPS isolated from P. aeruginosa. The most likely reason 
for the reduction in 1H signal intensity is an increase in the T1 
relaxation rates of these protons due to structural changes in 
the lipid side chains. Le Guemeve and Auger showed that the 
incorporation of cholesterol into DMPC has an effect on the 
high-frequency vibrations that contribute to T1 relaxation 
inducing longer T1 relaxation. They further explain that cho-
lesterol restricts the high-frequency motions of the acyl chains, 
thus increasing the molecular order of these regions compared 
to the pure lipid bilayer [31].

	 2.	The 1H spectrum of a 1.0 mg sample of the LPS isolated from 
K. pneumoniae in the presence of 0.1 mg of AMP 23 (Fig. 6) 

Fig. 5 There is a dramatic reduction in the peak heights of the resonances in this region of the 1H spectrum 
(right spectrum) of a 1.0 mg sample of LPS isolated from P. aeruginosa in the presence of 0.1 mg of AMP 23 
compared to the 1H spectrum (left spectrum) of the LPS alone. The other regions of the 1H spectrum remain 
relatively unchanged on addition of the AMPs. The reduction in peak area indicates a strong binding interaction 
of these AMPs with the lipid A region of the LPS isolated from P. aeruginosa
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exhibited a reduction (19 %) in peak area as well as changes in 
the observed chemical shifts in the region of 1.8–0.7  ppm 
compared to the 1H spectrum of the LPS alone. The other 
regions of the 1H spectrum remained unchanged on addition 
of this AMP. The reduction in peak area was not as dramatic 
as was observed for LPS isolated from P. aeruginosa. This 
data suggests that AMP 23 in the presence of both LPSs 
exhibits a higher partition coefficient for the lipid A region 
than for the polysaccharide or core oligosaccharide regions of 
the LPS.  This observation is consistent with a proposed 
mechanism of AMP-LPS binding which involves hydropho-
bic interactions between the AMP and the hydrocarbon chain 
region of lipid A [32, 33].

Fig. 6 The 1H spectra (right spectrum) of a 1.0 mg sample of the LPS isolated from K. pneumoniae in the pres-
ence of 0.1 mg of AMP 23 exhibited a reduction in the signal intensity as well as changes in the observed 
chemical shifts in the region of 1.8–0.7 ppm compared to the 1H spectrum (left spectrum) of the LPS alone. 
The other regions of the 1H spectrum remained unchanged on addition of this AMP. The reduction in peak area  
was not as dramatic as was observed for LPS isolated from P. aeruginosa

Models of Gram-Negative Bacteria and Their Interaction with AMPs
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4  Notes

	 1.	During sonication the milky suspension will become a trans-
parent solution with a very light blue color.

	 2.	Centrifugation is required to remove any titanium debris gen-
erated during sonication because these particles will disperse 
light thus increasing the HT values of the observed CD 
spectra.

	 3.	CD spectra that exhibited HT values of greater than 500 
should not be used due to excessive light scattering and/or 
absorption which will distort the true CD spectrum.

	 4.	LPS on its own can exhibit a strong CD spectrum which 
requires careful subtraction of the LPS background CD spec-
trum to yield meaningful spectra of the AMPs bound to LPS 
[3, 15, 25].

	 5.	Care must be taken not to over-smooth the spectrum, which 
would result in the lost of spectral features.

	 6.	Peptide concentrations higher than 0.1 mg in the presence of 
1.0 mg/mL sample of the LPS in 600 μL of a 150 mM per-
deuterated sodium acetate buffer at a pH of 5.64 in D2O can 
cause precipitation of the peptide-LPS complex.

	 7.	Peptide concentrations of 0.1  mg resulted in NMR signals 
which were difficult to observe in the presence of the much 
more intense NMR signals derived from the 1.0 mg/mL sam-
ple of the LPS.

	 8.	An increase in the intensity of the CD spectrum on changing 
environments suggest the periodicity or structural ordering of 
the peptide or protein has increased. The net result is the 
greater the conformational homogeneity of the peptide (fewer 
different conformations contributing to the CD spectrum) will 
increase the intensity of the observed CD spectrum.

	 9.	The X-ray and CD data used to develop algorithms to predict 
peptide and protein secondary structure based on deconvolu-
tion of CD spectra were obtained from proteins containing 
only 20 RNA-encoded amino acids. Since the AMPs used in 
this investigation contain unnatural amino acids, the use of 
such algorithms to predict secondary structure would be 
unreliable.

	10.	As shown below the CD spectrum of AMP 23 in the presence 
of the mixed SUV consisting of 75%POPC-5%POPG-20%POPE 
and the LPS isolated from K. pneumonia is not a linear combi-
nation of the CD spectra of AMP 23 in the presence of the 
SUV consisting of the LPS isolated from K. pneumonia and 
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AMP 23 in the presence of the mixed SUV consisting of 
75%POPC-5%POPG-20%POPE.

These three CD spectra are given in Fig. 7, along with the 
50 % concentration linear combination spectra of AMP 23 in 
the presence of the SUV consisting of the LPS isolated from 
K. pneumonia and AMP 23 in the presence of the mixed SUV 
consisting of 75%POPC-5%POPG-20%POPE. Comparison of 
this spectrum with the CD spectrum of AMP 23 in the pres-
ence of the mixed SUV consisting of 75%POPC-5%POPG-
20%POPE and the LSP isolated from K. pneumonia indicates 
it is not a linear combination of the two sub-spectra.

	11.	It is assumed, but not proven, that the outer leaflet of the 
SUVs used in this investigation will contain a higher percent-
age of LPS as compared to phospholipid and the inner leaflet 
will contain almost exclusively phospholipids. However, even if 
this is not the case and the LPS is randomly distributed over 
both the inner and outer leaflets meaning data concerning the 
combined effects of LPS and phospholipids on AMP, binding 
can be obtained.
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Chapter 17

Studying the Interaction of Magainin 2 and Cecropin 
A with E. coli Bacterial Cells Using Circular Dichroism

Concetta Avitabile, Luca Domenico D’Andrea, and Alessandra Romanelli

Abstract

The potential of antimicrobial peptides (AMPs) as an effective therapeutic alternative to classic and current 
antibiotics has encouraged studies to understand how they interact with the bacterial membrane. Here we 
describe how to detect, by circular dichroism (CD), the secondary structures of two antimicrobial pep-
tides, magainin 2 and cecropin A, in the presence of E. coli bacterial cells.

Key words Antimicrobial peptides, Circular dichroism, E. coli cells

1  Introduction

The comprehension of the mechanism by which antimicrobial 
peptides (AMPs) kill bacteria requires a deep characterization of 
the interactions of such peptides with bacterial cells. A limited 
number of studies reported in the literature are focused on cell-
peptide interactions, while the vast majority of investigations is 
aimed at the characterization of the interaction of AMPs with lipid 
mixtures or with the lipopolysaccharide (LPS), considered as a 
model systems for the bacterial outer membrane [1–5]. Urged by 
the need to develop methods to explore the structure of peptides 
when bound to bacterial cells, we have set up a protocol to deter-
mine the secondary structure of peptides in the presence of E. coli 
cells by circular dichroism (CD). The protocol has been success-
fully applied so far to the study of peptides of different length, 
including cecropin A, magainin 2, and peptides belonging to the 
temporin family, such as the temporin B and its analogue TBKK_
G6A [2, 3]. Interestingly, the folding of peptides upon interaction 
with E. coli cells occurs only when the peptides are active against  
E. coli, while folding of peptides in the presence of E. coli lipopoly-
saccharide (LPS) seems to be independent on antimicrobial activ-
ity. In addition, we have recently reported the three-dimensional 
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structure of the antimicrobial peptide TBKK_G6A either in the 
presence of E. coli lipopolysaccharide (LPS) or in the presence of  
E. coli cells [3, 6]. The two structures are different, further con-
firming that all the components of the bacterial leaflet, including 
lipid A, proteins, and LPS, are required for the specific peptide-cell 
recognition.

The case described refers to two natural peptides, magainin 2 
and cecropin A, both cationic peptides, active against Gram-
positive and Gram-negative bacteria. Cecropin A and magainin 2 
are known to be random coils in buffer and fold into helices upon 
interaction with LPS, detergents, or vesicles [7, 8]. Interestingly, 
folding into helices is also observed in the presence of E. coli cells, 
and the appearance of the spectrum is slightly different from that 
obtained in the presence of LPS [2]. The protocol can be applied 
to analyze the secondary structure of other peptides with E. coli 
cells; it is worth highlighting that the concentration of the peptide 
needs to be optimized every time, depending on the length of the 
peptide.

2  Materials

Prepare all solutions using ultrapure water; filter buffer solutions 
on 0.22 μm filter and degas before use. Run CD experiments at 
25 °C.

	 1.	BL21 (DE3) cells.
	 2.	LB medium: Dissolve 10  g tryptone, 5  g yeast extract, and 

10 g NaCl in 950 mL deionized water, adjust the pH of the 
medium to 7.0 using 1 N NaOH and bring volume up to 1 L, 
autoclave on liquid cycle for 20 min at 15 psi, and store at 
room temperature or +4 °C.

	 3.	Sterile falcon tubes.
	 4.	Sterile pipette or toothpick.
	 5.	Refrigerated microcentrifuge.
	 6.	Shaker.
	 7.	Autoclave.
	 8.	Circular dichroism spectrophotometer.

	 1.	10 mM sodium phosphate buffer, pH 7: 154.7 mg Na2HPO4 · 
7H2O and 58.4 mg NaH2PO4 · H2O in 100 mL.

	 2.	Lyophilized pure magainin II peptide: Gly-Ile-Gly-Lys-Phe- 
Leu- His-Ser-Ala-Lys-Lys-Phe-Gly-Lys-Ala-Phe-Val-Gly-Glu-
Ile-Met-Asn-Ser.

2.1  Cell Lines 
and Culture

2.2  Peptide Solutions 
Components
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	 3.	Lyophilized pure cecropin A peptide: Lys-Trp-Lys-Leu-Phe- 
Lys-Lys-Ile-Glu-Lys-Val-Gly-Gln-Asn-Ile-Arg-Asp-Gly-Ile-
Ile-Lys-Ala-Gly-Pro-Ala-Val-Ala-Val-Val-Gly-Gln-Ala-Thr-
Gln-Ile-Ala-Lys-NH2.

	 4.	6 M guanidinium solution
	 5.	Ultragradient water

3  Methods

	 1.	Day 1 (afternoon): Inoculate 5 mL of autoclaved LB medium 
in a sterile falcon with a small aliquot of bacteria, withdrawn 
scratching an E. coli glycerol stock with a sterile pipette or 
toothpick. Set the falcon into the shaker at 37 °C temperature 
and 180 rpm overnight.

	 2.	Day 2 (morning): Refresh the bacterial culture, diluting 
100  μL of the overnight culture into 10  mL of sterile LB 
medium, and set the suspension into the shaker at 37  °C, 
180  rpm. Monitor the cell growth by UV, measuring the 
absorbance of the suspension at 600 nm (OD600).

	 3.	When the cell culture reaches the exponential phase (0.6–0.8 
OD at 600 nm), centrifuge the bacterial suspension for 5 min 
at 5000 × g in a refrigerated microcentrifuge at 4 °C.

	 4.	Discard the supernatant; resuspend the bacterial pellet in 
10 mL of 10 mM phosphate buffer pH 7 and then centrifuge 
for 5 min at 5000 × g in a refrigerated microcentrifuge at 4 °C 
(see Note 1).

	 5.	Repeat step 4 twice.
	 6.	Resuspend the bacterial pellet in 10 mM phosphate buffer pH 

7, to have suspensions at the desired OD600.

	 1.	Dissolve lyophilized peptides in the minimum amount of ultra-
gradient water (filtered to 0.2 μm) and estimate the concentra-
tion of the mother solutions by UV [9]. Measure the absorbance 
at 280 nm for cecropin A (ε280 = 5500 M−1 cm−1) and at 205 nm 
for magainin 2 (ε205 = 94,390 M−1 cm−1).

	 2.	Record CD spectra for the peptides dissolved in buffer at a 
5 μM concentration in the 260–201 nm measurement range, 
with 100  nm/min scanning speed, 1  nm bandwidth, 4  s 
response time, and 1.0 nm data pitch.

	 3.	To determine the optimal peptide + cell ratio, start measuring 
CD spectra for mixtures at different peptide and cell concen-
trations. Prepare a cell suspension at 0.06 OD600. This may be 
obtained diluting a 1 OD600 E. coli suspension in phosphate 

3.1  Cell Culture  
of E. coli Cells

3.2  CD Experiments

3.2.1  Scanning 
the Conditions to Detect 
Secondary Structure
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buffer 10 mM, pH 7. Run the blank using only cells in buffer. 
E. coli cells possess a characteristic signature (see Note 2 and 
Fig. 1).

	 4.	Soon after measure, in a different cuvette, the CD spectrum of 
the mixture cell + peptide. To start use a 5 μM peptide concen-
tration and 0.06 OD600 cells (see Notes 3 and 4).

	 5.	Record CD spectra for the peptide and the peptide + cell mix-
ture at different times (0, 2, 4, 6 h) (see Note 5).

	 6.	Repeat steps 3–5 using suspensions prepared with different 
concentrations of cells (OD600: 0.075, 0.1, 0.11, 0.13) and 
peptides (5 and 10 μM).

	 7.	Analyze spectra obtained subtracting the cell blank to the cell + 
peptide mixture and choose the best conditions for recording 
more experiments.

	 1.	Record CD spectra for the best peptide + cells mixture, chosen 
after the analysis of the spectra obtained at different cell and 
peptide concentrations. Run measurements every 20 min for 
2 h, after 4 and 6 h. For magainin 2 and cecropin A, use E. coli 
cells at 0.1 OD600 and 5 μM peptide concentrations. Subtract 
the CD spectrum of the cell to the corresponding CD spec-
trum of the peptide + cell mixture (Fig. 2).

	 2.	Repeat the experiment at least twice. Spectra obtained using 
different batches of cells are usually not perfectly superimpos-
able, but the intensity and the position of the CD bands are 
reproducible.

	 3.	Plot the intensity of the CD signal at 222 nm of the subtracted 
spectra (spectra of the cells + peptide mixture − spectra of the 
cells) vs time. Use prism or similar programs to calculate the 

3.2.2  Detect Folding 
of Peptides on Cells

Fig. 1 CD spectra of E. coli cells suspended in phosphate buffer pH 7 at different 
times (Panels reported are a reproduction of those published in [2])
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error on each experimental point. This plot will help to 
understand how long it takes for your peptide to fold upon 
incubation with E. coli cells (Fig. 3).

The protocol described is optimized for peptides cecropin A 
and magainin 2 using a 10 mm quartz cuvette. In our experience, 
the optimal cell density is always between 0.08 and 0.1 OD600, and 
the optimal peptide concentration depends on the length of the 
peptide. Shorter peptides are best analyzed at higher concentra-
tions [3].

4  Notes

	 1.	Collect the solutions containing cells, cell supernatants, or 
residual pellets in a falcon and add bleach to kill cells. Dispose 
the solutions following waste regulations.

	 2.	Before running the experiments on cells + peptide mixtures, 
run CD spectra for the peptide and the cells separately and 
check the HT voltage value. The purity of the buffer is pivotal 

Fig. 2 (a, c) CD spectra of cell + peptide mixtures (a: magainin 2, c: cecropin A); (b, d) CD spectra obtained after 
subtraction of the cell spectra to the cell + peptide mixture spectra (b: magainin 2, d: cecropin A) (Panels 
reported are a reproduction of those published in [2])
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for the success of the experiment. The HT voltage value 
increases with cell concentration. Be careful when testing dif-
ferent cell concentrations.

	 3.	Use the same batch of cells for the mixture peptide + cell and 
for the blank. The intensity of the signals, in fact, slightly 
changes with the batch of cells.

	 4.	You will always work with two cuvettes, one for the blank and 
the other for the peptide + cell mixture. When you remove one 
cuvette (e.g., the cuvette with blank) from the spectrophotom-
eter to run the other measurement (e.g., that on the cell + pep-
tide mixture), keep always samples at 25 °C. If the temperature 
outside is not controlled, for example, if it is too hot, your cell 
will die very soon, and results will hardly be reproducible.

	 5.	At the end of each experiment, the quartz cuvettes need to be 
carefully cleaned, as cells stick to the cuvette. Fill each cuvette 
with a 4 or 6 M guanidinium solution, remove the solution 
after 2/3 h. Rinse the cuvette ten times with ultrapure water, 
with ethanol and finally dry the cuvette by insufflating 
nitrogen.
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Chapter 18

Studying the Mechanism of Membrane Permeabilization 
Induced by Antimicrobial Peptides Using Patch-Clamp 
Techniques

Giorgio Rispoli

Abstract

Many short peptides selectively permeabilize the bacteria plasma membrane, leading to their lyses and 
death: they are therefore a source of antibacterial molecules and inspiration for novel and more selective 
drugs, which may have wider application in many other fields, as selective anticancer drugs. In this chapter, 
it is presented a new method to investigate the permeabilization properties of antimicrobial peptides under 
strict physiological conditions, employing the patch-clamp technique coupled to a fast perfusion system.

Key words Pore-forming peptides, Pore-forming toxins, Ion channels, Photoreceptors, Rod outer 
segment, CHO-K1 cells, Whole-cell recording

1  Introduction

Most of the research on the pore-forming peptides has the long-
term goal to understand at the molecular level how the peptide-
lipid interactions produce structural changes in both, and optimal 
peptide orientation, to eventually produce a raise in membrane 
conductance [1–3]. A widely used technique to study this interac-
tion consists in recording the ion current flowing through the pore 
formed by these peptides, inserted in an artificial lipid bilayer. 
However, these membranes have a symmetrical composition of 
one lipid kind, instead of an asymmetrical variety of many different 
lipids, typical of the natural membranes. Moreover, to have an 
acceptable signal-to-noise ratio in these experiments, it is necessary 
to apply nonphysiological voltages and ionic gradients that how-
ever could affect the peptides themselves or even the membrane in 
which they were inserted [4]. Finally, to our knowledge, no studies 
aimed to measure the time course of formation of peptidic pores in 
a membrane (either artificial or of a living cell) and the kinetics of 
their disaggregation.

Paul R. Hansen (ed.), Antimicrobial Peptides: Methods and Protocols, Methods in Molecular Biology, vol. 1548,
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Here, the biophysical characteristics of peptidic pores and their 
formation dynamics in the cell plasma membrane were studied by 
applying the peptide monomers to the extracellular side with a fast 
microperfusion system while recording the membrane current by 
using the whole-cell configuration of the voltage-clamp technique. 
The possible reversibility of the membrane permeabilization was 
assessed upon swiftly removing the peptide from the external solu-
tion and measuring the kinetic with which the current returned (or 
not) to the zero level.

To simplify the interpretation of the results, it is important to 
have most of the current flowing through the peptidic pores at any 
physiological voltage, rather than flowing through the endogenous 
ionic channels. Therefore, it was looked for a cell system having 
negligible endogenous conductances or having conductances that 
could be fully silenced by small concentrations of channel blockers 
(such as TTX, TEA, dihydropyridines, etc.), so to minimize the 
chance that these drugs may obstruct the peptidic pores and/or 
may interfere with pore formation. The first cell system we found 
satisfying these requirements is the outer segment of the photore-
ceptor rod mechanically isolated from low vertebrate retinae 
(Fig. 1a) [5]. The only channel type in the plasma membrane of 
this cell fragment can be fully closed by bright light, giving mem-
brane resistances (recorded in whole cell) typically larger than 
1 GΩ (Fig. 1b, c) at any physiological voltage (Fig. 1d). Moreover, 
the size of these cells is particularly large in low vertebrates, as in 
the Rana esculenta (Fig. 1a): this comestible species was the pre-
ferred choice because of its commercial availability and low cost. 
Recently, we found that the Chinese hamster ovary (CHO-K1) 
cells (Fig. 1e) are a suitable cell system as well, because they do not 
have any voltage- and/or calcium- and/or time-dependent con-
ductances but only a very small background one (giving a whole-
cell membrane resistance always larger than 3 GΩ; Fig. 1f, g), and 
they can be easily maintained and grown [6]. To further simplify 
the interpretation of the experiments, patch pipettes were usually 
filled with the same perfusion solution (that typically contained 
130 mM of a monovalent cation) to ensure the current was only 
driven by holding potential.

To have a precise control of pore formation (and disaggrega-
tion), a custom-made, computer-controlled microperfusion system 
was employed to rapidly (~50 ms) apply and remove the peptides 
under study onto a cell [7]. This was accomplished by moving a 
multibarreled perfusion pipette in front of the patch-clamp recorded 
cell (Fig. 1h). Peptide formation and disaggregation dynamics were 
therefore gathered, respectively, from the time course of the devel-
opment and fall of the exogenous current (at a given holding poten-
tial), following peptide application and removal. This system can 
apply up to six different solutions (but it can be easily scaled up to 
a much larger number of solutions); therefore, the peptide could be 
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tested at five different concentrations (one tube is used to apply the 
control solution, with no peptide; see Fig.  2). Compounds that 
could accelerate [8] or slowdown (or preclude) the pore formation, 
or specific drugs affecting ion flow through the pore, could be 
tested by adding them at various concentrations to the solutions 
containing the peptide at a fixed concentration: this strategy would 
allow comparing the effects of the drugs at a constant membrane 
permeabilization. The pore selectivity could be instead readily eval-
uated by dissolving the peptide (at a fixed suitable concentration) in 
solutions containing equiosmotic concentrations of different mon-
ovalent or divalent ions.

Fig. 1 Outline of the technique employed to investigate the permeabilization properties of the peptides inserted 
in a natural membrane. (a) A representative rod outer segment recorded in whole cell by means of a pressure-
polished pipette (scale bar is 20 μm; pipette and external solution: 130 mM K+ + 1 mM Ca2+) was subjected to 
5 s voltage steps from −80 mV to +80 mV in 10 mV increments starting from 0 mV (d) and repeated ten times; 
the average current amplitude (b) of each voltage step vs the voltage step amplitude (IV; c) was well fitted by 
a straight line (correlation coefficient ~0.99), whose slope gave a membrane resistance of ~3 GΩ. (e) A rep-
resentative CHO-K1 cell recorded in whole cell by means of a pressure-polished pipette (scale bar is 20 μm; 
pipette solution, 130 mM K+; external solution, 130 mM K+ + 1 mM Ca2+) was subjected to 125 ms voltage 
steps from −80 mV to +80 mV in 10 mV increments (d) starting from 0 mV (traces are the average of six cells); 
the average current amplitude (f) vs the voltage was well fitted by a straight line (correlation coefficient ~0.99; 
g), which gave a membrane resistance of ~6.1 GΩ. (h) The CHO-K1 cell of panel (e) was aligned in front of the 
multibarreled perfusion pipette (at low magnification; scale bar is 200 μm); horizontal white arrows denote 
perfusion flows. (i) Two solutions with different refraction index flowing through two adjacent barrels (each one 
of 500 μm of side) allowed to observe the interface between them (adapted from [6, 7, 10])
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To faithfully record large currents (elicited by high concentra-
tions of peptides and/or highly membrane permeabilizing ones), it 
is necessary to minimize access resistance, to reduce error in mem-
brane potential control and time constant of charging the cell 
membrane capacitance. Moreover, the long tapered shank of the 
patch pipette may cause intracellular ion accumulation or deple-
tion, and it slows down the rate of exogenous molecules incorpora-
tion via the patch pipette [9]. These problems can be circumvented, 
all at once, by widening the patch pipette shank (Fig. 1a, e) through 
the combination of heat (applied outside of the shank) and air 
pressure (applied to its lumen), as described previously [10]. 
Besides improving the electrical recordings, the enlarged tip geom-
etry of the pressure polished pipettes could accommodate pulled 
quartz or plastic perfusion tubes close to the pipette tip, allowing 
the fast and controlled cytosolic incorporation of peptides and 
other exogenous molecules [11]. This is particularly important, 
because specific peptides may have different permeabilization 
properties depending upon the side of the membrane to which 
they are applied. For example, it is conceivable that viroporins [12, 
13] are optimized to insert in the intracellular face of the plasma 
membrane, because they are synthesized in host cell cytosol.

Fig. 2 Diagram of a sample protocol determining the stoichiometry and the voltage-dependence of the mem-
brane permeabilization of a peptide. The green dots sketch a cell of 40 μm in diameter in scale with the 
500 μm × 500 μm perfusion barrels, each one filled with the control solution having a peptide concentration 
reported on the left. The green arrows denote the temporal sequence of the solution changes; the numbers 
underneath each horizontal arrow denote the time that a cell should spend in a particular solution; these times 
are just an example. All perfusion lines are flowing at the beginning of the experiments and are turned “off” (in 
red) and back “on” (in green) when appropriate (see text). In this sample protocol three consecutive IVs are 
acquired in control solution (“IVx3”), three IVs during peptide application at 0.5 μM concentration, and three 
IVs once returned the cell in control solution
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2  Materials

	 1.	 Always use ultrapure water (prepared by purifying or bidistill-
ing deionized water to attain a conducibility no larger than 
~0.06 μS/cm at 25 °C) and analytical grade reagents, but the 
reagents used for cell culture (see Subheading 2.2). Prepare all 
solutions at room temperature and store in refrigerator (4 °C) 
but the peptide stock solutions (stored at −80 °C) and unsta-
ble drugs (stored at −20 or −80  °C); the HEPES (N-(2-
hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid)), stock 
solution must be prepared fresh once a month.

	 2.	 The Ringer’s solution: 115 mM NaCl, 3 mM KCl, 10 mM 
HEPES free acid 0.6 mM MgCl2, 0.6 mM MgSO4, 1.5 mM 
CaCl2, 10 mM glucose (osmolality 260 mOsm/Kg, buffered 
to pH 7.6 with NaOH).

	 3.	 CHO-K1 solution: Ham’s F12K medium supplemented with 
10 % fetal bovine serum and 1 % penicillin/streptomycin

	 4.	 Phosphate-buffered saline buffer (PBS): 137  mM NaCl, 
2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH = 7.4.

	 5.	 DMEM/F-12 medium (Dulbecco’s Modified Eagle’s Medium)
	 6.	 0.25 % trypsin-EDTA solution (Gibco™).
	 7.	 Control perfusion solution for both the isolated rod outer seg-

ments and the CHO-K1 cells:130 mM KCl (or an equiosmo-
lar concentration of another monovalent or divalent cation), 
1 mM CaCl2, and 10 mM HEPES; osmolality 260 mOsm/
Kg, buffered to pH 7.6 with KOH (or with a 1 N hydroxyl 
stock solution of the ion substituting K+; see Note 1).

	 8.	 Peptide stock solution: 1 mM peptide stock solution in ultra-
pure water, or methanol, or ethanol, or DMSO (dimethyl sulf-
oxide) depending upon their solubility (see Notes 2–4).

	 9.	 Chloro-tri-n-butyl-silane.

	 1.	 All experiments on frogs (Rana esculenta) were performed in 
compliance with the European Communities Council 
Directive for animal use in science (86/609/EEC) and 
approved by a local ethical committee. Animals were pur-
chased from a local supplier and were kept in filtered, running 
tap water in small tanks at room temperature (20–23 °C), fed 
two to three times a week with honey worms, and maintained 
on a 12 h light–12 h dark cycle.

	 2.	 A healthy specimen was anaesthetized by immersion in a tric-
aine methane sulfonate solution (1 g/l in water) during dark 
adaptation (≈4 h) and then decapitated and pithed in dim red 
light (generated by LEDs with wavelength of 660 nm). The 
head was swiftly transferred in a fully darkened box and 
immersed in a Petri dish containing Ringer solution.

2.1  Solutions

2.2  Cells
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	 3.	 The box was equipped with infrared LEDs (wavelength: 
940 nm) and a high definition webcam that had its infrared 
filter removed and was connected to an external monitor.

	 4.	 The hands were inserted into the box through two light-tight 
holes to perform all the following procedures.

	 5.	 After focusing the head on the monitor, both eyes were 
removed from the head: one eye was kept intact in a vial filled 
with Ringer solution on ice for later use, and the other one 
was hemisected.

	 6.	 The back half of the hemisected eye was cut into pieces (up to 
four) with a razor blade fragment that were stored in oxygen-
ated Ringer solution on ice for later use. The retina was 
“peeled” from an eyecup piece and was gently triturated in 
~5 μl of Ringer, using a fire-polished Pasteur pipette to obtain 
the isolated rod outer segments.

	 7.	 CHO-K1 cells were purchased from the American Type 
Culture Collection (CCL61 ATCC) and were grown (follow-
ing the manufacturer’s directives) in Ham’s F12K medium 
supplemented with 10 % fetal bovine serum and 1 % penicillin/
streptomycin. Cell cultures were stored in humidified environ-
ment at 37 °C and in 5 % CO2, according to manufacturer’s 
instructions.

	 8.	 Cells were washed three times in PBS and detached from plate 
by trypsinization for 1 min in 0.25 % trypsin-EDTA solution. 
Trypsin enzyme was then inactivated by adding 1–2  ml of 
DMEM/F-12 medium and 2–3 ml of PBS to the cell suspension; 
the latter was centrifuged at ~5000 × g for 1 min, and finally the 
cells were dissolved in PBS for whole-cell experiments.

	 1.	 Patch pipettes with enlarged shank [10] were fabricated by using 
50 μl borosilicate glass capillaries having a resistance in symmet-
rical K+ solution that ranged from 1 to 4 MΩ (see Note 5).

	 2.	 The perfusion pipette was constituted of a three-barrel square 
glass capillary; a six-barreled pipette was obtained by carefully 
attach together two capillaries with a cyanoacrylate glue spe-
cific for glass (a three-barrel pipette is visible in Figs. 1h and 
3a). A waterproof sheet of a 1000 grit sandpaper was necessary 
to even the pipette tip. A quartz needle was glued inside each 
barrel so that the solutions were fed to the perfusion pipette 
through the luer connector equipping each quartz needle.

	 3.	 The solutions flow was generated by means of 1 ml precision 
syringes, whose piston was moved by a DC motor controlled via 
a user-friendly computer interface. The pipette was moved on a 
horizontal plane in front of the cell with a precision step motor 
controlled by the same interface (Fig. 3b); the solution change 
typically occurs in ~50  ms, that is the time it takes the cell 

2.3  Whole-Cell 
Recording and Fast 
Perfusion
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to  cross the sharp boundary between two adjacent streams. 
Every perfusion parameter was computer-controlled by this 
interface, as the rate of solution flow, the temporal sequence of 
solution changes and valve operation (a sample protocol is shown 
in Fig. 2), or the number of automatic, self-washing cycles. A key 
design of this system (described in details in [7]) was the possi-
bility to direct the solution contained in each syringe, depending 
upon the position of a three-way solenoid equipping each perfu-
sion line, to the perfusion pipette or to a reservoir (in which each 
solution was made; Fig. 3c; see Note 6).

	 4.	 The fluid drop containing the cells was held by surface tension 
between two parallel glass coverslips that were supported at 
one end by a teflon block and formed the floor and ceiling of 

Fig. 3 Perfusion system. (a) The pipette tip and the quartz needles glued inside them. (b) The perfusion pipette 
coupled to the step motor and the perfusion system. (c) Scheme of one perfusion line (composed by a syringe, 
a three-way valve, a cylinder, and one perfusion pipette barrel) and perfusion flow (orange arrows) during 
syringe refilling (upper panel), during perfusion of a cell recorded in whole cell (middle panel; the perfusion is 
“on” as in Fig. 2), and when the cell perfusion is stopped and the solution is returned to the reservoir (lower 
panel; the perfusion is “off” as in Fig. 2); drawing not in scale (adapted from [7]). (d) Upper panel, the perfusion 
pipette perfectly aligned on a horizontal plane; middle panel, the perfusion pipette has a 3.4° angle with the 
horizontal plane; and lower panel, this angle is 5.1°. The horizontal red arrow denotes the trajectory followed by 
the cell (red dot) positioned in the far left barrel, while the perfusion pipette is moved on an horizontal plane; the 
horizontal blue arrow denote the trajectory followed by the cell (blue dot) positioned in a central barrel. The cell 
is sketched as a dot (red or blue) of a 80 μm in diameter in scale with the 500 μm × 500 μm perfusion barrel
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the recording chamber that was open on three sides (Fig. 4). 
This arrangement allowed the patch pipette and the perfusion 
pipette to enter the chamber from opposite sides and to keep 
the perfusion pipette almost horizontally (see Note 7). The 
coverslip that formed the floor was coated with chloro-tri-
n-butyl-silane to prevent cell sticking. A reservoir was drilled 
in the teflon block that was filled with the same external solu-
tion of the chamber, with which was connected through an 
hole. The ground pellet and the tube for perfusion solution 
removal (Fig. 4), attained with a peristaltic pump, were housed 
in this reservoir.

	 5.	 The whole-cell recordings were performed employing 
Axopatch 200B under visual control, by focusing the cells on 
a fast digital camera coupled to the microscope and controlled 
by AquaCosmos software package. The microscope was 
equipped with 4×, 20×, and 60× objectives.

	 6.	 Electrophysiological data were low-pass filtered at 2 kHz by 
an eight-pole Butterworth filter sampled at 19.2 kHz/16 bits 
by a A/D board controlled by Clampex software and analyzed 
with Clampfit Sigmaplot and Mathcad software.

Fig. 4 Scheme of the recording chamber. Drawing not in scale; the cells are 
pipetted in between the two coverslips (the external solution is indicated in blue). 
Green arrows denote the xyz movements of the patch and the perfusion pipette 
and the xy movements of the recording chamber assembly
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3  Methods

	 1.	 Build the perfusion pipette as follows. First, make sure that the 
three-barrel square glass capillary has a regular tip (Figs. 1h, i, 
and 3a): if one or more barrel has a dent, or one barrel is lon-
ger than an adjacent one, smooth the tip by sanding it very 
gently by holding the capillary by hand and keeping it orthog-
onally to the sandpaper sheet.

	 2.	 Use plenty of water or oil to damp the vibrations generated by 
the rubbing, which would chip the barrel tip. If more than 
three perfusion lines are required, glue together two or more 
three-barrel capillaries while pressing them against a flat sur-
face to keep them aligned horizontally and while pressing their 
tip against another flat surface to have all the tips aligned on 
the same line.

	 3.	 Make sure that the glue does not accidentally run too close to 
the pipette tip; otherwise, the latter could not be clearly visible 
under the microscope, or in the worst case the glue could par-
tially or totally clog one or more barrels.

	 4.	 Cut the quartz needles with sharp scissors so that when 
inserted completely inside each barrel, their tips are 3–5 mm 
back from the barrel opening (Fig. 3a).

	 5.	 Coat the needle shank with the cyanoacrylate glue as close as 
possible to its tip (but ensure not to clog it), and spin the nee-
dle while inserting it in the barrel to uniformly and completely 
fill the gap between the needle and the internal sides of the 
barrel. This ensures that the perfusion solution cannot flow 
back inside the barrel by capillarity, making deposits, once the 
perfusion solutions dry up, that are very difficult to clean up.

	 6.	 The solutions are fed to the perfusion pipette through the luer 
connector equipping each quartz needle: to avoid that it 
breaks off the needle, these connectors must be blocked 
together with hot glue (Fig. 3a, b; see Note 7).

	 7.	 A stainless steel rod is finally glued on the top of the assembled 
perfusion pipette with a spacer (the blue plastic rectangle of 
Fig. 3b) that is used to firmly couple the pipette to the step 
motor.

	 8.	 This rod is introduced into a mechanical joint, attached to the 
step motor axle, which allows rotating the pipette about the 
three axes and then tightening the rod in the right position 
with a single knob (Fig. 3b).

	 9.	 Make sure that the perfusion pipette moves on a horizontal 
plane, especially when using pipettes with many barrels: a tilt 
of a few degrees is enough to have a cell, perfectly centered in 
the first barrel, to find itself closer and closer to the edge of the 

3.1  Perfusion
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next barrels (where the perfusion solution could potentially 
mix with the bath solution), and even out of the perfusion 
flow in the most distal barrel (Fig. 3d).

	10.	 Therefore, place the control solution in the barrel as close as 
possible to the center of the perfusion pipette: this circum-
vents to some extent the last problem (Fig. 3d), and it allows 
designing more reliable experimental protocols (see Note 8).

	11.	 Check often the pipette horizontal alignment by focusing the 
bottom (or the top) of one barrel and ensure that the bottom 
(or the top) of all the other barrels have exactly the same focus.

	12.	 All the perfusion lines should be built by using tubes and 
quartz needles of same length and diameter, in order to have 
the same hydraulic resistance in each perfusion line. This is 
particularly important in the case of gravity-fed solutions, 
because a solution flowing slower than the one flowing in an 
adjacent barrel could be contaminated by the latter and a cell 
could be blown away when switched from the former to the 
latter barrel. For this reason, it has been opted here for a per-
fusion system employing syringes driven by a single motor, 
which force all solutions to flow at the same rate (see Note 9).

	 1.	 Patch-clamp experiments (included the ones on isolated rod 
outer segments) are carried out under room lights and at room 
temperature (20–24 °C). Transfer an aliquot (~2 ml) of the 
solution containing the cells (rod outer segments or CHO-
K1) to the recording chamber placed on the microscope stage.

	 2.	 Choose a healthy-looking cell that does not adhere to the 
chamber bottom, seal on it, and gain the whole-cell configura-
tion; the perfusion pipette should be kept outside of the bath 
during these operations.

	 3.	 Measure the cell capacitance and the seal, the access, and the 
membrane resistance from the current waveform elicited by 
repetitive −10  mV pulses. Set the holding potential in the 
range −20/−80 mV so to keep the size of the current (elicited, 
for instance, by the highest concentration of the peptide) 
enough restrained to avoid errors in membrane potential con-
trol. As a rule of thumb, a concentration of ~1 μM of a peptide 
that permeabilize the membrane as alamethicin F50 produces 
a current of ~0.7 nA at −20 mV in symmetric K+, giving a 
small voltage drop (~2 mV) across a typical access resistance of 
3  MΩ. The holding potential should be anyway kept large 
enough in order to detect the current flowing through the 
peptidic channels at the smallest concentrations. It is better to 
use negative holding potentials, because cell membranes do 
not usually tolerate long, continuous application of strong 
positive voltages and may develop a leakage.

3.2  Patch-Clamp 
Experiments
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	 4.	 Acquire a current to voltage relationship (IV; Fig. 1b, c, f, g) 
to ensure that the cell is electrically equivalent to a resistor. If 
the experiments require single channel recordings, the mem-
brane resistance should be at least of 1 GΩ.

	 5.	 With the perfusion pipette outside of the bath, turn on the 
flow of all the perfusion lines to rinse the salts that could 
have accumulated on the perfusion pipette tip by evapora-
tion. Stop all the perfusion flows, dry up any drop that could 
hang on the pipette bottom with paper tissue, and gently 
bring the pipette inside the bath by viewing it with the 4× 
objective (see Note 10).

	 6.	 With the perfusion pipette and the patch pipette in the field of 
view, move the barrel containing the control solution in the 
center of the viewfield, focus sharply the top of this barrel with 
the fine focus knob of the microscope, then focus its bottom, 
and finally turn the knob in between these two positions by 
helping with its graduated ring.

	 7.	 With the patch pipette micromanipulator, move vertically the 
cell until it appears sharp in this focal plane: the cell is so cen-
tered in the vertical plane with the pipette barrels. Next move 
the cell longitudinally to be in the middle of the “control” 
barrel and laterally to be no farther than 500 μm from the bar-
rel opening.

	 8.	 Now the cell is in a region where the flow is laminar and there 
is a very sharp boundary between two adjacent solutions 
(Fig. 1i; see Note 9). Once properly aligned, the perfusion 
pipette and the patch pipette sealed on the cell should appear 
as in Fig. 1h: at this point, turn on all the perfusion flows 
(see Note 11).

	 9.	 Acquire another IV to ensure that the cell was not damaged 
during the alignment operations: if the membrane resistance is 
still very high at all voltages, runs the perfusion protocol. In 
Fig. 2, it is shown the diagram of a sample protocol designed 
to determine the stoichiometry and the voltage dependence of 
the membrane permeabilization of a (putative) peptide that 
gives a ~0.3 nA of current at −20 mV (the holding potential 
set in this experiment) at a concentration of 0.5 μM. The cur-
rent at the largest voltages (±80 mV) for this peptide is there-
fore expected to be not larger than ~0.9 nA (in the case of a 
perfectly ohmic permeabilization) at 0.5 μM peptide concen-
tration; therefore, it is better to measure the IV at this concen-
tration to avoid errors in the voltage control (see Subheading 3.2, 
step 3). The IV can be determined by applying voltage steps 
or voltage ramps, but to minimize the duration of peptide per-
fusion a ramp (with a slope, for instance, of 0.25 mV/ms) is 
the best choice.
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	10.	 Acquire three consecutive IVs in control solution (indicate 
with “IVx3” in Fig. 2), then three IVs during peptide applica-
tion once the current reached steady state, and finally a third 
set of three IVs after returning the cell in control solution 
(wait for the steady state).

Subtract the average IV during peptide application with the 
average IV before peptide application, and check that the two 
average IVs in control solution before and after peptide appli-
cation are similar.

	11.	 When switching the cell between two nonadjacent barrels, the 
perfusion line(s) feeding the barrel(s) placed in between these 
two ones must be turned off (in red in Fig. 2), to avoid that 
the cell is transiently exposed to other undesired solution(s); 
this (these) line(s) is better to be turned on (in green in Fig. 2) 
as soon as possible (see Note 12).

	12.	 The time with which the peptide must be kept in a particular 
solution depends by many factors as: (1) how long does it takes 
for the current to reach a stable amplitude (this time is usually 
longer for smaller concentrations of peptide and/or drugs 
interfering with peptidic pore); (2) how many IVs are acquired 
and if are performed with long voltage pulses or fast ramps; and 
(3) how long does it takes to recover the initial (high) mem-
brane resistance once returning the cell in control solution (if 
the peptide permeabilization is reversible; this time is usually 
longer for larger concentrations of peptide and/or drugs).

	13.	 Check every now and then that the pipette does not change its 
focus when moving from one end to the other one. If this is 
not the case, the pipette does not move horizontally; there-
fore, terminate the experiment and re-center it (see Note 13).

4  Notes

	 1.	 The presence of 1 mM Ca2+ in the control solution was neces-
sary to avoid damaging the cell membrane, which would pro-
duce a current (leakage) that could be larger than the one 
flowing through the peptidic channels [7].

	 2.	 The stock solutions are aliquoted in vials of a volume large 
enough to complete one experiment. Peptides are dissolved in 
the perfusion solution to get a specific final concentration, 
varying from 10 nM (to get single channel events or when 
studying peptides at strong voltages having high capability to 
permeabilize the membrane [6, 12]; use the 10 μM stock) up 
to 10 μM (for these peptides with the smallest capability to 
permeabilize the membrane or to verify the inability of a pep-
tide to permeabilize the membrane; use the 1 mM stock), and 
used within 1 h.
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	 3.	 When the peptide is dissolved in solvents different than water, 
it is recommended to use the peptide stock concentration as 
high as possible, to minimize the solvent contamination in the 
external solution. Indeed, we found that isolated rod outer 
segments and CHO-K1 cells can tolerate contamination of 
ethanol, methanol, and DMSO in the external solution up to 
~1 %; larger concentrations damage the cell membrane, pro-
ducing a leakage current.

	 4.	 The patch pipette solution is better to be the same of the perfu-
sion solution, so to have the current just driven by the holding 
voltage, but this can be performed on isolated rod outer seg-
ments only. Indeed, the CHO-K1 cells (as any other intact cell) 
do not tolerate the intracellular application of 1  mM Ca2+, 
because this would activate the endogenous proteases and 
induce the cell apoptosis. In conclusion, the symmetric condi-
tions can be used with CHO-K1 cells if the peptidic pore is not 
permeable to Ca2+; therefore, the pipette Ca2+ can be removed 
and still the symmetric ionic conditions preserved; otherwise, 
the isolated rod outer segment is the alternative choice.

	 5.	 This glass type, if used appropriately, allows to consistently 
attaining seals not only on the cells described here but on an 
extremely wide variety of cell types, isolated from different 
amphibian, reptilian, fish, and mammalian tissues, on many 
different cultured cells, and on artificial membranes made with 
many different lipid mixtures [10].

	 6.	 This allowed to save the solutions that were not used, or to 
avoid that, upon switching between two nonadjacent barrels, 
the cell was transiently exposed to another undesired solution 
in between. Once emptied, the syringes could be refilled from 
the reservoirs (Fig. 3c). All tubing, valves, and connectors in 
contact with the perfusion solutions were made in teflon.

	 7.	 When gluing together the female luer connectors of the quartz 
needles and the glass barrels with the hot glue, keep a barrel 
region of 2.5/3.5 cm from the tip free of glue, and keep the 
glue lump underneath the pipette as small as possible. Otherwise, 
when moving down the pipette, this lump could touch the 
microscope stage first (Fig. 3b), making it impossible to bring 
the pipette tip further down in focus. This problem could be 
circumvented by entering the pipette into the recording cham-
ber with a strong angle, but this makes more problematic the 
view of the pipette tip. Even worst, the perfusion flows may lose 
their laminarity when they hit the chamber floor, especially if 
the perfusion pipette tip is very close to the latter.

	 8.	 When performing experiments aimed at determining the 
dose–response effect of drugs and/or peptides, keep the small-
est concentrations of these compounds close to the barrel con-
taining the control solution, as shown in Fig. 2. Otherwise, 
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when the cell is made to pass in front of a barrel with a very 
high concentration of a test compound while moving to a bar-
rel with a smaller concentration of this compound, a possible 
small leak from the former barrel could modify the kinetics at 
early time of the effect of the solution of the latter barrel.

	 9.	 The perfusion speed must be slow enough to have a laminar 
flow, to avoid blowing the cell away, and to save precious com-
pounds but must be fast enough to have a sharp boundary 
between two adjacent solutions (Fig  1i). The optimal flow 
speed is 15 μl/min, ensuring stable recordings and complete 
solution changes in ~50  ms and allowing to use minimal 
amounts of peptide/drug solutions (<500 μl) to perform per-
fusion experiments lasting more than half an hour.

	10.	 Be very careful when entering the perfusion pipette in the bath, 
because it displaces a large fluid volume and may blow the cell 
away. A safe maneuver is to position the cell at the top right 
edge of the viewfield of the 4× objective and enter the perfusion 
pipette in its lower left edge. Then, perfusion and patch pipettes 
could be safely moved to obtain the alignment of Fig. 1h.

	11.	 Make sure to purge all the bubbles that may be trapped in the 
perfusion lines. It is better to design protocols having all the 
perfusion flows on when the cell is in front of the barrel with 
the control solution: if a bubble happens to be in one barrel 
(but the control one), it can flow away while the cell is (safely) 
standing in control solution.

	12.	 Avoid turning on or off the valve controlling the flow in the 
barrel in front of which is placed the cell, because its operation 
causes a flow pulse that may blow the cell away; this flow pulse 
is always harmless if it occurs in an adjacent barrel.

	13.	 Many compounds tend to stick on plastic surfaces; therefore, 
it is better to use a perfusion system made with teflon tubes, 
valves, and connectors. At the end of the experiment, it is nec-
essary to clean thoroughly the perfusion system with tap water, 
and finally rinse few times with ultrapure water. Periodically, it 
is useful to wash all the perfusion lines with a sequence of solu-
tions: 50 % of the solvent used to make the stock solution (i.e., 
ethanol, methanol, DMSO, etc.) diluted in 50 % of water; 
water; 0.1 M HCl; water; 0.1 M KOH; water; finally rinse sev-
eral times with ultrapure water.
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Chapter 19

Assays for Identifying Inducers of the Antimicrobial 
Peptide LL-37

Frank Nylén, Peter Bergman, Gudmundur H. Gudmundsson, 
and Birgitta Agerberth

Abstract

One promising approach to meet the growing problem of antibiotic resistance is to modulate host defense 
mechanisms, i.e., host-directed therapy (HDT), in the fight against infections. Induction of endogenous 
antimicrobial peptides (AMPs) via small molecular compounds, such as 1,25-dihydroxyvitamin D3 or 
phenylbutyrate, could provide one such HDT-based approach.

We have developed a cell-based screening assay for the identification of novel compounds with the 
capacity to induce AMP expression and here follows the detailed protocol.

Key words Chemical library screening, CAMP gene, Z′-factor, Cell-based reporter system

1  Introduction

Innate immunity, the front line of our defense against pathogens, 
relies to a great extent on antimicrobial peptides (AMPs). Many 
AMPs are synthesized at epithelial surfaces, where the initial con-
tact with microbes takes place [1], but are also a part of the micro-
bicidal arsenal of phagocytes. In humans, AMPs include the 
defensins (α-and ß-families) and a single cathelicidin, LL-37 [2, 3]. 
These peptides exhibit a broad antimicrobial activity [4] and act as 
chemoattractants for cells of both the adaptive and innate immune 
system [5–7].

The development of bacterial resistance against classical antibi-
otics is a growing problem, and novel antimicrobial strategies are 
urgently needed [8]. Our concept is to strengthen the immune 
defense against invading pathogens by inducing endogenous AMP 
expression, utilizing small molecules that can be taken orally or 
applied topically, such as 1,25-dihydroxyvitamin D3 and/or phen-
ylbutyrate [9–12].
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In order to find additional inducers of AMPs in a non-biased 
fashion, we decided to take advantage of the high-throughput 
screening (HTS) concept, which is the preferred method to identify 
new lead molecules or potential repurposed drugs from the phar-
maceutical industry. We therefore set out to establish a cell-based 
assay for screening of compounds with potential AMP-inducing 
properties [13].

At this point, we would like to stress a few key aspects of our 
assay:

First, given our focus on LL-37 (LLGDFFRKSKEKIGK 
EFKRIVQRIKDFLRNLVPRTES), we selected this peptide to 
start with. There are several features of this AMP that makes it 
a good target: (1) there is only one cathelicidin gene (CAMP) 
in humans and also in mice, rats, and rabbits, making these 
animals suitable animal models. Thus, findings related to the 
human gene can be confirmed in an animal model—and vice 
versa. In contrast, there are many defensin genes, which make 
similar approaches more complicated for this gene family.

Second, antimicrobial peptides have been shown to be regulated 
and released in a coordinated fashion, leading to a massive 
attack from multiple peptides with different mechanisms of 
action. This is probably the reason why bacterial resistance has 
not developed against AMPs [14, 15].

Third, we took the decision to design a cell line with a stable trans-
fection. This way we avoid the direct effect of inducers on the 
transient transfection. Butyrate, for example, is a potent 
inducer of both transfection and LL-37, and any potential 
effect on LL-37 induction would be difficult to distinguish 
from effects on transfection efficacy [16, 17]. Therefore, the 
construction of a novel cell line with stable integration of the 
plasmid construct would eliminate problems with transfection 
efficiency, despite the more laborious approach.

Furthermore, a stable cell-based reporter assay will reduce the 
time and increase the reproducibility in future experiments and even 
more for HTS purposes. HT-29 (ATCC® HTB-38™), a colonic epi-
thelial cell line known to express LL-37 and respond to several 
known inducers, was chosen to host the plasmid vector construct.

2  Materials

	 1.	BAC clone RP11_502L5.
	 2.	Seamless cloning kit.
	 3.	pGL-4.26 Luciferase Reporter Vector.
	 4.	DNA polymerase.
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	 5.	Competent cells for transformation.
	 6.	Culture medium: RPMI 1640, supplemented with 10 % fetal 

calf serum (FCS), 100 μg/ml streptomycin, and 100 U/ml 
penicillin.

	 7.	Phosphate-buffered saline (PBS): 137  mM NaCl, 2.7  mM 
KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4, pH 7.4.

	 8.	Spe1 restriction enzyme.
	 9.	PCR clean up kit.
	10.	Cell culture flasks and 24 well plates.
	11.	Transfection reagent.
	12.	800 μg/ml hygromycin.
	13.	Trypsin-EDTA (0.05 %).
	14.	96 well plates preferably with white wells and “see-through” 

bottom (see Note 1).
	15.	Stock 100 mM sodium phenyl butyrate (PBA) in PBS.
	16.	2 mM sodium phenyl butyrate (PBA) in PBS.
	17.	Stock 100 μM 1,25-dihydroxyvitamin D3 solution in EtOH.
	18.	100 nM 1,25-dihydroxyvitamin D3 in EtOH.
	19.	Passive lysis buffer (PLB).
	20.	DNA extraction kit.
	21.	0.8 % agarose gel: Mix 0.8 g of agarose with 100 ml H2O.
	22.	Tecan M200 plate reader with an injector module.
	23.	Luciferase assay reagent: luciferase assay substrate and lucifer-

ase assay.
	24.	The Prestwick Chemical Library of 1200 FDA-approved com-

pounds was kindly provided by Chemical Biology Consortium, 
Sweden, and is commercially available.

	25.	Dimethyl sulfoxide (DMSO).

3  Methods

	 1.	Amplify the CAMP gene, including 3 kilo base pairs (kb) of DNA 
upstream of the ATG start codon [18] but without the endog-
enous stop codon in exon 4, with the following primers: for-
ward 5′-ATTTCTCTGAATTCTCATGATATCTTCCGTCG 
(named A1; see Fig.  1a) and reverse 5′-GCATCTTCGGAC 
TCTGTCCTGGGTACAAGATT (A2). The template for 
amplification was the BAC clone RP11_502L5.

	 2.	Clone the resulting product using the seamless clon-
ing kit into a pGL-4.26 Luciferase Reporter Vector. For 

3.1  Vector Construct

Screening for Novel AMP Inducers



274

amplification of the vector with excision of the luciferase 
starting codon, we used the following primers: forward 
5′-CAGAGTCCGAAGATGCCAAAAACATTAAGAAG 
(A3) and reverse 5′-GAGAATTCAGAGAAATGTT 
CTGGCACCTGCAC (A4). Bolded letters denote primer 
overhang that was utilized for recombinant construction (see 
Note 2 and Fig. 1a).

	 3.	Propagate the plasmids in E. coli.

E1

E2

E3

E4

A1

A2
A3

A4

B1

B2

Luciferase

CAMPHygromycin 

SpeI

start (ATG) 3076

ATG 

A

E1 E2 E3 E4 LuciferaseCAMP Hygromycin Chromsomal DNAChromsomal DNA

ATG

NH2 COOH

CampLuc mRNA

B

AmpR

CAMP 49-4985
Exon 1 2911-3276
Exon 2 3918-4025
Exon 3 4167-4238
Exon 4 4857-4985
Luciferase 4986-6635
Hygromycin 7382-8419

Primer A1 10717-24
Primer A2 4962-4993
Primer A3 4978-5009
Primer A4 10701-8
Primer B1 348-367
Primer B2 6523-6542
Spe1 10508
Translation

AmpR 9606-10466

Fig. 1 Schematic representation of the vector construct and of the stable transfection of HT-29 cells. (a) The 
CAMP gene, shown in blue (the CAMP gene exons are indicated in orange, E1, E2, E3, and E4), was inserted 
into the pGL-4.26 vector in frame with the firefly luciferase gene (shown in yellow). The vector also contains a 
hygromycin-resistance gene, shown in red, and ampicillin-resistance gene in green. The primers utilized for 
cloning of the CAMP gene into the pGL4-26 vector are indicated in the figure: A1 and A2 for the CAMP gene 
(red) and A3 and A4 for the pGL4-26 plasmid (green). Primers used to assess the construct integration of the 
entire CAMP gene were B1 and B2 (blue). (b) The genomic insert is transcribed into CAMP–luciferase fusion 
mRNA that is translated into the fusion protein proLL37-luciferase
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	 4.	Sequence the entire plasmid to confirm a correct insert and to 
investigate if any single nucleotide mutations were introduced 
by PCR (see Note 3).

We termed the final vector construct pGL-CampLuc.

	 1.	Grow HT-29 cells in culture medium in a 5 % carbon dioxide 
atmosphere at 37 °C. Use as low passage as possible.

	 2.	For transfection, HT-29 cells will be grown to 70 % confluence 
in a 10 cm dish.

	 3.	Linearize 15 μg of pGL-CampLuc with Spe1 restriction enzyme 
and perform a “PCR clean up” using a kit (see Note 4).

	 4.	Transfect the purified and linearized pGL-CampLuc plasmid in 
to the HT-29 cells.

	 5.	Replenish the culture medium 24 h post transfection.
	 6.	Add 800 μg/ml hygromycin supplemented culture medium to 

the cells 72 h post transfection (see Note 5).
	 7.	After 3–4 weeks, clones resistant to the selection medium can 

be isolated (see Note 6).
	 8.	Clones from now on will be maintained in culture medium 

containing 400 μg/ml hygromycin (see Note 7).
	 9.	Allow the isolated clones to adhere and propagate in a 24-well 

plate for 3–4 days or until 70–90 % confluency is reached (see 
Note 8).

	10.	Trypsinize the cells using 1× Trypsin-EDTA (0.05 %) for 
approximately 5 min or until the majority of the cells are de-
attached after tapping the container. Reseed in three wells, one 
for maintenance and the other two for luciferase expression 
assessment.

	11.	Stimulate one of the two wells with the combination of (final 
concentration 2 mM) PBA and (final concentration 100 nM) 
1,25-dihydroxyvitamin D3 and treat the other well with vehicle 
(negative control).

	12.	Assay both wells after 24 h for luciferase activity. First, lyse the 
cells using 100 μl of PLB and allow plate to shake for 20 min.

	13.	Transfer 20 μl of cell lysate to a white-welled 96-well plate and 
measure luminescence according to methods in Subheading 3.3, 
steps 7 and 8.

	14.	Discard all clones not expressing luciferase or not able to 
express more luciferase upon co-treatment with PBA and 
1,25-dihydroxyvitamin D3.

	15.	For all other clones, the integrity of the CAMP gene insertion 
will be assessed by PCR.

3.2  Cell Cultures 
and Stable 
Transfection
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	16.	Extract genomic DNA from each clone using a “DNA extrac-
tion kit” and perform PCR with the following primers. 
Forward primer 5′-AGGTAGTGGACACCGACCTG (B1 see 
Fig. 1a), located at 2728 bp upstream of the start codon of the 
CAMP gene, and the reverse primer 5′-GTCCACGAACAC 
AACACCAC (B2 see Fig. 1a) located at 1557 bp into the lucif-
erase gene.

	17.	Visualize the 6195 bp PCR product on a 0.8 % agarose gel (see 
Note 9).

	 1.	Pick one clone, which fulfills a complete genomic integration 
of the CAMP gene and its promotor, along with the expected 
response to known stimuli coupled to a moderate nonstimu-
lated expression of ProLL37-luciferase, e.g., background lumi-
nescence (see Fig.  1b for a schematic representation of a 
successful genomic integration and translation to 
ProLL37-luciferase).

	 2.	We have termed our clone MN8CampLuc and have optimized 
seeding in a 96-well plate to 6 × 104 cells/well.

	 3.	Culture the cells for 48  h in normal culture medium, e.g., 
without hygromycin.

	 4.	Treat with test compounds or the vehicle as the negative 
control.

	 5.	After 24 h, remove medium and wash the cells once with PBS.
	 6.	Add 20 μl of passive lysis buffer (see Note 10).
	 7.	Use a luminometer with an injector for measuring of 

luminescence.
	 8.	Treat each well according to the following sequence; program 

the injector to add 50  μl (see Note 11) of luciferase assay 
reagent to each well and followed by a 2 s halt period before 
measurement of luminescence for 10 s (see Note 1).

Before attempting any large experiment, such as a library screen, 
make sure to validate your assay to be sensitive enough for screen-
ing purposes. We validated our assay by determining the Z′-factor 
of our assay as described in [19] (see Note 12).

	 1.	Seed and treat MN8CampLuc cells according to 
Subheading 3.3, step 2 and onward. Incubate the cells with 
vehicle (negative control) or with PBA in combination with 
1,25-dihydroxyvitamin D3 (positive control) in technical repli-
cates of 12 wells per condition.

	 2.	Calculate Z′-factor according to the following formula:

	
Z ¢ = -

+( )
-

1
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3.3  Cell-Based 
Reporter Assay

3.4  Z′-Factor 
Measurement
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where σ denotes standard deviation and μ mean value. N and P 
indicate negative and positive controls, respectively.

The library compounds were provided at a stock concentration of 
10 mM dissolved in DMSO in 96 well plates with row 1 and 12 
empty for internal controls.

	 1.	Dilute the 10 mM stocks, 1:100, in normal culture medium 
and apply vehicle and positive controls to the empty rows in 
four technical replicates for each plate.

	 2.	Add the library compounds from these plates to the 
MN8CampLuc cells, prepared according to Subheading 3.3, 
steps 3–8 at a 1:10 dilution, giving a final concentration of 
10 μM for the compounds and 0.1 % of the solvent.

	 3.	Measure luciferase activity in the cell lysates after 24  h, as 
described under Subheading 3.3.

	 4.	Calculate the fold induction per 96-well plate, i.e., as the ratio 
between the signal for each library compound and the average 
signal of the vehicle control as measured per plate.

	 5.	Then calculate the average fold induction for all test com-
pounds ± three standard deviations (μ ± 3σ).

	 6.	Compounds with a fold induction higher than μ + 3σ are con-
sidered to be inducers while compounds with a fold induction 
lower than μ − 3σ are considered to be inhibitors within a 
99.7 % confidence interval [19] (see Fig. 2).

	 7.	Assess the statistical robustness of the screen, plate by plate, by 
calculating the Z′-factor, emanating from the positive and 
vehicle controls.

	 8.	Also consider machine errors, e.g., increased or decreased sig-
nal specific to wells, rows, or columns. Calculate the average 
signal for each well, row, and column for all plates used in the 
screen. The average signal should not deviate from that of the 
total average control.

	 9.	Confirm positive hits and at the same time measure the con-
centration curve by treating MN8CampLuc cells with each of 
the positive compounds obtained from the initial screen at 11 
concentrations, ranging from 100 μM to 1.7 nM (serial dilu-
tions of 1–3) (see Note 13).

	10.	To allow for this concentration range, the final concentration 
of DMSO needs to be adjusted to 1 % in all wells.

4  Notes

	 1.	Wells with “see-through” bottom allows for visual inspection 
of seeding and to assess toxicity of the test compounds. By 

3.5  Prestwick 
Chemical Library 
Screening

Screening for Novel AMP Inducers
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applying white tape on the bottom of the plates before mea-
surement, you allow for the signal to “bounce” toward the 
detector rather than dispersing underneath the plate. This 
increases the luminescent signal significantly.

	 2.	Utilizing the seamless cloning kit allowed us to remove the 
stop codon from the CAMP gene and also the start codon 
from the luciferase gene. Moreover, we could paste these genes 
together without codons for any extra amino acids and thus 
keep the construct as “natural” as possible. By removing the 
start codon from the luciferase, we positively removed all back-
ground luminescence.

Note that the minimal promotor from the pGL-4.26 plas-
mid was removed together with the start codon of the lucifer-
ase gene.
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Fig. 2 Screen of the Prestwick Chemical Library. The 1200 compounds of the Prestwick Chemical Library were 
screened as described in Subheading 3.5. The screen spanned 15 plates and in each plate four vehicle con-
trols (0.1 % DMSO) and four positive controls [vitamin D3 (Vit D; 100 nM)] in combination with sodium PBA 
(2 mM) were included. The signal recorded in each well was normalized to the average vehicle control of the 
corresponding plate. Using the formula μ ± 3σ, the hit thresholds were calculated (gray lines) in our experi-
ment, giving 18 positive and 14 negative hits. The Z′-factor was calculated for each plate, giving the range of 
0.70–0.91
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	 3.	Either design sequencing primers with a spacing of 600–700 bp 
over the plasmid or assign your sequencing provider with the 
task to sequence the entire plasmid.

	 4.	Because of the circular nature of a plasmid, it needs to be lin-
earized prior to genomic integration. Actively determining 
where the plasmid is linearized increases the chances of a suc-
cessful integration and also reducing the number of false-
positive clones. The plasmid construct utilized here only 
allowed for linearization within 3.1 kb out of 10.7 kb. This 
means that if linearization would occur spontaneous, 71 % of 
all integration events would be useless and that 68 % of hygro-
mycin resistant clones would be of false-positive character.

	 5.	A concentration curve would be performed prior to 
Subheading 3.2, step 8, to determine the minimum concen-
tration that kills all cells within 5–7 days.

	 6.	For isolation of the colonies, we found that HT-29 colonies 
can be picked with a pipette under a microscope due to their 
firm attachment to each other. This quickened the procedure 
but one should emphasize that this increase the risk for con-
tamination of the cells. We also promote the use of a colony 
cylinder and trypsin.

	 7.	The 800 μg/ml of hygromycin supplemented culture medium 
is used for the establishment of resistant clones and at this con-
centration the cells propagate at a very slow rate. Therefore, 
we maintain the cells at 400 μg/ml of hygromycin. If hygro-
mycin is completely removed, the luminescence drops signifi-
cantly within a couple of passages of the cell cultures.

	 8.	If colonies are picked according to the first part of Note 6, 
trypsinization of the colony with re-seeding will greatly increase 
the proliferation time.

	 9.	The hygromycin and luciferase cassette must be intact since the 
clones are hygromycin resistant and the luminescence was 
detected; therefore, only the CAMP gene with its promotor 
needs to be confirmed for full integrity.

	10.	By placing the plates in a −80 °C freezer, you assure complete 
lysis and also allow analysis at a later time with no significant 
decrease in signal for at least 72 h. Plates must be at room tem-
perature at the time of measurement. Optimal temperature for 
luciferase is around 25 °C.

	11.	The manufacturer promotes the use of 100  μl of luciferase 
assay reagent per well. We tested both 50 and 100 μl and we 
found the signal to be comparative.

	12.	The Z′-factor gives you an indication of the span where you can 
find hits and as such gives you an indication of your assay’s suit-
ability for screening purposes. Z′-factor calculation gives a num-
ber between 0 and 1 where 0.5–1 indicates an excellent assay.

Screening for Novel AMP Inducers
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	13.	To avoid crystallization of the library compounds the dilution 
series would be prepared in organic solvent, e.g., DMSO, 
before addition of RPMI medium.
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Chapter 20

Methods for Elucidating the Mechanism of Action 
of Proline-Rich and Other Non-lytic Antimicrobial Peptides

Monica Benincasa, Giulia Runti, Mario Mardirossian, Renato Gennaro, 
and Marco Scocchi

Abstract

A distinct group of antimicrobial peptides kills bacteria by interfering with internal cellular functions and 
without concurrent lytic effects on cell membranes. Here we describe some methods to investigate the 
mechanisms of action of these antimicrobial peptides. They include assays to detect the possible temporal 
separation between membrane permeabilization and bacterial killing events, to assess the capacity of anti-
microbial peptides to cross the bacterial membranes and reside in the cytoplasm, and later to inhibit vital 
cell functions such as DNA transcription and protein translation.

Key words Antimicrobial peptide, Proline-rich peptide, Mechanism of action, Membrane permeabi-
lization, Cell uptake, Flow cytometry

1  Introduction

Antimicrobial peptides (AMPs) are a large class of innate immunity 
effectors with a remarkable capacity to inactivate microorganisms. 
Most of them kill microorganisms by a selective membrane-
interacting activity leading to a lethal permeabilization of the 
microbial envelope [1]. However, some AMPs affect microbial 
viability by mechanisms different from membrane permeabiliza-
tion [2–5]. These AMPs may recognize and inactivate cellular tar-
gets in vitro, such as nucleic acids, proteins, and enzymes, and their 
modes of action are mediated by translocation across the plasma 
membrane in a nonlethal manner [4, 5].

The group of proline-rich AMPs (PR-AMPs) is the best charac-
terized example of AMPs showing non-membranolytic effects [6, 
7]. They are cationic peptides with a high content of proline residues 
that are present in mammalians [7] as well as in several species of 
insects and crustaceans [6]. PR-AMPs are mainly active against 
Gram-negative bacteria sharing a similar mode of bacterial cell inter-
nalization involving the inner membrane protein SbmA [8, 9]. The 
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molecular chaperone DnaK has been proposed as a first cytoplasmic 
target for a PR-AMP [10]. Recently, different peptides including 
both mammalian [Bac7(1–35)] and insect (oncocin, apidaecins) 
PR-AMPs have been demonstrated to specifically and completely 
inhibit in vitro translation in the micromolar concentration range 
[11, 12]. Then it has been shown that these peptides specifically 
interact with ribosomes, indicating that the killing mechanism of 
PR-AMPs is based on a specific block of protein synthesis [13–15].

In this chapter, we report methods to investigate the mecha-
nism of action of PR-AMPs and other AMPs predicted to have a 
mode of action different from membrane lysis. Firstly, we describe 
an assay to evaluate the possible temporal dissociation between 
bacterial cell death and changes in membrane permeability, a hall-
mark of this kind of AMPs; secondly, we describe a method to 
evaluate the capacity of these peptides to cross the bacterial mem-
branes and to measure their concentration within the cytoplasm; 
and, lastly, we suggest a strategy to establish whether these pep-
tides kill bacteria by inhibiting vital cellular functions such as DNA 
transcription and protein translation.

2  Materials

	 1.	Mueller-Hinton Broth (MHB) or other culture media (see Note 1).
	 2.	Mueller-Hinton agar (MHA) plates containing 1.5 % agar.
	 3.	Buffered saline (BS): 10 mM Na-phosphate buffer, 150 mM 

NaCl, pH 7.4.
	 4.	Stock solution in sterile water of each AMP to be tested: 

1–10  mg/ml. In this study, Bac7(1–35) RRIRPRPPRLPRP 
RPRPLPFPRPGPRPIPRPLPFP is used.

	 5.	Overnight culture of the bacterial strains in the medium of 
choice (see Note 2).

	 6.	Propidium iodide (PI) stock solution: 1 mg/ml in 10 mM Na-
phosphate buffer, 150 mM NaCl, pH 7.4 (BS), filtered using 
a 0.2 μm membrane filter.

	 7.	Thermostatic bath set at 37  °C (or a different temperature 
depending on the bacterial species).

	 8.	Flow cytometer (see Note 3).
	 9.	Incubator set at 37 °C (or a different temperature depending 

on the bacterial species).
	10.	Inoculation spreader.

	 1.	Mueller-Hinton Broth (MHB) or other culture media (see 
Note 1).

	 2.	Buffered high salt solution (BHSS): 10  mM Na-phosphate, 
400 mM NaCl, 10 mM MgCl2, and pH 7.4.

2.1  Membrane 
Permeabilization 
and Bacterial Killing

2.2  Peptide 
Internalization 
into Bacterial Cells
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	 3.	Stock solution of fluorescently labeled peptides in sterile water 
(peptide concentrations ranging from 1 to 10  mg/ml) (see 
Note 4).

	 4.	Overnight culture of the bacterial strains in the medium of 
choice (see Note 2).

	 5.	Trypan blue stock solution: 10 mg/ml in BS solution, filtered 
using a 0.2 μm membrane filter.

	 6.	Thermostatic bath set at 37  °C (or a different temperature 
depending on the bacterial species).

	 7.	Flow cytometer (see Note 3).
	 8.	Centrifuge for Eppendorf tubes.
	 9.	Cover glasses.
	10.	Confocal microscope with an oil immersion objective lens 

(100×).

	 1.	Bacterial culture of the desired strain in Mueller-Hinton Broth 
(MHB) or in other growth medium of choice.

	 2.	Buffered high salt solution (BHSS): 10  mM Na-phosphate, 
400 mM NaCl, 10 mM MgCl2, and pH 7.4.

	 3.	A peptide labeled with a radioisotope, e.g., alkylated with 
radioactive (14C) iodoacetamide [12].

	 4.	Flexible-24, clear PET 24-well flexible microplate.
	 5.	Scintillation fluid OptiPhase Supermix (for liquid samples and 

14C).
	 6.	Scintillation β-counter.
	 7.	Spectrophotometer.
	 8.	Disposable polystyrene 1.6 ml cuvettes.

	 1.	Commercial kit S30 T7 High-Yield Protein Expression System 
for in  vitro cell-free coupled transcription/translation (T7/
S30 Extract for Circular DNA, S30 Premix Plus, S30 T7 
Control DNA, nuclease-free water).

	 2.	RNase inhibitor (e.g., RNase inhibitor murine).
	 3.	Solution of PR-AMPs to be tested in sterile water (possibly 

RNase free).
	 4.	RNase-free tips and tubes.
	 5.	Thermomixer comfort.

	 1.	Commercial kit Renilla Luciferase Assay System (Renilla 
Luciferase Assay Substrate, Renilla Luciferase Assay Buffer).

	 2.	Black 96 multiwell microtiter plates.
	 3.	Luminometer.
	 4.	Resolving gel buffer 4×: 1.5 M Tris–HCl pH 8.8.

2.3  Evaluation 
of Cytosolic Peptide 
Concentration

2.4  In Vitro 
Evaluation 
of Transcription/
Translation Inhibition

2.5  Evaluation 
of Results 
by Luciferase Activity 
Assay and Evaluation 
of Results 
by SDS-PAGE
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	 5.	Stacking gel buffer 4×: 0.5 M Tris–HCl pH 6.8.
	 6.	Running buffer 5×: 0.125 M Tris-HCl, 0.96 M glycine pH 

8.3, 0.5 % SDS.
	 7.	Sample Buffer 4×: 8 % SDS (w/v), 0.4 M DTT, 40 % glycerol 

(w/v), 0.04 % bromophenol blue in 0.25 M Tris–HCl pH 6.8.
	 8.	Tris-buffered saline (TBS): 50 mM Tris–HCl, 150 mM NaCl, 

pH 7.5.
	 9.	Coomassie staining solution: 0.1 % (w/v) Coomassie Brilliant 

Blue R250, 10 % (v/v) acetic acid, 40 % (v/v) methanol in MQ 
water.

	10.	Destaining solution: 10 % (v/v) acetic acid in milli-Q water.
	11.	Tris-glycine polyacrylamide mini-gel (12.5 % running gel, 4 % 

stacking gel, 0.75 mm thickness).

3  Methods

Temporal dissociation between cell death and changes in mem-
brane permeability is a common feature of AMPs having a non-
lytic mode of action. Since the lethal step is different from 
membrane damage, cell permeabilization is usually observable only 
after a lag period and as a secondary effect due to the dead cells 
that over time lose membrane integrity. On the contrary, in the 
case of lytic AMPs, membrane damage represents per se the lethal 
event, so that cell killing and membrane permeabilization are usu-
ally observed as concomitant events.

Membrane integrity could be assessed by measuring the time 
course of propidium iodide (PI) uptake in bacterial cells treated 
with the AMP of interest. PI enters the cells and emits fluorescence 
only if the cell membranes are damaged. Therefore, the percentage 
of PI-positive cells after treatment with the peptide correlates to 
the number of damaged cells.

	 1.	Dilute a mid-log phase bacterial culture at 1 × 106 CFU/ml in 
the appropriate medium (see Note 1).

	 2.	Aliquot 1  ml of bacterial suspension directly into the tubes 
used for the cytometric sample acquisition, and add 10 μl of PI 
(final concentration 10 μg/ml) to each aliquot. Prepare one 
tube for each concentration of peptide (see Note 5).

	 3.	Add the peptide to the desired concentration and incubate in 
a thermostatic bath at 37 °C (see Note 6). Add an equal vol-
ume of water to a sample as negative control (untreated cells). 
Add an equal volume of a solution of a molecule with well-
known lytic activity as positive control for permeabilization 
(see Note 7).

	 4.	Acquire each sample with the flow cytometer every 15 min for 
2 h (see Note 8).

3.1  Membrane 
Permeabilization 
and Bacterial Killing
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	 5.	Plot the number of events (cells) counted as a function of the 
fluorescence intensity of the detected signals (PI fluorescence) 
(Fig. 1).

	 6.	Calculate the percentage of permeabilized cells by subtracting 
the fluorescence of the untreated control (cell autofluorescence) 
after each incubation time (see Fig. 1 and Notes 9 and 10).

	 7.	Dilute a mid-log phase bacterial culture at 1 × 106 CFU/ml in 
the appropriate medium (see Note 1).

	 8.	Prepare tenfold serial dilutions in BS of the initial suspension 
(see Note 11).

	 9.	Aliquot 1 ml of bacterial suspension in Eppendorf tubes, and 
add the peptide at different concentrations based on the per-
meabilization assay (see Note 6). Use one tube for each pep-
tide concentration and time point, as a negative control water 
can be used.

	10.	Incubate in a thermostatic bath at 37 °C.
	11.	For each peptide concentration, remove the corresponding 

Eppendorf tube from the thermostatic bath after the desired 
incubation time, and prepare tenfold serial dilutions in BS (see 
Note 12).

	12.	Plate 50 μl of each dilution in duplicate by spreading it onto a 
Mueller-Hinton agar plate (see Note 13).

	13.	 Incubate the plates for approximately 24 h at 37 °C, and count 
the number of CFUs at each time point and for each peptide 
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Fig. 1 Example of superimposed histograms of untreated (full gray) and peptide-
treated (black line) E. coli cells. The figure shows the shift at a higher fluores-
cence intensity after treatment with a cell membrane damaging agent. The 
marker window indicates the interval of fluorescence intensity at which the cells 
are considered PI+
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concentration. Plot the number of CFUs for each sample on a 
log scale.

	14.	Compare, for each time and each peptide concentration 
assayed, the number of CFUs and the percentage of permeabi-
lized cells as reported above (see step 6).

	15.	A non-lytic AMP is expected to show a significant reduction of 
CFUs (>90 %) after a precise time of incubation without con-
current membrane permeabilizing effects (<5–10 % of PI-
positive cells) or to see signs of permeabilization only at 
concentrations higher than the bactericidal concentrations (see 
Note 14). On the contrary, a lytic peptide is expected to cause 
significant membrane permeabilization at shorter incubation 
times (e.g., 30 min) and produce at the same concentration a 
significant decrease in the number of CFUs.

Uptake of an AMP in bacteria could be investigated by a cytofluo-
rimetric method that couples the use of the fluorescently labeled 
AMP to a quencher, which is excluded from the interior of intact 
cells, and bleaches only the fluorescence of the peptide that remains 
extracellular or bound on the bacterial surface.

	 1.	Dilute a mid-log phase bacterial culture at 1 × 106 CFU/ml in 
the appropriate medium (see Note 1).

	 2.	Aliquot 1 ml of bacterial suspension in Eppendorf tubes.
	 3.	Add the fluorescently labeled peptide to the desired concentra-

tion, and incubate at 37 °C in a thermostatic bath (see Note 6). 
It is necessary to use only non-permeabilizing concentrations 
of the AMP, previously evaluated by the PI-uptake assay (see 
above). Use one tube for each peptide concentration and time 
point, as a negative control water can be used.

	 4.	At the end of incubation, wash bacterial samples three times in 
BHSS in order to remove the fraction of peptide slightly bound 
to the surface (see Note 15). Initially, the internalization 
should be determined after a short incubation time (e.g., 
10 min); subsequently, the incubation could be prolonged up 
to a maximum of 2 h if the internalization is not detectable 
after a short treatment.

	 5.	Analyze all samples by the flow cytometer.
	 6.	Plot the number of events (cells) counted as a function of the 

fluorescence intensity due to the labeled peptide.
	 7.	If the cell population appears fluorescent, add 10 μl of trypan 

blue (final concentration 1 mg/ml) in each bacterial suspen-
sion, incubate 10 min at room temperature, and analyze again 
all samples.

	 8.	Compare the mean fluorescence intensity (MFI) values obtained 
in the absence and in the presence of TB of each sample.

3.2  Peptide 
Internalization 
into Bacterial Cells
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	 9.	Little difference between these two values (low quenching) 
indicates that the peptide is mainly internalized into bacterial 
cells (e.g., in E. coli, the percentage of quenching for Bac7(1–
35) is less than 10 %). A large difference between MFI values of 
cells treated with or without TB may indicate that the peptide 
is mainly located on the surface of the cells or in both the cyto-
plasm and membranes. In this case (high quenching) further 
investigations are required.

	10.	Confocal laser scanning microscopy (CLSM) may be used to 
complete the analysis on peptide internalization and/or even-
tually confirm the data collected by the cytofluorimetric analy-
ses. Bacterial cells treated with the different peptides are 
prepared without any fixation by following the same protocol 
used for the flow cytometric assay.

	11.	Prepare the samples following the protocol used for the inter-
nalization analysis (see steps 1–4).

	12.	Place 10 μl of each bacterial suspension, after washing it in 
BHSS, between two cover glasses to obtain an unmovable 
monolayer of cells.

	13.	Observe at the microscope, and analyze the image stacks col-
lected by the CLSM using an appropriate software (see Note 16).

	14.	Evaluate the distribution of fluorescence into bacterial cells.

Determination of the concentration reached by an AMP inside the 
bacteria may help to understand the mechanism of action of the 
peptide. This concentration can be estimated by using a radioactive 
derivative of the AMP of interest and measuring the radioactivity 
associated to the peptide-treated bacteria. This procedure is not 
affected by the strategy chosen to make the peptide radioactive; 
however, the smaller the modification, the lower the expected per-
turbation of the AMP activity. Times of incubation and peptide 
concentrations could require optimization depending on the 
bacterial species used. Data here reported concern the proline-rich 
peptide Bac7(1–35) and the E. coli BW25113 cells.

	 1.	Grow bacteria overnight in the appropriate liquid medium at 
37 °C under agitation. For a detailed description, see Chap. 29, 
Subheading 3.1.2.

	 2.	The day after, add 3  ml of this culture to 120  ml of fresh 
medium, and incubate at 37  °C under agitation until they 
reach the mid-log phase [optical density at 600 nm (OD600) of 
approximately 0.3].

	 3.	Centrifuge the bacterial suspension at 2000 × g for 20 min, dis-
card the supernatant, and resuspend the pellet in 5  ml of 
medium.

3.3  Evaluation 
of Cytosolic Peptide 
Concentration

Mechanism of Action of Proline-Rich AMPs
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	 4.	Dilute bacteria in the same medium to the final concentration 
of 4 × 108 CFU/ml. Then incubate at least 4 ml of the diluted 
bacteria at 37 °C under agitation for 10 min with a non-lytic 
concentration (see Subheading 3.1) of the radioactive peptide.

	 5.	After the incubation, collect 1 ml of treated culture (sample 
A). Collect another 1  ml of treated culture, centrifuge it at 
6200 × g for 10 min and resuspend the pellet in 1 ml of fresh 
Mueller-Hinton medium (sample B). Collect a third 1 ml of 
treated culture, centrifuge it at 6200 × g for 10 min, wash the 
pellet three times with 1 ml of BHSS to remove the peptide 
from the bacterial external surface, and then resuspend the pel-
let in 1 ml of fresh MH Mueller-Hinton medium (sample C).

	 6.	Add 100 μl of each sample (samples A, B, and C) to 900 μl of 
fresh MH medium, mix them, and check the OD600. Use these 
data to normalize the measurement of radioactivity with the 
number of bacteria for each sample.

	 7.	Mix in triplicate 200 μl of each sample with 500 μl of scintilla-
tion fluid OptiPhase Supermix in a Flexible-24, Clear PET 
24-well Flexible Microplate, and pipette avoiding bubbles (see 
Note 17).

	 8.	Measure the radioactivity of each sample for 1 min by using a 
β-counter (see Note 18).

	 9.	Use the OD600 values previously collected to normalize the 
amount of radioactivity with the number of bacteria present in 
each sample.

Estimate the volume occupied by the bacterial pellet based on 
the dimension of a single cell (see Note 19). Calculate the intracel-
lular amount of peptide by dividing the radioactivity associated 
with the bacterial pellet by its volume.

	 1.	Gently thaw T7/S30 Extract for Circular DNA, S30 Premix 
Plus, S30 T7 Control DNA, nuclease-free water, and PR-AMP 
solution. Mix vigorously S30 Premix Plus and mix gently T7/
S30 extract.

	 2.	Set reactions as follows in 1.5 ml RNase-free tubes (Table 1) 
(see Note 21).

	 3.	Incubate the samples at 37 °C for 60 min in a thermomixer 
under vigorous agitation. To have reproducible results, strictly 
control the temperature and the mixing; anyhow, the tempera-
ture is the most important parameter for a good reaction yield.

	 4.	Stop the reaction by cooling down the tubes on ice for 10 min 
and keep the samples on ice during the further steps (see 
Note 22).

3.4  In Vitro 
Evaluation 
of Transcription/
Translation Inhibition 
(See Note 20)
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	 1.	Prepare an appropriate amount of Renilla reaction mix by add-
ing one volume of 100× Renilla Luciferase Assay Substrate to 
100 volumes of Renilla Luciferase Assay Buffer according to 
the supplier instructions. Equilibrate reagents at room tem-
perature before preparing the mix.

	 2.	Quickly vortex your transcription/translation reactions, then 
dilute 2.5 μl of each sample in 97.5 μl of Renilla Luciferase 
Assay Buffer and mix by vortexing.

	 3.	Transfer 50 μl of previously prepared Renilla reaction mix into 
a well of a black multiwell microplate, add 50 μl of the sample 
previously diluted in Renilla Assay Buffer. Mix quickly by 
pipetting and avoiding bubbles formation, and then immedi-
ately read light intensity for 5 s using a luminometer for multi-
well plates (see Note 23).

	 4.	Prepare a Tris-glycine polyacrylamide mini-gel.
	 5.	Mix 5 μl of the undiluted transcription/translation reaction 

with 15 μl TBS buffer and 5 μl of 4×Laemli Sample Buffer. Mix 
by pipetting avoiding bubbles and denature samples by heating 
at 90 °C for 5 min.

	 6.	Load 10–12 μl of each denatured sample, and then separate them 
by using constant voltage (stacking 50 V; separation 200 V) until 
the bromophenol blue reaches the bottom of the gel.

	 7.	Stain the gel with Coomassie Brilliant Blue for at least 1  h 
under agitation, and then destain with 10 % acetic acid.

	 8.	Visually compare the bands corresponding to the luciferase, or, 
if needed, perform a densitometric analysis of the gel by using 
a scanner and a devoted software.

3.5  Evaluation 
of Results 
by Luciferase Activity 
Assay and SDS-PAGE

Table 1 
Reaction mix for in vitro transcription/translation assay

Reagents Volumes (μl)

Ctrl − Ctrl+ PR-AMP

S30 Premix Plus 27 27 27

T7/S30 Extract for Circular DNA 18 18 18

RNase inhibitor 1 1 1

S30 T7 Control DNA / 2 2

PR-AMP solution / / x

Nuclease-free H2O 4 2 y − x

Total (μl) 50 50 50

Mechanism of Action of Proline-Rich AMPs
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4  Notes

	 1.	The choice of the medium depends on the peptide used. It is 
desirable to use the same medium to perform the killing kinet-
ics and membrane permeabilization kinetics assays.

	 2.	These permeabilization and internalization assays have success-
fully been tested on E. coli, S. typhimurium, K. pneumoniae, A. 
baumannii, P. aeruginosa, S. aureus, and S. epidermidis. In 
principle these assays could be used also with other bacterial 
species.

	 3.	The flow cytometer should be equipped with an argon laser 
(488 nm, 5 mW) and photomultiplier tube fluorescence detec-
tors for filtered light set at 610 nm for PI detection and 525 nm 
for BODIPY (BY) detection. Each detector should be set to 
logarithmic amplification; 10,000 events are usually acquired 
for each sample. Data analysis may be performed with the FCS 
Express 3 software or similar software.

	 4.	The choice of the fluorophore depends on the characteristics 
of the cytometer and confocal microscope (laser source, detec-
tors, and filters). Fluorophores commonly used to label pep-
tides are BODIPY_FL [16], carboxyfluorescein, etc. Before 
using labeled AMPs for internalization studies, it is advisable to 
verify that the antimicrobial activity of the fluorescent peptide 
derivative is not changed after labeling. Both fluorescent label-
ing and MIC determination are described in Chap. 22, 
Subheading 3.2.

	 5.	One milliliter of the bacterial suspension is generally sufficient 
for four acquisitions one after another of the same sample tube 
at different times of peptide treatment. During the acquisition, 
it is important that the volume in the tube does not drop below 
a certain value [e.g., ~250 μl with Cytomics FC 500].

	 6.	The peptide’s working solutions must be prepared at such a 
concentration that can be used in a volume range of 2–20 μl 
for each tube. In general, the concentrations used for permea-
bilization and killing assays are based on the MIC value (e.g., 
1×MIC, 2×MIC, 4×MIC, and 8×MIC).

	 7.	Peptide antibiotics such as polymyxin B or other lytic agents 
such as ethanol, SDS, and Triton X-100 may be used as a posi-
tive control for permeabilization assay.

	 8.	It is better to analyze samples for short times, and anyway not 
exceeding 2 h, so that only potential direct lytic effects caused 
by the AMP are detected. Lytic AMPs generally affect mem-
brane integrity within minutes. Prolonging the treatment for 
longer times could allow to detect membrane lysis as indirect 
effects of cellular death.
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	 9.	Based on the histogram obtained for the untreated cell popula-
tion, trace a marker to establish the range of fluorescence 
intensity in which cells are considered PI positive. The percent-
age of untreated cells within the range established by the 
marker should not exceed 2 %. Some analysis software elec-
tronically subtracts the histogram of the negative control to 
those of the treated samples.

	10.	It is recommended to verify in advance that the bacterial cells 
incubated in the medium chosen for the assay do not change 
their morphology and do not alter their status of membrane 
integrity even in the absence of the AMP. This is important to 
correctly evaluate the extent of membrane damage truly caused 
by the AMP of interest. For example, it has been observed that 
certain bacterial species show changes in morphological param-
eters (FS and SS) and/or tend to be partially permeabilized 
when incubated in poor or diluted culture medium or in buffer 
(e.g., BS or BHSS buffer) already in the absence of the tested 
peptide (unpublished data).

	11.	This step allows to determine the real cellular concentration of 
the initial bacterial suspension before the addition of the pep-
tide. Decide the dilution factor taking into account that in 
order to have 500, 50, and 5 CFUs on each plate, it should be 
necessary to plate a 10−2, 10−3, and 10−4 dilution (starting from 
1 × 106 CFU/ml).

	12.	For longer incubation times (more than 2 h), it could be nec-
essary to increase the dilution factor for the untreated sample 
with respect to the samples treated with the peptide, in order 
to obtain a countable number of CFUs on the plate.

	13.	In order to reduce the number of agar plates, it is possible to 
divide one plate in four sectors and to spot 25 μl of a sample in 
each sector. This method is preferable for a raw initial screen-
ing, although the count of CFUs may be more difficult due to 
the reduced space.

	14.	To unravel the mechanism of action of an AMP, it is important 
to carry out both assays and, whenever possible, to use the 
same assay conditions. However, as a first step, it is convenient 
to perform the membrane permeabilization assay since its 
setup is less time- and cost-consuming than the killing kinetics 
test. This allows to optimize and to restrict the conditions to 
be used in the killing kinetics experiments. Insights on the suc-
cession of events from membrane permeabilization to bacterial 
cells death can be obtained by killing kinetics assay that should 
be performed using the same bacteria, medium, peptide con-
centrations, and incubation times chosen for the membrane 
permeabilization assay.

Mechanism of Action of Proline-Rich AMPs
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	15.	Check the morphologic parameters and the membrane integ-
rity of the untreated cells subjected to the described washing 
protocol, to verify that the procedure does not cause any dam-
age or changes to the cell population. This is important to 
properly assess the internalization of the peptide.

	16.	The EZ-C1 FreeViewer and the ImageJ 1.40 g software are 
suitable for this kind of analysis. Peptides that are internalized 
are visible for their fluorescence that is usually homogeneously 
distributed into the cytoplasm. On the contrary, peptides inter-
acting with the membranes are detectable as they accumulate 
on the cell surfaces.

	17.	The choice of the scintillation liquid depends on the radioiso-
tope used to label the peptide. Select the best reagent for your 
needs according to the instructions of the supplier. For exam-
ple, the OptiPhase Supermix is compatible for liquid samples 
and for measurements of 14C.

	18.	The protocol used to analyze the radioactivity data depends on 
the radioisotope used to label the peptide, e.g., for experi-
ments with a 14C-labeled Bac7(1–35), we measured the radio-
activity of each well for 1 min, and the reported result was the 
average automatically calculated by the instrument.

	19.	For this calculation relatively to E. coli, see Volkmer et al. [17].
	20.	The cell-free in  vitro transcription/translation systems are a 

powerful tool to simulate the intracellular conditions and the 
peptide concentration (if known) that the AMP of interest, 
e.g., a PR-AMPs, reaches within bacteria. Another advantage 
of in vitro cell-free systems is that they allow to avoid possible 
toxic or lethal lytic side effects that the peptide may exert on 
whole living bacteria if used at high concentrations. Moreover, 
since PR-AMPs need to be internalized by bacteria to exert 
their antimicrobial activity, it is often difficult to distinguish if 
these peptides are inactive on bacteria because of poor inter-
nalization or because of an intrinsic poor activity. The use of 
these in vitro cell-free systems allows to investigate the effects 
of PR-AMPs directly on the molecular machinery dedicated to 
the transcription/translation processes. During the whole set-
ting up of the in vitro transcription/translation reaction, always 
work on ice and under RNase-free conditions.

	21.	The final volume for the reactions can be scaled up to test mul-
tiple samples. Prepare a premix for better reproducibility of 
results.

	22.	It is also recommended to check the amount of produced lucif-
erase by SDS-PAGE rather than measure only its activity. Poor 
luminescence is not sufficient to discriminate between no lucif-
erase production and produced inactive luciferase (e.g., because 
of luciferase unfolding) or errors in the light quantification assay. 
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Results of the transcription/translation reactions can be evalu-
ated by quantifying the activity of the produced reporter gene 
(see Subheading 3.4, step 1) and/or the amount of protein pro-
duced by the reporter gene (see Subheading 3.4, step 2).

	23.	The light production drops very quickly. Read each sample sin-
gularly and immediately after its mixing with the Reaction mix. 
Standardize the procedure for sample handling in order to 
read each sample exactly after the same time.
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Chapter 21

The Interaction of Antimicrobial Peptides 
with the Membrane and Intracellular Targets 
of Staphylococcus aureus Investigated by ATP Leakage, 
DNA-Binding Analysis, and the Expression  
of a LexA-Controlled Gene, recA

Sanne Gottschalk and Line Elnif Thomsen

Abstract

The analysis of how antimicrobial peptides (AMPs) interact with bacterial membranes and intracellular 
targets is important for our understanding of how these molecules affect bacteria. Increased knowledge 
may aid the design of AMPs that work on their target bacterium without inducing bacterial resistance. 
Here, we describe different methods to investigate the mode of action of peptides against the Gram-
positive bacterium Staphylococcus aureus. ATP leakage analysis can be used to evaluate the ability of AMPs 
to perturb bacteria. DNA-binding and SOS response induction can be analyzed to investigate intracellular 
targets.

Key words Antimicrobial peptides, Mode of action, DNA binding, SOS response, ATP leakage, 
Membrane perturbation

1  Introduction

Identifying the mode of action of antimicrobial peptides (AMPs) is 
important to understand how natural peptides attack microorgan-
isms. However, it also provides knowledge that can be used to 
optimize the structure of the AMPs in order to improve activity 
and prevent development of bacterial resistance. It is believed that 
most AMPs, due to their cationic and amphipathic nature, selec-
tively kill bacteria by penetrating the anionic cell membrane by 
membrane disintegration or pore formation [1]. The assumption 
that AMPs kill the bacteria by membrane disruption can be tested 
by measuring the amount of ATP leaking from the bacteria as a 
measure for disrupted bacteria. This will furthermore give the pos-
sibility of investigating the correlation between AMP concentra-
tion and membrane disruption. In addition to causing membrane 
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disruption, several AMPs are also known to be able to traverse the 
cytoplasmic membrane and target intracellular molecules, includ-
ing DNA [2–7]. The binding of AMPs to DNA can affect the 
DNA replication machinery due to competition between replica-
tion proteins and AMPs for the same DNA sequence. A simple 
in vitro binding assay can indicate whether the AMP is able to bind 
DNA. AMP interaction with DNA has previously been suggested 
to have an effect on replication and DNA repair [2, 7, 8]. DNA 
damage elicits the SOS response, a conserved pathway essential for 
DNA repair and restart of stalled or collapsed replication forks. 
This process is regulated by the repressor LexA and the activator 
recA. Thus, methods that monitor changes in recA expression can 
support a hypothesis stating that the AMPs interact with DNA and 
hence induce the SOS response. Methods to investigate whether 
recA expression is induced include quantitative real-time PCR and 
northern blotting, but using a bacterial strain harboring a recA::lacZ 
fusion makes it possible to visualize changes in recA expression by 
the use of a simple color plate assay [9]. This method detects accu-
mulated expression and is therefore less sensitive to transient 
expression than qRT-PCR and northern blotting.

Thus using these methods, we can obtain valuable information 
about the mode of action of selected peptides. Furthermore, the 
experiments can be performed with peptide variants to evaluate the 
effect of smaller structural changes and thereby shed light on how 
changes in peptide structure can affect the function. By obtaining 
increased knowledge on mode of action, it will be possible to con-
struct peptides with improved function and reduced risk of resis-
tance development.

2  Materials

	 1.	Bacterial strain, e.g., Staphylococcus aureus 8325-4 [10].
	 2.	Brain Heart Infusion (BHI) Agar (BHI + 1.5 % agar).
	 3.	Tryptone Soy Broth (TSB).
	 4.	Incubator 37 °C.
	 5.	Spectrophotometer with absorbance of OD546.
	 6.	Centrifuge.
	 7.	Phosphate buffer: 50 mM potassium phosphate, pH 7.0.
	 8.	HEPES buffer: 50  mM HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid), pH 7.0.
	 9.	Antimicrobial peptides (AMPs) 10× the desired concentrations.
	10.	20 % (w/V) glucose.
	11.	Vortexer.
	12.	Sterile water.

2.1  ATP Leakage 
Components
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	13.	Dimethyl sulfoxide (DMSO).
	14.	ATP assay: Adenosine 5′-triphosphate (ATP) Bioluminescent 

Assay Kit.
	15.	BioOrbit 1253 luminometer.
	16.	Reaction vial for BioOrbit 1253 luminometer.

	 1.	Binding buffer: 5 % glucose, 10 mM Tris–HCl pH 8.0, 1 mM 
EDTA (ethylenediaminetetraacetic acid), 1 mM DTT (dithio-
threitol), 20 mM KCl, 50 μg/ml BSA (bovine serum albumin, 
see Note 1).

	 2.	Agarose gel (1 %): 1 g agarose in 100 ml Tris-acetate-EDTA 
(TAE) buffer (40  mM Tris–HCl, 20  mM acetic acid, and 
1 mM EDTA) including ethidium bromide (see Note 2).

	 3.	Loading buffer: 10 mM Tris–HCl (pH 7.6), 0.03 % bromo-
phenol blue, 0.03 % xylene cyanol FF, 60 % glycerol, and 
60 mM EDTA.

	 1.	Tryptone Soy Agar (TSA) plates (Tryptone Soy Broth 1.5 % 
agar) containing 5 μg/ml tetracycline.

	 2.	HI2682, Staphylococcus aureus 8325-4, which contains a 
recA::lacZ plasmid fusion and a tetracycline resistance gene [2].

	 3.	Tryptone Soy Broth (TSB).
	 4.	X-gal (5-bromo-4-chloro-3-indolyl-β-d-galactopyranoside, see 

Note 3).
	 5.	Sodium chloride solution: 0.9 % NaCl.
	 6.	Tetracycline.

3  Methods

Day 1:

	 1.	The bacterial strain Staphylococcus aureus 8325-4 (from −80 °C 
freezer) is plated on a BHI agar plate. The plate is incubated 
overnight at 37 °C.

Day 2:
	 2.	A single colony from the BHI agar plate is inoculated into 

10 ml TSB and is incubated overnight at 37 °C while shaking 
(≈200 rounds per minute (rpm)).

	 1.	Bacterial cells from overnight culture (from Day 2) are diluted 
1:100 in 25 ml of TSB and are grown at 37 °C while shaking to 
mid-exponential phase (e.g., OD546 ≈ 2.5 for S. aureus 8325-4).

	 2.	Bacterial cells are harvested by centrifugation at 2000 × g for 
10 min (see Note 4).

2.2  DNA Binding 
Components

2.3  SOS Regulation 
Components

3.1  ATP Leakage

3.1.1  Plating and Single-
Colony Incubation

3.1.2  Bacterial Cells
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	 3.	Bacterial cells are washed in 1/5 volume of 50 mM potassium 
phosphate buffer (pH 7.0).

	 4.	Bacterial cells are washed in 50 mM HEPES buffer (pH 7.0).
	 5.	Bacterial cells are resuspended in 50 mM HEPES buffer (pH 

7.0) to OD546 ≈ 10.
	 6.	Bacterial cells are stored on ice and used within 5 h.
	 7.	Bacterial cells in 50 mM HEPES (pH 7.0) are energized with 

0.2 % (w/V) glucose at 37 °C for 10 min (cell suspension) (see 
Note 5).

	 8.	Cell suspension is treated with antimicrobial peptide (AMP) 
(see Note 6) immediately before ATP measurement (see 
below).

	 1.	100 μl ATP assay mix solution is added to a glass vial (reaction 
vial) (see Note 7) and incubated for 3 min at room temperature.

	 2.	Add 100 μl sterile water.
	 3.	Mix the solution vigorously using a vortex mixer.
	 4.	Measure the light produced immediately (see Note 8). Subtract 

the mean value of the blank from all later ATP measurements.

	 1.	Dilution series of ATP standard stock solution; from a 1 mM 
stock solution, make the following concentrations: 0.005, 
0.01, 0.02, 0.05, 0.1, 0.2, 0.5, and 1.0 μM.

	 2.	100 μl ATP assay mix solution is added to each glass vial (reac-
tion vial) of the dilution series and stands and is incubated for 
3 min at room temperature.

	 3.	Add 100 μl ATP standard.
	 4.	Mix the solution vigorously.
	 5.	Measure the light produced immediately.

	 1.	100 μl ATP assay mix solution is added to a glass vial (reaction 
vial) and incubated for 3 min at room temperature.

	 2.	20 μl cell suspension is permeabilized by adding 80 μl dimethyl 
sulfoxide (DMSO).

	 3.	The mixture is diluted in 4.9 ml sterile water.
	 4.	100 μl diluted cell suspension is added to the ATP assay mix 

solution.
	 5.	Mix the solution vigorously.
	 6.	Measure the light produced immediately.

	 1.	100 μl ATP assay mix solution is added to a glass vial (reaction 
vial) and incubated for 3 min at room temperature.

	 2.	20 μl cell suspension is added to 80 μl sterile water.

3.1.3  ATP: Measurement 
of Blank

3.1.4  Measurement 
of ATP Standards

3.1.5  Measurements 
of Total ATP

3.1.6  Measurements 
of Extra Cellular ATP
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	 3.	The mixture is diluted in 4.9 ml sterile water.
	 4.	100 μl diluted cell suspension is added to the ATP assay mix 

solution.
	 5.	Mix the solution vigorously.
	 6.	Measure the light produced immediately.

In order to calculate the intracellular ATP concentration, the 
extracellular ATP concentration is subtracted from the total ATP 
concentration. ATP concentration in μM of intracellular ATP and 
extracellular ATP is plotted for each concentration of AMP inves-
tigated (Fig. 1).

	 1.	Purify plasmid DNA from S. aureus (see Note 9).
	 2.	Make twofold dilutions of AMP in binding buffer (stock), and 

follow the scheme below as an example to get the desired con-
centration in 20 μl (Table 1).

	 3.	Add 1 μl of purified 100 ng/μl plasmid DNA to all of the tubes 
with 20 μl diluted AMP.

	 4.	Add 1 μl of purified 100 ng/μl plasmid DNA to 20 μl binding 
buffer (control without AMP).

	 5.	Incubate 1 h at room temperature.
	 6.	Add 4 μl 6 × loading buffer to each tube.
	 7.	Load 12 μl from each tube to a 1 % agarose gel.
	 8.	Run the gel, and after the electrophoresis is complete, visualize 

the molecules in the gel using UV light (Fig. 2).

3.2  DNA Binding
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Fig. 1 Measurement of intracellular (IC) and extracellular (EC) ATP after treatment of bacterial cells with 
increasing concentration of the antimicrobial peptide, LP5 (0–1000 μg/ml) [2]
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Day 1:

	 1.	Strain HI2682 from −80 °C freezer is streaked out on TSA 
plates containing 5 μg/ml tetracycline in order to select for the 
lacZ fusion. The plates are incubated overnight at 37 °C.

Day 2:
	 2.	Single colonies from the TSA plates containing 5 μg/ml tetra-

cycline are inoculated into 10 ml TSB containing 5 μg/ml tet-
racycline and are incubated overnight at 37 °C while shaking 
(≈200 rpm).

Day 3:
	 3.	Bacterial cells from overnight culture are diluted 1000-fold in 

0.9 % NaCl.

3.3  Well Plate Assay 
with HI2682, S. aureus 
8325-4 recA::lacZ

Table 1 
Dilution scheme for AMPs used for DNA binding assay

AMP stock μl AMP stock μl binding buffer AMP concentration in 20 μl

1000 μg/ml 1.6 μl 18.4 μl 80 μg/ml
500 μg/ml 40 μg/ml
250 μg/ml 20 μg/ml
125 μg/ml 10 μg/ml
62.5 μg/ml 5 μg/ml
31.25 μg/ml 2.5 μg/ml

Fig. 2 Gel retardation with S. aureus DNA shows how increasing concentrations of an AMP bind to the plasmid 
and prevent it from running down in the gel. Increasing amounts of the AMP are incubated with 100 ng pRMC2 
plasmid DNA and run on an agarose gel. Lane 1: negative control containing binding buffer. Lane 2–7: contain-
ing increasing amounts of the antimicrobial peptide, LP5 (2.5, 5, 10, 20, 40, and 80 μg/ml). Modified from [2]
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	 4.	1 ml diluted bacterial cells are transferred to a 9 cm petri dish.
	 5.	Liquid TSA is cooled to approximately 40 °C.
	 6.	150 μg/ml X-gal and 5 μg/ml tetracycline (final concentra-

tion) are added to the TSA and are mixed well (avoid bobbles 
in the agar).

	 7.	Approximately 25 ml agar is immediately poured into a petri 
dish containing the diluted bacterial cells.

	 8.	Agar and bacterial cells are mixed by gently making circular 
movements in both directions until the agar is almost 
solidified.

	 9.	Agar plates are dried for 45 min in a laminar air flow (LAF) 
unit.

	10.	Wells are made manually with a sterile sharp iron tube/drill to 
make a ring-shaped cut through the agar. The little piece of 
agar in the middle of the ring is then removed using a sterile 
scalpel.

	11.	30 μl of AMP in the desired concentration and sterile water 
(used as a negative control) is added to the wells. Use above the 
MIC since the compound will be diluted out in the agar. MIC 
determination is described in Chap. 22, Subheading 3.2.

	12.	30  μl of positive control like, e.g., ciprofloxacin known to 
induce the SOS response in S. aureus. Use above the MIC since 
the compound will be diluted out in the agar.

	13.	The plates are incubated at 37 °C until blue color appears on 
the plate (Fig. 3, see Note 10).

4  Notes

	 1.	Prepare, e.g., 2  ml as the solution is stable at room 
temperature.

	 2.	A 50× TAE stock solution can be prepared by dissolving 242 g 
Tris base in water, adding 57.1 ml glacial acetic acid and 100 ml 
of 500 mM EDTA (pH 8.0) solution and bringing the final 
volume up to 1 l. This stock solution can be diluted 50:1 with 
water to make a 1× working solution. After boiling of agarose 
in the TAE buffer, the gel is casted. DNA can be visualized 
using ethidium bromide which, when intercalated into DNA, 
fluoresce under ultraviolet light.

	 3.	X-gal is hydrolyzed by the β-galactosidase. X-gal, when cleaved 
by β-galactosidase, yields galactose and 5-bromo-4-chloro-3-
hydroxyindole. The latter then spontaneously dimerizes and is 
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oxidized into 5,5′-dibromo-4,4′-dichloro-indigo, an intensely 
blue product which is insoluble. X-gal itself is colorless; the pres-
ence of blue-colored product therefore may be used as a test for 
the presence of an active β-galactosidase. This easy identification 
of an active enzyme allows the gene for β-galactosidase (the lacZ 
gene) to be used as a reporter gene in various applications.

	 4.	Harvest 15 ml of bacterial cells from mid-exponential phase. 
Between each washing step, the cells are harvested by centrifu-
gation at 2000 × g.

	 5.	Use 50 μl cells per reaction and add 0.5 μl glucose (20 %) in an 
Eppendorf tube

	 6.	Add 5 μl AMP to 50 μl cells, thus make AMP stocks that are 
10× more concentrated than the desired concentration.

	 7.	Belonging to, e.g., a BioOrbit 1253 luminometer.
	 8.	Quickly make measurements three times and calculate the 

mean.
	 9.	Any plasmid can be used. Purification of plasmid from bacterial 

strain can be done using any plasmid purification kit.
	10.	Incubation time depends on cell density and copy number of 

the reporter fusion, plus strength and regulation of the pro-
moter fused to the lacZ gene.
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Fig. 3 The antimicrobial peptide, LP5, induces recA expression in S. aureus. (a) 
LP5 or (b) ciprofloxacin (positive control) was added to wells in TSB agar plates 
containing the S. aureus 8325–4 derived lacZ reporter strain HI2682 (recA::lacZ). 
Incubation time was 18 h [2]
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Chapter 22

Methods for Investigating Biofilm Inhibition 
and Degradation by Antimicrobial Peptides

Li-av Segev-Zarko and Yechiel Shai

Abstract

Multidrug-resistant bacteria are a growing problem worldwide. One extensively studied resistance mecha-
nism is biofilm colonization—microbial colonies formed by many Gram-positive and Gram-negative bac-
teria species. Cationic antimicrobial peptides (AMPs) are innate immune system molecules serving as a first 
line of defense in fighting invading pathogens. The AMPs’ underlying mechanism and biophysical proper-
ties required for anti-biofilm activity are not fully known. Here we present protocols for investigating 
AMPs’ biological activity against major stages of biofilm life cycle, namely, planktonic stage (MIC assay), 
initial adhesion to surfaces (bacterial attachment assay), and formation or degradation of sessile microcolo-
nies (biofilm formation and degradation assays). Furthermore, we demonstrate experiments that allow 
determination and comparison between peptide biophysical properties (secondary structure, hydropho-
bicity, and oligomerization) and how they affect their mechanism (peptide-binding assays) of anti-biofilm 
activity.

Key words Biofilm, Antimicrobial peptides, Anti-biofilm activity, Biophysics

1  Introduction

Biofilms are sessile communities formed by many bacterial species 
to cope with unfavorable surroundings [1]. Biofilm-embedded 
bacteria are much less susceptible to antibiotics since the dense 
colonization enables bacterial communication (quorum sensing) 
[2], horizontal gene transfer, and formation of synergistic micro-
consortia [3]. Furthermore, the complex architecture of the extra-
cellular polymeric substance (EPS) reduces the penetration of 
harmful agents [4]. Embedded bacteria often enter a “stationary-
like” phase making them less susceptible to antibiotics that target 
growing cells [5]. All of the above can explain why clinical therapy 
fails to treat biofilm infections [6]. Therefore, new therapeutic 
agents and their mechanism should be investigated [7]. 
Antimicrobial peptides (AMPs) are attractive alternatives to con-
ventional antibiotics. They are part of the innate immune system, 

Paul R. Hansen (ed.), Antimicrobial Peptides: Methods and Protocols, Methods in Molecular Biology, vol. 1548,
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serving as a first line of defense in fighting invading pathogens in 
all life forms [7, 8]. Cationic AMPs are short, hydrophobic, and 
amphipathic and have a net positive charge [9]. For most of these 
peptides, the mode of action involves bacterial membrane disrup-
tion, causing bacteria to burst [10]. Their biophysical properties 
along with their mode of action make them a potential therapy 
against biofilms.

In the search for new anti-biofilm therapy strategies, we 
referred to the different stages of biofilm formation. Biofilms start 
from planktonic bacteria, followed by adhesion to organic or abi-
otic surfaces. Following the initial adhesion begins the formation 
of sessile microcolonies and secretion of EPS.  As the biofilm 
matures, a natural degradation process occurs, and bacteria dis-
perse from the biofilm in order to re-localize in other locations [5, 
11]. We tested the AMPs’ activity against several stages of biofilm 
maturation. Since planktonic bacteria have the potential to create a 
biofilm, we tested the minimal peptide concentration needed to 
prevent planktonic bacterial growth using the minimal inhibitory 
concentration (MIC) assay. The effect of nonlethal peptide con-
centration on bacterial adhesion to polystyrene and biofilm forma-
tion was used to learn about its mechanism of activity [12]. 
Checking biofilm degradation after peptide addition allows us to 
see whether the peptides can deal with mature biofilm, penetrate 
the biofilm, and kill its embedded bacteria [13].

Here we describe a series of experiments to determine what are 
the biophysical properties that contribute to the anti-biofilm activ-
ity of peptides. To determine the peptides’ hydrophobicity, we 
used reverse-phase high-performance liquid chromatography 
(RP-HPLC), which relies on the concept that as the peptide is 
more hydrophobic, the retention time for its release is longer. 
Secondary structure in lipopolysaccharide (LPS) environment was 
determined using circular dichroism and Fourier transform infra-
red spectroscopy (FTIR). Peptides’ binding to polystyrene and 
bacterial cells [14], along with peptide oligomerization state [13], 
which can dramatically affect its biological activity, was all evalu-
ated using rhodamine-labeled peptides.

2  Materials

Use ultrapure water (18 MΩ  cm at 25 °C) for all solutions and 
preparation of peptide stocks. Peptides and resin-bound peptides 
may be synthesized as described in Chap. 3 or 4 or obtained 
commercially.

	 1.	5-(and-6)-carboxytetramethylrhodamine succinimidyl ester 
(5(6)-TAMRA SE), mixed isomers.

	 2.	AMP and resin-bound AMP (see Chap. 3 or 4 for synthesis).

2.1  Peptide Labeling 
and Purification

Li-av Segev-Zarko and Yechiel Shai
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	 3.	N,N-Diisopropylethylamine (DIEA).
	 4.	Dichloromethane (DCM).
	 5.	DCM–DIEA solution; DCM:DIEA (95:5 v/v).
	 6.	Dimethylformamide (DMF).
	 7.	Trifluoroacetic acid (TFA).
	 8.	Triethylsilane (Tis).
	 9.	Acetonitrile (AcN).

	 1.	Growth medium, Luria–Bertani (LB) broth or BM2 minimal 
medium: 62 mM potassium phosphate buffer, pH 7.0, 7 mM 
ammonium sulfate, 1 mM magnesium sulfate, 10 μM ferrous 
sulfate, 0.2 % (w/v) glucose, 0.5 %(w/v) casamino acids.

	 2.	Polystyrene 96-well u-bottom plates (not tissue culture 
treated).

	 3.	Biofilm dye: 0.5 % crystal violet (see Note 1).
	 4.	Acetic acid (30 %).
	 5.	Viability dye: 0.5 % 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) (see Note 2).
	 6.	PBS buffer: 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 

1.8 mM KH2PO4.
	 7.	Isopropanol containing 0.4 % HCl.
	 8.	Multichannel pipette.
	 9.	LB agar plates.
	10.	Cell culture slides (eight chambers).
	11.	Bacterial strain, e.g., Pseudomonas aeruginosa PAO1.

	 1.	Acetonitrile (AcN) supplemented with 0.1 % trifluoroacetic 
acid (TFA).

	 2.	Dissolving buffer: 5  mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES).

	 3.	Lipopolysaccharide (LPS) of the relevant bacteria.
	 4.	Circular dichroism thermostatic quartz cuvette with a path 

length of 1 mm.
	 5.	Fourier transform infrared spectroscopy calcium fluoride 

cuvette, 5 μm spacer (Miller plastic) and a liquid transmission 
cell.

	 1.	Polystyrene 96-well u-bottom plates (not tissue culture treated).
	 2.	Polystyrene 96-well flat-bottom black plates for fluorescence 

reading.
	 3.	GdnHCl buffer: guanidine hydrochloride 6  M, 50  mM 

Tris(hydroxymethyl)aminomethane, 20 mM EDTA, pH 6.5.

2.2  Bacterial Growth 
and Biofilm Assays

2.3  Hydrophobicity 
Comparison and 
Secondary Structure 
Determination

2.4  Peptide Binding 
Assay and 
Oligomerization State

Biofilm Inhibition and Degradation by AMPs
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3  Methods

Carry out all procedures at room temperature unless indicated 
otherwise.

For 20 mg of peptide-bound resin, use 1 mg of 5(6)-TAMRA SE 
powder.

	 1.	Wash the resin-bound peptide with 200 μL DCM for three 
times followed by one wash with DCM supplemented with 5 % 
DIEA and three times with DMF.

	 2.	Dissolve the 5(6)-TAMRA SE powder in 98 μL DMF and add 
it to the washed resin.

	 3.	Add 2 μL DIEA and incubate with agitation protected from 
light for 16–72 h.

	 4.	After labeling, wash the resin with 500 μL DMF for three times 
followed by one wash in DCM. Dry the resin using N2 or in air.

	 5.	For cleavage of 50 mg resin, synthesized by Fmoc SPPS, add 
1 mL trifluoroacetic acid (TFA) and 25 μL triethylsilane (Tis). 
Protect the tube from light and incubate at room temperature 
for 2 h (agitate all time).

	 6.	Filter the resin and separate the solvent to five 2 mL tubes.
	 7.	Precipitate the crude peptide by adding 1.5 mL cold Ether.
	 8.	Repeat the ether precipitation three times and then dry the 

powder using N2 or in air.
	 9.	Dissolve the crude peptide in 50 % acetonitrile (0.1 % TFA 

(v/v)).
	10.	Purify by reverse-phase HPLC (RP-HPLC). RP-HPLC condi-

tions are as follows: C4 column and a linear gradient (10–90 %) 
of acetonitrile in water [both containing 0.1 % TFA (v/v)] for 
40 min.

Unless indicated otherwise, grow bacteria overnight at 37 °C in 
Luria–Bertani (LB) broth followed by three washes and resuspen-
sion in BM2 minimal medium.

	 1.	Prepare a 96-well plate containing serial dilutions (Fig. 1) of 
the desired peptide in the final volume of 50 μL (see Note 3). 
This is the final goal. Steps 2–10 are how to reach this goal.

	 2.	Dissolve your peptide in 160 μL BM2 medium to reach the 
final concentration of 200 μM.

	 3.	For each peptide you check, fill three columns of the 96-well 
plate with 50 μL BM2 medium, per well.

3.1  Peptide Labeling 
with 5(6)-TAMRA SE 
and Purification

3.2  Minimum 
Inhibitory 
Concentration (MIC) 
Assay

Li-av Segev-Zarko and Yechiel Shai
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	 4.	Add 50 μL of your dissolved peptide to three wells in the first 
row to reach a final concentration of 100 μM peptide in 100 μL.

	 5.	Using a multichannel pipette, pipette the first row, and transfer 
50 μL of the liquid to the second row.

	 6.	Repeat the pipetting and dilution until the last row.
	 7.	Discard the remaining 50 μL of excess liquid.
	 8.	Leave wells without peptide as a control.
	 9.	Dilute the overnight culture to ~1 × 106 CFU/mL (see Note 4).
	10.	Add 50 μL of diluted bacteria to each well.
	11.	Incubate the plate for 18 h at 37 °C with agitation.
	12.	After incubation, gently agitate the plate, and read the OD at 

600 nm to evaluate the percentage of growth.

Biofilm formation assay tests the ability of the bacteria to create 
biofilm in the presence of an antimicrobial agent. It is used to 
determine if the peptide can prevent biofilm formation or reduce 
the final biofilm biomass created (Fig. 2).

	 1.	Follow instructions in Subheading 3.2 steps 2–10 of the MIC 
assay.

	 2.	Incubate the plate for 24 h at 37 °C without agitation.
	 3.	After incubation, remove all liquid and unattached bacteria by 

inverting the plate and blotting it against clean paper towels.
	 4.	Wash the plate by soaking it in a tap water bath and removing 

liquid as in step 3.
	 5.	Repeat the washes three times.

3.3  Biofilm 
Formation and 
Degradation Assay

Fig. 1 MIC dilution scheme—peptide serial dilution steps for MIC, biofilm forma-
tion, and biofilm degradation assays (with small adjustments)

Biofilm Inhibition and Degradation by AMPs
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	 6.	Add 120 μL crystal violet dye per well, and incubate the plate 
for 20 min at room temperature.

	 7.	Remove the dye by inverting the plate, followed by three 
washes (see step 4), and leave plate to dry completely at room 
temperature.

	 8.	Dissolve the crystal violet dye by adding 125 μL of 30 % acetic 
acid, and incubate for 20 min at room temperature.

	 9.	Gently agitate the plate and read OD at 590 nm to evaluate the 
biofilm biomass.

The attachment of bacteria to a substratum is the first step in bio-
film formation. The bacterial attachment to polystyrene plates after 
a 1 h incubation is used to evaluate how peptides affect this step.

	 1.	Dissolve your peptide in 160 μL BM2 medium (see Note 5). 
Fill three wells with dissolved peptide, 50 μL per well.

	 2.	Dilute the overnight culture to ~1 × 109 CFU/mL (see Note 4).
	 3.	Add 50 μL of diluted bacteria to each well.
	 4.	Incubate the plate for 1 h at 37 °C without agitation.
	 5.	To evaluate the bacterial attachment, follow the biofilm forma-

tion assay Subheading 3.3, steps 3–9.

Biofilm degradation assay tests the ability of the antimicrobial 
agent to degrade preformed biofilm. It allows evaluating the bio-
film biomass and cell viability after treatment (Fig. 3).

	 1.	Dilute the overnight culture to ~5 × 105 CFU/mL.
	 2.	Add 100 μL of diluted bacteria to each well of the 96-well 

plate.
	 3.	Incubate the plate for 24 h at 37 °C without agitation.

3.4  Bacterial 
Attachment 
to Polystyrene

3.5  Biofilm 
Degradation
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Fig. 2 Biofilm formation assay—P. aeruginosa bacteria were incubated for 12 h in the presence of K6L9 pep-
tides (at MIC dilutions). (a) Posttreatment surface-associated biofilm, examined using 0.1 % crystal violet 
staining followed by OD measurements at 590 nm. (b) Percentage of biofilm formation after fitting to untreated 
bacteria
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	 4.	After 24 h, aspirate each well and wash three times with fresh 
BM2 medium.

	 5.	Aspirate each well (see Note 6).
	 6.	Dissolve your peptide in 175 μL BM2 medium to reach the 

final concentration of 200 μM.
	 7.	For each peptide you check, fill three columns of the 96-well 

plate with 55 μL BM2 medium, per well.
	 8.	Add 55 μL of your dissolved peptide to three wells in the first 

row to reach a final concentration of 100  μM peptide in 
110 μL.

	 9.	Use a multichannel pipette, to pipette the first row and transfer 
55 μL of the liquid to the second row.

	10.	Repeat the pipetting and dilution until the last row.
	11.	Discard the remaining 55 μL of excess liquid.
	12.	Add 50 μL of BM2 medium to all wells.
	13.	Leave wells without peptide as a control.
	14.	Incubate the plate for 1 h at 37 °C without agitation.
	15.	To evaluate the viability of detached bacteria, proceed as fol-

lows; otherwise, continue to step 19 or 20.
	16.	Collect 50 μL medium from each well to sterile 1.7 mL tubes 

containing 450 μL fresh BM2 medium (diluting the bacteria 
1:10).

	17.	Repeat diluting the bacteria as necessary.
	18.	Seed 100 μL of diluted bacteria on LB agar plates to calculate 

CFU/mL.
	19.	To evaluate the biofilm biomass, follow Subheading 3.3 steps 

3–9 of the biofilm formation assay.
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Fig. 3 Biofilm degradation assay—P. aeruginosa 12 h biofilms were treated with different peptide concentra-
tions for 1 h. (a) Biofilm biomass, examined using 0.1 % crystal violet staining followed by OD measurement 
at 590  nm. (b) Biofilm-embedded bacteria viability, examined using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) followed by OD measurements (570 nm, reference at 630 nm)

Biofilm Inhibition and Degradation by AMPs



316

	20.	To evaluate bacterial viability, aspirate each well, and wash 
three times with fresh BM2 medium then proceed as follows:

	21.	Add 110 μL 0.5 % MTT per well, and incubate the plate pro-
tected from light for 20 min at 37 °C without agitation.

	22.	Aspirate each well and add 120  μL isopropanol containing 
0.4 % HCl. Incubate the plate protected from light for 10 min 
at 37 °C without agitation.

	23.	Gently agitate the plate, and read OD at 570 nm (reference at 
630 nm) to evaluate the biofilm viability.

To monitor the distribution and relative number of rhodamine-
labeled peptides in the biofilm milieu, measure the fluorescence 
intensity through the biofilm layers (Fig. 4).

	 1.	Dilute the overnight culture to ~5 × 105 CFU/mL.
	 2.	Add 200  μL of diluted bacteria to each well of the eight-

chamber cell culture slides.
	 3.	Incubate the culture slides for 24 h at 37 °C without agita-

tion, leaning at ~45 °C.
	 4.	After 24 h, aspirate each chamber and wash three times with 

fresh BM2 medium.
	 5.	Aspirate each chamber, and add 200 μL of your tested rhodamine-

labeled peptide at the minimal inhibitory concentration.
	 6.	Incubate the plate for 1 h at 37 °C without agitation, leaning 

at ~45 °C.
	 7.	Aspirate each chamber and wash three times with fresh BM2 

medium.
	 8.	Use the confocal microscope for z-section measurements at 

590 nm fluorescence intensity (Fig. 4c).

Hydrophobicity is a known requirement for perforation of bacte-
rial membranes. Using RP-HPLC retention time allows the com-
parison of peptides’ hydrophobicity.

	 1.	Dissolve 10 μg of pure peptide in 20 μL 50 % acetonitrile in 
DDW (both containing 0.1 % TFA (v/v)) (see Note 7).

	 2.	Inject the dissolved peptide into the RP-HPLC system. Use a C4 
column and a linear gradient (10–90 %) of acetonitrile in water 
[both containing 0.1 % TFA (v/v)] for 40 min (see Note 8).

Secondary structure is a known requirement for interaction with 
and perforation of bacterial membranes. Using CD and FTIR 
(especially for d amino acid enantiomers) allows determination of 
the secondary structure of peptides in relevant environments.

3.6  Confocal 
Imaging

3.7  Peptide 
Hydrophobicity 
Comparison

3.8  Peptide 
Secondary Structure 
Determination Using 
Circular Dichroism 
Spectroscopy
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	 1.	Dissolve your peptide in 220 μL 5 mM HEPES for the final 
concentration of 100 μM.

	 2.	Dissolve LPS powder in 110 μL 5 mM HEPES for the final 
concentration of 100 μM.

Fig. 4 Peptide dispersion over the biofilm milieu—representative images of a 24 h preestablished P. aerugi-
nosa biofilm (a) treated for 1  h with 3 μM Seg6D (top) and Seg6L (bottom) rhodamine-labeled peptides 
(559 nm). White bars = 40 μm. (b) Fluorescence intensity quantification of Seg6D and Seg6L. (c) Z-section 
images of a 24 h preestablished P. aeruginosa biofilm treated for 1 h with 3 μM Seg6D (top) and Seg6L (bot-
tom) rhodamine-labeled peptides (559 nm). Fluorescence intensity was manually increased in this figure for 
better visualization of the labeled peptides. (d) Fold change in fluorescence between the sections (two options 
of presentation)

Biofilm Inhibition and Degradation by AMPs



318

	 3.	To determine the secondary structure of the peptide, mix 
105 μL peptide with 105 μL 5 mM HEPES. To determine the 
secondary structure of the peptide in LPS presence, mix 
105 μL peptide with 105 μL dissolved LPS.

	 4.	To ensure homogeneity, vortex, sonicate, and spin down the 
mixture.

	 5.	Transfer 200 μL of the sample to a 1 mm pathlength quartz 
cuvette, and read the wavelength in the range 190–260 nm in 
1 nm steps.

	 6.	To subtract the background, measure the spectrum of 200 μL 
5  mM HEPES or 200  μL LPS (50  μM in 5  mM HEPES) 
(Fig. 5).

	 1.	Prepare aliquots of 150–250 μg peptide in 1.7 mL tubes.
	 2.	To determine the secondary structure of the peptide, dissolve 

the peptide in 50  μL 5  mM HEPES.  To determine the 
secondary structure of the peptide in the presence of LPS, add 
50 μL of dissolved LPS for 1:1 concentration.

	 3.	To ensure homogeneity, vortex, sonicate, and spin down the 
mixture.

	 4.	Place a spacer on the calcium fluoride cuvette, then put 30 μL 
of the sample (make sure no bubbles are trapped), and read the 
amide I region (1700–1550/cm).

	 5.	To subtract the background, measure the spectrum of 30 μL 
5 mM HEPES or 30 μL LPS in 5 mM HEPES.

3.9  Fourier 
Transform Infrared 
Spectroscopy
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Fig. 5 Circular dichroism baseline correction—CD spectra taken from 50 μM. All 
L-K6L9 peptides dissolved in 5 mM HEPES buffer with 50 μM LPS. Red line, base-
line of HEPES with LPS; green line, peptide dissolved in HEPES with LPS (1:1 
ratio); blue line, subtracted result
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When using uncharged polystyrene plates, adhesion of AMPs and 
bacteria depends mainly on hydrophobic interactions. Peptides can 
act as coating agents that cover biomaterial surfaces to reduce bac-
terial attachment. Using rhodamine labeling allows testing the 
peptide adhesion to polystyrene in the presence or absence of bac-
teria (Fig. 6a).

	 1.	Dissolve rhodamine-labeled peptide in 310 μL BM2 (see Note 5).
	 2.	Add 50 μL peptide per well to six wells of a 96-well plate.
	 3.	To evaluate the binding of the peptide to the polystyrene, add 

50 μL of BM2 to three wells. To evaluate the binding of the 
peptide in the presence of bacteria, add 50 μL of 1 × 106 CFU/
mL bacteria.

	 4.	Incubate the plate protected from light for 1 h at 37 °C with-
out agitation.

	 5.	Aspirate the liquid and transfer it to a black 96-well plate.
Add 100 μL fresh BM2 medium per well, gently agitate the plate, 

and transfer the liquid to clean wells in the black plate.
	 6.	Repeat this step three times (see Note 9).
	 7.	Add 200 μL of 6 M guanidine hydrochloride, gently agitate 

the plate, and read fluorescence (excitation 528 nm and emis-
sion 590 nm).

Peptides can act as coating agents that cover the bacterial surface 
to reduce its attachment to biomaterials. Using rhodamine label-
ing allows testing the peptide adhesion to bacterial cells (Fig. 6b).

	 1.	Dissolve rhodamine-labeled peptide in 160 μL BM2 (see Note 
10).

	 2.	Dilute the overnight culture to five different concentrations of 
~1–5 × 108 CFU/mL (see Note 4).

3.10  Peptide 
Adhesion 
to Polystyrene

3.11  Peptide Binding 
to Bacterial Cells
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Fig. 6 Peptide adhesion assay—(a) peptide adhesion to polystyrene with or without 1 × 106 CFU/mL P. aerugi-
nosa. Results are reported relative to initial peptide concentration (¼ MIC). (b) Binding of K6L9 peptides to dif-
ferent loads of P. aeruginosa. Results are reported relative to initial peptide concentration (1 μM)
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	 3.	Transfer 190 μL of each bacterial concentration to a 500 μL 
tube, in triplicates.

	 4.	Add 10 μL of dissolved peptide, per tube.
	 5.	Incubate the plate protected from light for 10 min at 37 °C 

with agitation.
	 6.	Centrifuge the tubes for 1 min.
	 7.	Aspirate 100 μL from each sample and transfer it to a black 

96-well plate.
	 8.	Add 200 μL of 6 M guanidine hydrochloride, gently agitate 

the plate, and read fluorescence (excitation 528 nm and emis-
sion 590 nm).

Self-assembly and oligomerization can contribute or disrupt anti-
microbial peptide activity. Rhodamine probes are highly sensitive 
to self-quenching when in close proximity; therefore, using labeled 
peptides helps indicate oligomerization (Fig. 7).

	 1.	Dissolve rhodamine-labeled peptide in 610 μL BM2 medium 
(see Note 11).

	 2.	Fill six wells of a black 96-well plate with 50 μL of the peptide, 
per well.

	 3.	To measure the maximal fluorescence of the folded peptide, 
add 100 μL of DDW, per well, to three wells. Gently agitate 
the plate and read fluorescence (excitation 528 nm and emis-
sion 590 nm).

3.12  Peptide 
Oligomerization 
in Growth Medium
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Fig. 7 Peptide oligomerization in growth medium—peptide oligomerization state 
as evaluated by fluorescence measurements. Rhodamine fluorescent probes are 
highly sensitive to self-quenching when in close proximity (e.g., labeled peptide 
oligomerization). Results represent the fold change in fluorescence between the 
folded peptide (in BM2 medium) and its denatured form (in GdnHCl, 6 M)
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	 4.	To measure the maximal fluorescence of the denatured pep-
tide, add 100 μL of guanidine hydrochloride, per well, to three 
wells. Gently agitate the plate and read fluorescence (excitation 
528 nm and emission 590 nm).

4  Notes

	 1.	Take precautions by wearing a particulate matter-absorbing 
mask, goggles, and a lab coat, and work in a chemical flow 
hood with a disposable diaper underneath. Dissolve 10 g of 
crystal violet in 1.4  L of 96 % ethanol (technical grade). 
Dissolve the crystal violet by swirling, and then add 0.6  L 
DDW. Leave overnight to ensure complete dissolution. Filter 
the solution using a disposable 0.22 filter. Transfer the solution 
to a bottle and close tightly to prevent evaporation.

	 2.	Dissolve 5 mg MTT in 1 mL PBS. Filter the solution using a 
disposable 0.22 μm filter.

	 3.	Minimal inhibitory concentration assay evaluates the lowest 
concentration of an antimicrobial agent that inhibits growth of 
bacteria. It is used to confirm resistance of bacteria to an anti-
microbial peptide and to determine the concentrations that 
will be used for further assays. It is recommended to start the 
MIC assay at 50 μM peptide concentration in triplicates. See 
Fig. 1 for schematic presentation of the serial dilution method.

	 4.	After washing the overnight culture, read the OD of the bac-
teria at 600 nm. For Pseudomonas aeruginosa PAO1, calculate 
the amount of bacteria according to the following equation: 
OD600 of 1.0 = 1 × 109 cells/mL.

	 5.	The final concentration of the peptide should be two times 
higher than the non-bactericidal concentrations.

	 6.	Prepare the plate before starting step 4. It is recommended to 
start the biofilm degradation assay at 50 μM peptide concen-
tration in triplicates.

	 7.	The Agilent 1100 Series HPLC Value System requires a mini-
mum of 10 μg peptide for detection. Use the minimum amount 
your system requires for detection.

	 8.	Use the appropriate column to fit your peptide hydrophobic-
ity. The comparison between peptides should be performed on 
the same day with the same column.

	 9.	This step ensures that you measure the whole amount of 
unbound peptide. When calculating the unbound peptide flu-
orescence, sum the reads.

	10.	The final concentration of the peptide should be 20 times 
higher than the non-bactericidal concentrations.

Biofilm Inhibition and Degradation by AMPs
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	11.	The final concentration of the peptide should be three times 
higher than the non-bactericidal concentrations. The volume 
mentioned is not obligatory, but the final volume you read 
should be at least 100 μL.
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Chapter 23

Protocols for Studying Inhibition and Eradication 
of Bacterial Biofilms by Antimicrobial Peptides

Vijayalekshmi Sarojini

Abstract

Many pathogenic microorganisms have the ability to form biofilms that are impervious to conventional 
antibiotics making these pathogens resistant to multiple antibiotics. This necessitates the development of 
novel antimicrobial compounds with less chance of resistance development and the ability to penetrate the 
extracellular polymer matrix of bacterial biofilms. In this report, simple assays to test the antibiofilm poten-
tial of antimicrobial peptides are described.

Key words Antimicrobial peptides, Bacterial biofilms, Antibiotic resistance, Confocal microscopy, 
Live/Dead stain, Crystal violet stain

1  Introduction

Biofilm formation is a key factor that contributes to the multidrug 
resistance (MDR) of bacterial pathogens [1]. Biofilms are impli-
cated in clinical, industrial, and natural settings (such as stream 
water). Eradicating bacterial biofilms using conventional antibiot-
ics is extremely difficult [2]. In the context of the ever increasing 
problem of global antibiotic resistance, there is an urgent need to 
develop novel antimicrobial compounds. Antimicrobial peptides 
(AMPs) are attractive alternatives to conventional antibiotics for 
several reasons [3–5]. The chances of resistance development to 
antimicrobial peptides, even though not nil, are much rare. AMPs 
are part of the innate immune systems in all forms of life. The most 
common mechanism of action of AMPs, which involves the lysis of 
microbial membranes, requires that the microbes have to go 
through multiple rounds of mutations to gain resistance [5, 6]. 
The main drawback of AMPs as therapeutics comes from their sen-
sitivity to proteases. Advances in chemical and biological syntheses 
and computational modeling have helped to conquer this problem 
to a great extent through the use of structural modifications that 
make the peptides evade attack by proteases [7–9]. There has been 
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significant progress in the development of AMPs as therapeutics, 
particularly against MDR pathogens [10–21]. These include both 
laboratory scale research and those that have progressed into dif-
ferent stages of clinical trials. Research on the use of antimicrobial 
peptides against bacterial biofilms is quite recent [22–30].

Quantification of bacterial biofilms in microtiter plates has 
been achieved following different colorimetric assays such as the 
crystal violet (CV) assay [31–33], the Live/Dead staining assay, 
the resazurin assay, the fluorescein diacetate (FA) assay, the XTT 
assay, and the dimethyl methylene blue (DMMB) assay. The 
method described in this protocol is based on biofilm staining and 
visualization using specific stains and confocal laser scanning 
microscopy. Theses assays are typically done in 96-well microtiter 
plates. Even though these assays are robust and give an accurate 
indication of the antibiofilm potential of the test compounds, for 
the purpose of gaining commercial registration for an antibiofilm 
agent, the assays will have to be conducted on biofilms grown 
using biofilm reactors as approved by the US standard setting 
organization, American Society for Testing and Materials (ASTM) 
International [34]. The assays discussed in this chapter can be used 
for assessing the antibiofilm potential of antimicrobial peptides as 
well as conventional antibiotics.

2  Materials

	 1.	96-well microtiter plates with air-permeable plate seal (poly-
propylene, flat bottomed; see Note 1).

	 2.	Pipettes (preferably multichannel pipette).
	 3.	Autoclave.
	 4.	Incubator shaker.
	 5.	Class II biological safety cabinet inside a physical containment 

level 2 laboratory setting.
	 6.	Inverted confocal laser scanning microscope.
	 7.	Cell staining reagents, such as crystal violet.
	 8.	BacLight Kit (see Note 2).
	 9.	Spectrophotometer (to read absorbance in the 600 nm range).
	10.	Vortex mixer.
	11.	Reagents for growing bacteria as liquid cultures and also on 

solid medium: (e.g., Mueller Hinton Broth media or Luria 
broth, agar).

	12.	EnSpire Multimode Plate reader.
	13.	Standard antibiotic to serve as positive controls (streptomycin, 

gentamicin, etc.).
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3  Methods

Bacterial cultures should be stored in glycerol stock at −80 °C for 
longer-term use. For routine use, bacteria can be stored on agar 
plates in a refrigerator.

The protocol involves preparing bacterial pre-cultures, grow-
ing the biofilms in 96-well plates using the pre-cultures in the pres-
ence of various concentrations of the antimicrobial peptides, and 
staining using appropriate stains, workup, and visualization of the 
biofilms.

All operations should be performed in a biological safety cabi-
net under sterile conditions.

	 1.	Preparation of Mueller Hinton Broth (MHB) media agar 
plates (see Note 3). Dissolve 21 g of Mueller Hinton Broth in 
1 L of milli-Q water, and add 17 g of agar into it. Autoclave 
the suspension at 121 °C for 20 min.

	 2.	Remove the flask from the autoclave and allow it to cool down 
to ~60 °C. Pour approximately 25 mL into a 90 mm circular 
plate, gently swirl the plate to ensure uniform thickness across, 
and allow the plate to stand still until the agar solidifies.

	 3.	Streak the bacterial culture from the −80  °C stock into the 
agar plates (see Note 4), and incubate the plates overnight to 
obtain single colonies. This might require slightly longer incu-
bation time depending on the bacterium. Temperature suit-
able for the particular bacterium should be set on the incubator 
using the temperature set function (see Note 5).

	 4.	Prepare MH Broth following manufacturer’s instructions, i.e., 
dissolve 21 g of Mueller Hinton Broth in 1 L of water, and auto-
clave the solution at 121 °C for 20 min. Allow the medium to 
cool to room temperature in a laminar flow hood. Inoculate a 
single colony from the agar plate (in step 3 above) into 5 mL of 
the autoclaved MHB medium, and incubate the flask overnight 
at the appropriate temperature with shaking (180 rpm at ~16 h).

	 5.	Prepare stock solutions of the antimicrobial peptide in freshly 
autoclaved MHB medium, and then prepare 10–12 two-fold 
serial dilutions of the stock. An example is shown in Table 1 
(see Note 6).

	 6.	On the following day, prepare a subculture of the 5 mL culture 
from step 4 by diluting in the autoclaved (fresh) MHB medium 
to adjust the OD600 to 0.3.

	 1.	Place the required number of 96-well microtiter plates (typi-
cally these have 12 columns and 8 rows) inside the biosafety 
cabinet. Remove the plates from the packing.

	 2.	Label each row (on the side of the plate) with the codes for the 
different peptides to be tested.

3.1  Pre-culture 
Preparation

3.2  Growing 
the Biofilms 
for the Assay
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	 3.	Label the first well of each row as growth control and the last 
well as sterility control. Place circular coverslips (5 mm diam-
eter, 1 mm thick; see Note 7) into each well. (These will sit 
horizontally at the bottom of the wells.)

	 4.	Add 50  μL of the diluted bacterial subculture (see 
Subheading 3.1, step 5) into each well of the 96-well microti-
ter plate using a multipipette, except into the sterility control 
well. Then add 50 μL of the sterile MHB medium into the 
growth control well and 100 μL of sterile MHB medium into 
the sterility control well.

	 5.	Add 50 μL of the antimicrobial peptide solution at the differ-
ent concentrations (as in the last but one column of Table 1) 
into each well of the 96-well microtiter plate using a multipi-
pette, except the growth and sterility control wells. (Note: all 
wells now contain a total of 100 μL liquid.) The use of three 
replicates of each peptide concentration per plate and three 
such plates per assay is recommended. Cover the plates with 
the top seal A and carefully transport the plates into the incu-
bator and allow the biofilms to grow for 48 h at 50 rpm.

	 6.	Transfer the plates from the incubator carefully into the bio-
safety cabinet. Remove the coverslips from the wells, discard 
the cultures, rinse the cover slips with sterile water to remove 
any planktonic cells, and dry these at 50 °C for 20 min.

Table 1  
Scheme for preparing antimicrobial peptide stock solutions and dilutions (see Note 8)

Stock solution 
(source)

To prepare sub-concentrations in 
Eppendorf tubes

Into each well of the 
microtiter plate

S. No.

Antimicrobial 
concentration (μg/
mL) of the source

Volume 
(μL) of 
source

Volume 
(μL) of 
MHB 
medium

Concentration 
obtained (μg/
mL)

Volume (μL) 
from the 
previous 
column

Final 
concentration 
in microtiter 
plate (μg/mL)

1 2000 500 500 1000 50 500

2 1000 200 800 200 50 100

3 200 500 500 100 50 50

4 100 500 500 50 50 25

5 50 600 400 30 50 15

6 200 100 900 20 50 10

7 20 500 500 10 50 5

8 10 500 500 5 50 2.5

9 5 400 600 2 50 1

10 2 500 500 1 50 0.5
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	 1.	Prepare BacLight stock solution for staining by (3:1000 dilu-
tion) mixing 1.5 μL each of SYTO 9 (green fluorescent nucleic 
acid stain) and propidium iodide (red fluorescent nucleic acid 
stain) solution in 997 μL of sterile water.

	 2.	Dispense 60 μL of the BacLight solution onto each of the cov-
erslips, and incubate them in the dark for 25 min at room tem-
perature. Using sterile water, wash off the excess stain twice 
and air-dry the coverslips.

	 3.	Invert the coverslips onto a drop of mounting oil (supplied 
with BacLight kit) on a fresh glass slide.

	 4.	View the biofilms separately using FITC 2 and Tx Red filters at 
1000× magnification on an inverted confocal laser scanning 
microscope, and capture the images using the inbuilt digital 
sight DS-U1 camera. Merge the images using the inbuilt 
ACT-2U software.

	 5.	For the preformed biofilm assay, perform all steps as above, 
except for adding the antimicrobial peptide solutions at the 
time of incubation. The biofilms should be allowed to be 
formed for 48 h, planktonic cells washed off, and then these 
preformed biofilms incubated for another 48 h with the pep-
tides at the various concentrations. The rest of the procedures 
is to be followed as above.

	 1.	Prepare biofilms in 96-well plates following exact same proto-
cols as above (see Subheading 3.2, but do not use cover slips).

	 2.	Transfer the plates into the biosafety cabinet, and discard the 
cultures (either pipette out or invert the plates).

	 3.	Wash the plates with distilled water to remove all planktonic 
cells. Stain the wells with 100 μL of 1 % crystal violet for 5 min.

	 4.	Remove the stain carefully, and wash the wells twice with 
100 μL milli-Q water.

	 5.	Add 100 μL of 96 % ethanol and allow to stand for 15 min (to 
solubilize the stain) and read the absorbance of this ethanol 
solution at 560 nm using the plate reader.

	 6.	Compare the absorbance values from the treated wells with the 
growth control well, and deduce the percentage of biofilm 
inhibition.

The Live/Dead BacLight viability kit utilizes a mixture of SYTO 9 
(the green fluorescent nucleic acid stain) and propidium iodide 
(the red fluorescent nucleic acid stain). If the antimicrobial peptide 
has antibiofilm potential, the proportion of dead cells (red) should 
increase and green cells (live) decrease with increasing concentra-
tions of the peptide. A typical set of images of P. aeruginosa pre-
formed biofilms before and after treatment with an antibiofilm 
peptide performed in our laboratory is shown in Fig. 1 [30].

3.3  Biofilm Staining 
(to Be Performed 
in the Dark, if Using 
the BacLight Stain) 
and Preformed Biofilm 
Assay

3.4  Semiquantitative 
Estimation of Biofilm 
Biomass

3.5  Anticipated 
Results from a Live/
Dead Staining 
Experiment
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4  Notes

	 1.	Microtiter plates made of different materials such as polysty-
rene (PS), polyvinyl chloride (PVC), and polycarbonate plastic 
or glass (borosilicate) have also been used successfully for 
forming biofilms of various bacteria [35]. However, it is to be 
noted that majority of AMPs are cationic in nature and selec-
tively interact with the negatively charged bacterial mem-
branes. Therefore, the use of polystyrene or other negatively 
charged materials for the assay plates should be avoided to 
minimize the interaction of the cationic peptides with the plate 
material.

	 2.	Other colorimetric or metabolic stains could be used as well.
	 3.	Luria broth (LB) can be used instead of MHB
	 4.	Use at least 2–3 plates every time bacterial cultures are getting 

revived from −80 °C stock.
	 5.	37  °C is suitable for growing Pseudomonas aeruginosa, 

Staphylococcus aureus, and Escherichia coli.
	 6.	The minimal inhibitory concentrations (MICs) of the AMPs 

should be determined previously. This is described in Chap. 
22, Subheading 3.2. Recommended starting concentration for 
the antibiofilm assay would be ~100 times the MICs against 
planktonic cells of any bacterium.

	 7.	These assays can be conducted in 24- or 12-well plates as well 
depending on the number of samples to be tested. Coverslips 
of 12 or 15 mm diameters, suitable for the 12- and 24-well 
plates, respectively, are available from vendors. To provide a 
surface for biofilm formation amenable to microscopy, the use 
of these coverslips is recommended.

	 8.	This is just an example. Stock concentrations and volumes can 
be any multiples of these numbers depending on the MIC of 
the peptides under investigation and the number of tests to be 
performed.

Fig. 1 Effect of treating Pseudomonas aeruginosa preformed biofilms with an antibiofilm peptide for 48 h. From 
left to right: Untreated P. aeruginosa biofilm architecture observed after Live/Dead staining. Biofilm architec-
ture observed after treating these biofilms with 50 and 100 μM of an antibiofilm peptide for 48 h

Vijayalekshmi Sarojini

http://dx.doi.org/10.1007/978-1-4939-6737-7_22


329

References

	 1.	 Xu KD, McFeters GA, Stewart PS (2009) 
Biofilm resistance to antimicrobial agents. 
Microbiology 146:547–549

	 2.	 Parsek MR, Singh PK (2003) Bacterial bio-
films: an emerging link to disease pathogene-
sis. Annu Rev Microbiol 57:677–701

	 3.	 Hancock RE (2001) Cationic peptides: effec-
tors in innate immunity and novel antimicrobi-
als. Lancet Infect Dis 1:156–164

	 4.	 Hancock RE (1997) Peptide antibiotics. 
Lancet 349:418–422

	 5.	 Zasloff M (2002) Antimicrobial peptides of 
multicellular organisms. Nature 415:389–395

	 6.	 Brogden KA (2005) Antimicrobial peptides: 
pore formers or metabolic inhibitors in bacte-
ria? Nat Rev Microbiol 3:238–250

	 7.	 Grauer A, Konig B (2009) Peptidomimetics - a 
versatile route to biologically active compounds. 
European J Org Chem 30:5099–5111

	 8.	 Adessi C, Soto C (2002) Converting a peptide 
into a drug: strategies to improve stability and 
bioavailability. Curr Med Chem 9:963–978

	 9.	 Gentilucci L, De Marco R, Cerisoli L (2010) 
Chemical modifications designed to improve 
peptide stability: incorporation of non-natural 
amino acids, pseudo-peptide bonds, and cycli-
zation. Curr Pharm Des 16:3185–3203

	10.	 Jenssen H, Hamill P, Hancock RE (2006) 
Peptide antimicrobial agents. Clin Microbiol 
Rev 3:491–511

	11.	 Yeung ATY, Gellatly SL, Hancock REW 
(2011) Multifunctional cationic host defence 
peptides and their clinical applications. Cell 
Mol Life Sci 68:2161–2176

	12.	 Afacan NJ, Yeung ATY, Pena OM, Hancock 
REW (2012) Therapeutic potential of host 
defense peptides in antibiotic-resistant infec-
tions. Curr Pharm Des 186:807–819

	13.	 Choi KY, Chow LNY, Mookherjee N (2012) 
Cationic host defence peptides: multifaceted 
role in immune modulation and inflammation. 
J Innate Immun 4:361–370

	14.	 Mok WWK, Li YF (2014) Therapeutic pep-
tides: new arsenal against drug resistant patho-
gens. Curr Pharm Des 20:771–792

	15.	 Mansour SC, Pena OM, Hancock REW (2014) 
Host defense peptides: front-line immunomod-
ulators. Trends Immunol 35:443–450

	16.	 Dutta P, Das S (2015) Mammalian antimicro-
bial peptides: promising therapeutic targets 
against infection and chronic inflammation. 
Curr Top Med Chem 16:99–129

	17.	 Mohammad H, Thangamani S, Seleem MN 
(2015) Antimicrobial peptides and peptidomi-

metics - potent therapeutic allies for staphylococ-
cal infections. Curr Pharm Des 21:2073–2088

	18.	 Barrett JF (2001) Oritavancin Eli Lilly & Co. 
Curr Opin Investig Drugs 2:1039–1044

	19.	 Toney JH (2002) Iseganan (intrabiotics pharma-
ceuticals). Curr Opin Investig Drugs 3:225–228

	20.	 Sajjan US, Tran LT, Sole N, Rovaldi C, 
Akiyama A, Friden PM et al (2001) P-113D, 
an antimicrobial peptide active against 
Pseudomonas aeruginosa, retains activity in 
the presence of sputum from cystic fibrosis 
patients. Antimicrob Agents Chemother 
45:3437–3444

	21.	 Rothstein DM, Spacciapoli P, Tran LT, Xu T, 
Roberts FD, Dalla Serra M et  al (2001) 
Anticandida activity is retained in P-113, a 
12-amino-acid fragment of histatin 5. Antimicrob 
Agents Chemother 45:1367–1373

	22.	 de la Fuente-Nunez C, Reffuveille F, Mansour 
SC, Reckseidler-Zenteno SL, Hernandez D, 
Brackman G et al (2015) D-enantiomeric pep-
tides that eradicate wild-type and multidrug-
resistant biofilms and protect against lethal 
Pseudomonas aeruginosa infections. Chem Biol 
22:196–205

	23.	 de la Fuente-Nunez C, Reffuveille F, Haney 
EF, Straus SK, Hancock RE (2014) Broad-
spectrum anti-biofilm peptide that targets a 
cellular stress response. PLoS Pathog 10, 
e1004152

	24.	 Minardi D, Ghiselli R, Cirioni O, Giacometti 
A, Kamysz W, Orlando F et  al (2007) The 
antimicrobial peptide tachyplesin III coated 
alone and in combination with intraperitoneal 
piperacillin-tazobactam prevents ureteral stent 
Pseudomonas infection in a rat subcutaneous 
pouch model. Peptides 28:2293–2298

	25.	 Mataraci E, Dosler S (2012) In vitro activities of 
antibiotics and antimicrobial cationic peptides 
alone and in combination against methicillin-
resistant Staphylococcus aureus biofilms. Antimicrob 
Agents Chemother 56:6366–6371

	26.	 Overhage J, Campisano A, Bains M, Torfs 
EC, Rehm BH, Hancock RE (2009) Human 
host defense peptide LL-37 prevents bacterial 
biofilm formation. Infect Immun 76: 
4176–4182

	27.	 Hell E, Giske CG, Nelson A, Romling U, 
Marchini G (2010) Human cathelicidin pep-
tide LL37 inhibits both attachment capability 
and biofilm formation of Staphylococcus epi-
dermidis. Lett Appl Microbiol 50:211–215

	28.	 Costerton JW, Stewart PS, Greenberg EP 
(1999) Bacterial biofilms: a common cause of 
persistent infections. Science 284:1318–1322

Antibiofilm Peptides



330

	29.	 Costerton JW, Lewandowski Z, Caldwell DE, 
Korber DR, Lappin-Scott HM (1995) 
Microbial biofilms. Annu Rev Microbiol 
49:711–745

	30.	 De Zoysa GH, Cameron AJ, Hegde VV, 
Raghothama S, Sarojini V (2015) Antimicrobial 
peptides with potential for biofilm eradication: 
synthesis and structure activity relationship 
studies of battacin peptides. J  Med Chem 
58:625–639

	31.	 Kjaergaard K, Schembri MA, Hasman H, Klemm 
P (2000) Antigen 43 from Escherichia coli induces 
inter- and intraspecies cell aggregation and changes 
in colony morphology of Pseudomonas fluores-
cens. J Bacteriol 182:4789–4796

	32.	 Christensen GD, Simpson WA, Younger JJ, 
Baddour LM, Barrett FF, Melton DM et  al 
(1985) Adherence of coagulase-negative 
staphylococci to plastic tissue culture plates: a 

quantitative model for the adherence of staph-
ylococci to medical devices. J Clin Microbiol 
22:996–1006

	33.	 Stepanovic S, Vukovic D, Dakic I, Savic B, 
Svabic-Vlahovic M (2002) A modified 
microtiter-plate test for quantification of 
staphylococcal biofilm formation. J Microbiol 
Methods 40:175–179

	34.	 ASTM International E2196  – 12 (2002) 
Standard test method for quantification of a 
Pseudomonas aeruginosa biofilm grown with 
shear and continuous flow using a rotating 
disk reactor. Annual Book of ASTM 
Standards, ASTM International, West 
Conshohocken, PA

	35.	 O’Toole GA, Pratt LA, Watnick PI, Newman 
DK, Weaver VB, Kolter R (1999) Genetic 
approaches to study of biofilms. Methods 
Enzymol 310:91–109

Vijayalekshmi Sarojini



331

Chapter 24

Protocols for Studying Antimicrobial Peptides (AMPs) 
as Anticancer Agents

Laurence Madera and David W. Hoskin

Abstract

Antimicrobial peptides (AMPs) are a class of small cationic peptides that are important for host defense. In 
a manner that is similar to AMP-mediated destruction of microbial pathogens, certain AMPs can physically 
associate with the anionic lipid membrane components of cancer cells, resulting in destabilization of the 
lipid membrane and subsequent peptide binding to intracellular targets, which ultimately leads to the 
death of the cancer cell. In comparison, normal healthy cells possess a neutral membrane charge and are 
therefore less affected by AMPs. Based on the selective cytotoxicity of certain AMPs for cancer cells, these 
peptides represent a potential reservoir of novel anticancer therapeutic agents. The development and 
improvement of AMPs as anticancer agents requires appropriate methods for determining the effects of 
these peptides on the viability and function of cancer cells. In this chapter, we describe methods to assess 
the ability of AMPs to cause cell membrane damage (measured by propidium iodide uptake), apoptosis 
and/or necrosis (measured by annexin V-FLUOS/propidium iodide staining), and mitochondrial mem-
brane destabilization (measured by 3,3′-dihexyloxacarbocyanine iodide staining), as well as reduced motil-
ity (measured by a migration and invasion assay) of cancer cells growing in suspension or as monolayers. 
We also describe a tubule-forming assay that can be used to assess the effect of AMPs on angiogenesis.

Key words Angiogenesis, Antimicrobial peptide, Apoptosis, Cancer, Cytolysis, Metastasis, 
Mitochondria

1  Introduction

Considering the diverse mechanisms of actions employed by cationic 
antimicrobial peptides (AMPs) in their antimicrobial and immuno-
regulatory functions, it is not surprising to find that AMPs can 
reduce tumor cell growth through multiple routes [1, 2]. The best 
characterized anticancer effect of AMPs is their destabilization and 
disruption of the cancer cell’s plasma membrane, which can be mea-
sured by the uptake of the DNA-intercalating red-fluorescent dye 
propidium iodide (PI) [3]. PI is a membrane-impermeable dye that 
is not able to penetrate cells with intact lipid membranes; thus, PI 
can be used as an effective indicator of plasma membrane damage 
[4]. Once bound to DNA, the fluorescence of PI is significantly 
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increased with an excitation/emission maximum of 535/617 nm 
that is detectable by flow cytometry and fluorescent microscopy 
applications.

Certain AMPs induce cancer cell death through activation of 
apoptotic machinery, rather than through a direct lytic mechanism 
[5]. In these cases, combinatorial staining with propidium iodide 
and fluorescently labeled annexin V can be done to distinguish 
between the two. Annexins are a class of phospholipid-binding 
proteins that associate strongly with negatively charged phospho-
lipids, such as phosphatidylserine. In healthy cells, phosphatidylser-
ine is predominantly localized to the cytosolic side of the plasma 
membrane where it is unable to bind extracellular annexin V; how-
ever, at the onset of the apoptotic program, phosphatidylserine is 
translocated to the extracellular side of the intact plasma mem-
brane, thereby allowing phosphatidylserine to interact with annexin 
V [6]. Cells in the early stages of apoptosis will therefore bind an 
annexin V probe while excluding cell-impermeable dyes such as PI.

AMPs that enter cancer cells as a result of plasma membrane 
damage or via delivery vehicles can interact with anionic intracel-
lular targets, leading to cell death. For example, upon internaliza-
tion, certain AMPs interact with mitochondria, resulting in the 
destabilization of mitochondrial membranes, loss of transmem-
brane potential, and release of apoptosis-promoting molecules [5]. 
3,3′-Dihexyloxacarbocyanine iodide (DiOC6) is a cationic lipo-
philic green-fluorescent dye that is cell-permeable and accumulates 
in the mitochondria, allowing it to be used as an indicator of mito-
chondrial membrane integrity and transmembrane potential [7].

Cancer cell motility, which is reflected by the increased ability 
of cancer cells to migrate and transverse through extracellular 
matrix components (ECM), is often correlated to tumor cells 
undergoing epithelial-to-mesenchymal transition and metastasis 
[8]. These properties can be investigated with migration and inva-
sion assays. The use of a micro-chemotaxis chamber allows one to 
assess the effects of AMPs on cancer cell migration toward various 
chemoattractants and the ability of cancer cells to transverse ECM 
or basement membrane components, such as fibronectin or 
laminin.

Finally, an angiogenesis assay based on tubule formation can 
be used to assess the effects of AMPs on blood vessel formation, 
which is essential for the continued growth of a tumor and even-
tual metastasis. Human umbilical vein endothelial cells (HUVECs) 
that are grown on a growth factor-enriched matrix will form 
tubules [9]. Changes in tubule complexity and formation in the 
presence of an AMP are an indicator of the AMP’s impact on the 
reorganization stage of angiogenesis.
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2  Materials

	 1.	Dulbecco’s Modified Eagle’s Medium (DMEM).
	 2.	RPMI-1640 medium.
	 3.	Clonetics EGM-2 endothelial cell growth medium.
	 4.	Heat-inactivated (at 56 °C for 30 min) fetal bovine serum.
	 5.	Trypsin (0.25 %) in 1  mM ethylenediaminetetraacetic acid 

(EDTA).
	 6.	Penicillin (10,000  U/mL) and streptomycin (10  mg/mL) 

solution.
	 7.	1  M HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid) solution.
	 8.	200 mM l-glutamine solution.
	 9.	T75 cell culture flasks.
	10.	Polystyrene flat-bottom 24-well cell culture plates.

	 1.	AMPs are obtained commercially or synthesized by Fmoc 
chemistry (Chap. 3 or 4) and purified (>95 %) by high-
performance liquid chromatography, with trifluoroacetic acid 
desalting (see Chap. 10, Note 1).

	 2.	Lyophilized peptides are reconstituted with sterile deionized 
distilled water or phosphate-buffered saline (PBS, pH 7.4; see 
Chap. 26, Subheading 2.1) to the desired concentration. 
Aliquots of peptide solutions are frozen at −20 °C and thawed 
directly prior to use.

	 1.	10  mM EDTA in PBS: 10  mM EDTA in 137  mM NaCl, 
2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4.

	 2.	Staining buffer: 10 mM HEPES, 10 mM NaCl, 5 mM CaCl2 
(pH 7.4).

	 3.	Propidium iodide (PI).
	 4.	Polystyrene 5 mL round-bottom tubes.

	 1.	10 mM EDTA in PBS.
	 2.	Staining buffer: 10 mM HEPES, 10 mM NaCl, 5 mM CaCl2 

(pH 7.4).
	 3.	Propidium iodide.
	 4.	Annexin V-FLUOS.
	 5.	Polystyrene 5 mL round-bottom tubes.

2.1  Cell Culture

2.2  Peptides

2.3  PI Staining 
to Measure Membrane 
Permeability by Flow 
Cytometry

2.4  Annexin 
V-FLUOS/PI Staining 
to Assess Apoptosis/
Necrosis by Flow 
Cytometry
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	 1.	10 mM EDTA in PBS.
	 2.	DMEM supplemented with 100  U/mL penicillin, 100 μg/

mL streptomycin, 5 mM HEPES, and 2 mM l-glutamine.
	 3.	DiOC6.
	 4.	Polystyrene 5 mL round-bottom tubes.

	 1.	48-well micro-chemotaxis chamber (NeuroProbe).
	 2.	Polycarbonate membranes with 8 μm pores.
	 3.	10 mM EDTA 10 mM in PBS.
	 4.	DMEM or RPMI-1640 medium supplemented with 100 U/

mL penicillin, 100 μg/mL streptomycin, 5 mM HEPES, and 
2 mM l-glutamine.

	 5.	DMEM or RPMI-1640 medium supplemented with 10 % 
(v/v) FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, 
5 mM HEPES, and 2 mM l-glutamine.

	 6.	Diff-Quik™ stain set.
	 7.	Rubber scraper.
	 8.	Permount® histological mounting medium.
	 9.	Microscope slides and glass covers.
	10.	Polystyrene 5 mL round-bottom tubes.

	 1.	In vitro angiogenesis kit (Chemicon International).
	 2.	Polystyrene flat-bottom 96-well tissue culture plates.
	 3.	Microfuge tubes.
	 4.	Polystyrene 5 mL round-bottom tubes.

3  Methods

	 1.	All cells are obtained from American Type Culture Collection 
(ATCC) and cultured according to supplied recommendations. 
In brief, non-adherent and adherent cancer cells are cultured in 
RPMI-1640 medium and DMEM, respectively, supplemented 
with 10 % (v/v) FBS, 100 U/mL penicillin, 100 μg/mL strep-
tomycin, 5 mM HEPES, and 2 mM l-glutamine.

	 2.	HUVECs are grown in Clonetics EGM-2 endothelial cell 
growth medium. Non-adherent and adherent cells are cultured 
in T75 cell culture flasks in a humidified 37 °C incubator under 
5 % or 10 % CO2, respectively. Adherent cells are allowed to 
grow as a monolayer until 80–85 % confluency is reached.

	 3.	The growth status of suspension cultures is indicated by the 
pH-dependent change in color of the phenol red-containing 
culture medium, with an orange color indicating exponential 

2.5  DiOC6 Staining 
to Measure 
Mitochondrial 
Membrane Potential 
by Flow Cytometry

2.6  Migration 
and Invasion Assay 
to Measure Cell 
Motility

2.7  Angiogenesis 
Assay

3.1  Cell Culture
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cell growth and a yellow color indicating medium depletion 
and excessive acidity. Cell cultures are routinely tested for 
mycoplasma contamination using the MycoAlert® mycoplasma 
detection kit (Lonza).

	 4.	Once the monolayer of adherent cells (e.g., MDA-MB-231 
breast cancer cells) reaches 80–85 % confluency, the spent cul-
ture medium is aspirated and discarded. A 2.5 mL volume of 
trypsin-EDTA is added to the flask for 5 min, ensuring that the 
entire surface is covered by solution. Sharply rapping the side 
of the flask may encourage cell detachment.

	 5.	Trypsin-EDTA is then neutralized by the addition of 7.5 mL 
DMEM with 10 % FBS. A small volume of cell suspension (the 
amount depends on the specific cell line) is then added to a 
new T75 cell culture flask containing fresh DMEM. Cells are 
then allowed to grow until 80–85 % confluence is reached.

	 6.	Suspension cells (e.g., RPMI-8266 multiple myeloma cells) are 
passaged by removing a small volume of the cell suspension 
and transferring it to a new T75 flask containing fresh RPMI-
1640 medium with 10 % FBS.

	 7.	To count cells, cell suspensions are centrifuged at 500 × g for 
5 min. Pellets are resuspended in 5 mL of DMEM or RPMI-
1640 medium containing 2.5 % FBS. The use of a lower serum 
concentration minimizes AMP adsorption to anionic serum 
components.

	 8.	A 25 μL volume of cell suspension is added to 75 μL of 0.1 % 
trypan blue dye, and a 10 μL aliquot of the cells is then counted 
on a hemocytometer. Dead cells will be stained blue. Only cul-
tures with >90 % viable cells are used. The original cell suspen-
sion is then diluted to the desired concentration, usually 
1 × 105 cells per mL, unless otherwise indicated.

	 9.	Prior to treatment with AMPs, 1 mL aliquots of non-adherent 
cells in suspension are distributed into 24-well cell culture 
plates (1 × 105 cells per mL per well), unless otherwise indi-
cated. For adherent cell lines, cells are incubated overnight in 
the plate to allow for adherence prior to their use in assays.

	 1.	Peptides are diluted from stock solutions into serum-free 
medium prior to the addition of AMPs to cell cultures. The 
treatment dose is highly dependent on the AMP of choice. The 
toxic range of most anticancer AMPs is between 50 and 
200 μM, with cell lysis usually evident within 10–30 min of 
treatment. Sub-cytotoxic effects of these AMPs typically occur 
within a 1–20 μM dose range.

3.2  Peptides
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Cancer cells are exposed to various concentrations of AMPs for the 
desired length of time. Cells are then washed with PBS, detached 
if necessary, pelleted by centrifugation, and then stained with 
PI. Uptake of PI is determined by measuring cellular fluorescence 
by flow cytometry. Cells that were not exposed to AMPs are used 
to determine baseline fluorescence.

	 1.	Remove medium from the overnight cultures and discard. 
Replace with fresh DMEM containing 2.5 % FBS.

	 2.	Incubate cells on the plate with the desired concentrations of 
AMP for 1–4 h at 37 °C with 5 % CO2. Mix well by pipetting 
or shaking the plate.

	 3.	After peptide treatment, carefully remove the medium from 
each well, and wash the cell monolayer with PBS.

	 4.	Add 500 μL of 10 mM EDTA to each well and incubate at 
room temperature for 5 min.

	 5.	Pipette vigorously to detach cells from the plate.
	 6.	Transfer the contents of each well to a round-bottom tube, 

and centrifuge at 500 × g for 5 min. Discard the supernatant 
(see Note 1).

	 7.	For each treatment condition, prepare 55 μL of a 1 μg/mL PI 
solution in staining buffer.

	 8.	Resuspend the cell pellet in 50 μL of PI solution, and mix well 
by pipetting (see Note 2).

	 9.	Incubate cells in the PI solution for 15 min at 37 °C with 5 % 
CO2 in a humidified incubator.

	10.	After incubation, add 400 μL staining buffer to each tube.
	11.	Read the samples on a flow cytometer, measuring the fluores-

cence on the FL-2 channel. Increased fluorescence is indicative 
of increased PI uptake. The percentage of PI-stained cells can 
be quantified using untreated cells as a negative control.

	 1.	Incubate cells on the plate with the desired concentrations of 
AMP for 1–4 h at 37 °C with 5 % CO2 in a humidified incuba-
tor. Mix well by pipetting or shaking the plate.

	 2.	After treatment, transfer the contents of each well into a round-
bottom tube, and centrifuge at 500 × g for 5 min. Discard the 
supernatant.

	 3.	Resuspend the pellet with 500 μL of PBS and centrifuge again, 
discarding the supernatant.

	 4.	Follow Subheading 3.3.1, steps 7–11 as listed above.

3.3  PI Staining 
to Measure Membrane 
Permeability by Flow 
Cytometry

3.3.1  PI Staining 
of Adherent Cells (e.g., 
MDA-MB-231)

3.3.2  PI Staining 
of Non-adherent Cells 
(e.g., RPMI-8266)
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Cancer cells are exposed to various concentrations of AMPs for the 
desired length of time. Cells are then washed with PBS, detached 
if necessary, pelleted by centrifugation, and then stained with 
annexin V-FLUOS/PI. Flow cytometry is used to measure annexin 
V-FLUOS binding and/or PI uptake on a cell per cell basis. Cells 
that were not exposed to AMPs are used to determine baseline 
fluorescence.

	 1.	Remove medium from the overnight cultures and discard. 
Replace with fresh DMEM containing 2.5 % FBS.

	 2.	Incubate cells on the plate with the desired concentration of 
AMPs for 1–4 h at 37 °C with 5 % CO2 in a humidified incuba-
tor. Mix well by pipetting or shaking the plate.

	 3.	After treatment, carefully remove the medium from each well, 
and wash the cell monolayer with PBS.

	 4.	Add 500 μL of 10 mM EDTA to each well and incubate at 
room temperature for 5 min.

	 5.	Pipette vigorously to detach cells from the plate.
	 6.	Transfer the contents of each well to round-bottom tubes and 

centrifuge at 500 × g for 5 min. Discard the supernatant (see 
Note 1).

	 7.	For each treatment condition, prepare 55 μL of a 1 μg/mL PI 
solution in staining buffer. Dilute annexin V-FLUOS into this 
solution following manufacturer’s instructions.

	 8.	Resuspend the cell pellet by adding 50  μL of annexin 
V-FLUOS/PI solution, and mix well by pipetting (see Note 
2).

	 9.	Incubate cells with the annexin V-FLUOS/PI solution for 
15 min at 37 °C with 5 % CO2 in a humidified incubator.

	10.	After incubation, add 400 μL staining buffer to each tube.
	11.	Read the samples on a flow cytometer, measuring fluorescence 

using the FL-1 and FL-2 channel as an indicator of annexin 
V-FLUOS staining and PI uptake, respectively. The popula-
tion of annexin V-FLUOS-positive PI-negative cells consists of 
cells undergoing early apoptosis, whereas double positive cells 
are in late-stage apoptosis or are necrotic.

	 1.	Incubate cells on the plate with the desired concentration of 
AMPs for 1–4 h at 37 °C with 5 % CO2 in a humidified incuba-
tor. Mix well by pipetting or shaking the plate.

	 2.	After treatment, transfer the contents of each well to a round-
bottom tube, and centrifuge at 500 × g for 5 min. Discard the 
supernatant.

3.4  Annexin 
V-FLUOS/PI Staining 
to Assess Apoptosis/
Necrosis by Flow 
Cytometry

3.4.1  Annexin V-FLUOS/
PI Staining of Adherent 
Cells (e.g., MDA-MB-231)

3.4.2  Annexin V-FLUOS/
PI Staining of Non-
adherent Cells (e.g., 
RPMI-8266)
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	 3.	Resuspend the cell pellet in 500  μL of PBS and centrifuge 
again, and then discard the supernatant (see Note 1).

	 4.	Follow steps 7–11 as listed above.

Cancer cells are exposed to various concentrations of AMPs for the 
desired length of time. Cells are then washed with PBS, detached 
if necessary, pelleted by centrifugation, and stained with fluores-
cent DiOC6 to measure changes in the mitochondrial membrane 
potential (Δψm). Cells that were not exposed to AMPs are used to 
determine baseline levels of Δψm.

	 1.	Remove medium from the overnight cultures and discard. 
Replace with fresh DMEM containing 2.5 % FBS.

	 2.	Incubate cells on the plate with the desired concentration of 
AMPs for 1–4 h at 37 °C with 5 % CO2. Mix well by pipetting 
or shaking the plate.

	 3.	After treatment, carefully remove the medium from each well, 
and wash the cell monolayer with PBS.

	 4.	Add 500 μL of 10 mM EDTA to each well and incubate at 
room temperature for 5 min.

	 5.	Pipette vigorously to detach cells from the plate.
	 6.	Transfer the contents of each well to round-bottom tubes, and 

centrifuge at 500 × g for 5 min. Discard the supernatant (see 
Note 1).

	 7.	For each treatment condition, prepare a 110 μL working solu-
tion of 1 μM DiOC6 in serum-free DMEM.

	 8.	Resuspend the cell pellet in 100 μL of the DiOC6 solution. 
Mix vigorously by pipetting (see Note 2).

	 9.	Incubate cells with the DiOC6 solution for 30 min at 37 °C 
with 5 % CO2 in a humidified incubator.

	10.	After incubation, add 900 μL of serum-free DMEM to each 
tube. Centrifuge the cell suspension for 5  min at 500 × g. 
Discard the supernatant.

	11.	Resuspend the cell pellet in PBS and centrifuge again, and then 
discard the supernatant.

	12.	Resuspend the cell pellet in 500 μL of PBS.
	13.	Read the samples on a flow cytometer, measuring fluorescence 

on the FL-1 channel as an indicator of cellular Δψm. Loss of 
fluorescence in comparison to untreated cells indicates a 
decrease in Δψm and mitochondrial membrane integrity.

	 1.	Incubate cells on the plate with various concentrations of 
AMPs for 1–4 h at 37 °C with 5 % CO2 in a humidified incuba-
tor. Mix well by pipetting or shaking the plate.

3.5  DiOC6 Staining 
to Measure 
Mitochondrial 
Membrane Potential 
by Flow Cytometry

3.5.1  DiOC6 Staining 
of Adherent Cells (e.g., 
MDA-MB-231)

3.5.2  DiOC6 Staining 
of Non-adherent Cells 
(e.g., RPMI-8266)
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	 2.	After treatment, transfer the contents of each well to a round-
bottom tube, and centrifuge at 500 × g for 5 min. Discard the 
supernatant.

	 3.	Resuspend the cell pellet in 500  μL of PBS and centrifuge 
again, and then discard the supernatant (see Note 1).

	 4.	Follow steps 7–13 as listed above, using serum-free RPMI-
1640 medium instead of DMEM as the assay diluent.

Cancer cells are exposed to sub-cytotoxic concentrations of AMPs 
for 24  h in serum-free medium to enhance subsequent serum-
dependent cell migration. Cells are then added to the upper com-
partment of a 48-well chemotaxis chamber, the lower compartment 
of which contains 10 % FBS as a chemoattractant. Cells are allowed 
to transverse the porous polycarbonate membrane that separates 
the upper compartment from the lower compartment. In invasion 
assays, polycarbonate membranes are pre-coated with basement 
membrane components or an extracellular matrix component such 
as collagen IV. Cells that do not migrate are scraped off the mem-
brane, and migrated cells on the underside of the membrane are 
stained before quantification by light microscopy.

	 1.	Harvest cells from tissue culture flasks, and resuspend adherent 
cells (e.g., MDA-MB-231) or non-adherent cells (e.g., RPMI-
8226) in serum-free DMEM or RPMI-1640 medium, respec-
tively (see Note 3).

	 2.	Count the cells and aliquot into wells of a 24-well plate at 
5 × 105 cells per mL per well.

	 3.	Incubate cells on the plate with various concentrations of 
AMPs for 24  h at 37  °C and 5 % CO2 in a humidified 
incubator.

	 4.	After 24 h, for adherent cells, carefully remove medium, and 
wash the cell monolayer with PBS. Then detach cells by incu-
bation with 10 mM EDTA in PBS for 5 min at room tempera-
ture followed by vigorous pipetting. For non-adherent cells, 
wash once with PBS.

	 5.	Transfer cells from each treatment condition into a 5  mL 
round-bottom tube. Centrifuge the cell suspension for 5 min 
at 500 × g. Discard the supernatant.

	 6.	Resuspend the cell pellets in 500 μL of PBS. Centrifuge for 
5 min at 500 × g and discard the supernatant.

	 7.	Resuspend the cell pellets in 300 μL of serum-free medium 
and count the cells.

	 8.	Adjust volume so that the cell concentration in each tube is 
1 × 106 cells per mL. Keep the cells at 37 °C until they are used.

3.6  Migration 
and Invasion Assay 
to Measure Cell 
Motility

3.6.1  Preparation 
and Treatment of Cells 
Prior to Migration/Invasion
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Quadruplicate samples are used for each treatment condition. 
Thus, eight wells are required for each peptide treatment condi-
tion: four wells containing DMEM or RPMI-1640 medium with 
10 % FBS as a chemoattractant and four wells containing DMEM 
or RPMI-1640 medium without a chemoattractant as a negative 
control to determine baseline migration. In a 48-well chamber, 
this allows for five treatment conditions, including the untreated 
controls. Refer to Fig.  1 for a sample layout. The end columns 
(shaded in Fig. 1) are not used to allow for membrane processing. 
For invasion assays, coat the polycarbonate membrane with a col-
lagen IV solution (1 mg/mL in PBS) overnight at 4 °C. Prior to 
use, wash with PBS and allow to air dry completely.

	 1.	Prewarm 1  mL of serum-containing medium and 1  mL of 
serum-free medium to 37 °C.

	 2.	Add 26  μL of serum-containing medium or serum-free 
medium to the bottom wells of the chemotaxis chamber (see 
Note 4). A positive meniscus should be present. Add serum-
free medium to the wells in the unused columns.

	 3.	Evenly layer the polycarbonate membrane over the bottom 
wells of the chemotaxis chamber. Take care not to shift or 
readjust the membrane to avoid cross contamination between 
wells.

	 4.	Place the chemotaxis chamber’s rubber gasket over the poly-
carbonate membrane. Next place the upper chamber over the 
gasket and evenly tighten the screws.

	 5.	Add 50 μL of the cell suspension to the top well of the chemo-
taxis chamber, taking care not to introduce any bubbles. A 

3.6.2  Preparation 
of the Chemotaxis 
Chamber

Fig. 1 Sample layout of a 48-well chemotaxis chamber. The migration of control 
and AMP-treated cells toward the chemoattractant or medium alone are tested 
in quadruplicate. Columns on either edge (shaded) are not used, as this area of 
the polycarbonate membrane is used during processing

Laurence Madera and David W. Hoskin



341

negative meniscus should be present. Note that a positive 
meniscus indicates the presence of a bubble.

	 6.	Place the chemotaxis chamber in a humidified incubator at 
37 °C and 5 % CO2 for 4–24 h to allow cell migration to occur. 
The incubation period used will depend on the inherent motil-
ity of the cell type being examined. For longer incubation 
times, loosely wrap the chemotaxis chamber with tin foil to 
prevent any excessive loss of moisture from the wells.

	 1.	Remove the medium from the top wells by inverting the che-
motaxis chamber.

	 2.	Loosen the screws of the chemotaxis chamber, and remove the 
polycarbonate membrane, making careful note of which side 
has the cells that did not migrate. Using clips, clamp either side 
of the polycarbonate membrane using the area that covered 
the unused wells.

	 3.	Place the polycarbonate membrane into a container of PBS, 
making sure that the side containing the cells that did not 
migrate is uppermost (see Note 5).

	 4.	Use a rubber scraper to remove the cells that did not migrate.
	 5.	Repeat steps 3 and 4 two more times.
	 6.	Fill a 50 mL tube with Diff-Quick™ staining solution 1 and a 

second 50 mL tube with Diff-Quick™ staining solution 2. Fill 
a third 50 mL tube with Diff-Quick™ fixative solution.

	 7.	Dip the polycarbonate membrane into the fixative solution for 
10 s. Dip the membrane into staining solution 1 for 10 s and 
then into staining solution 2 for 10 s.

	 8.	Rinse the polycarbonate membrane by dipping it into a con-
tainer of distilled water.

	 9.	Allow the polycarbonate membrane to air dry completely.

	 1.	Place the dry polycarbonate membrane onto a microscope 
slide.

	 2.	For each well, count the number of cells in five high-powered 
fields (HPF; 400× magnification). Determine the average 
number of cells per HPF for each replicate (see Note 6).

	 3.	For each treatment condition, determine the average cells per 
HPF over the four replicates.

	 4.	Fold change in migration can be calculated by comparing the 
cells per HPF values of each treatment to that of untreated 
cells that migrated toward the serum-free medium (negative 
control).

3.6.3  Staining 
of Migrated Cells

3.6.4  Quantification 
of Migrated Cells
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The tubule formation assay is widely used as an in vitro model of 
the reorganization stage of angiogenesis. This assay can be used to 
determine the effect of AMPs on the ability of endothelial cells 
such as HUVECs to form capillary-like structures. Endothelial 
cells that are plated onto the appropriate extracellular matrix sup-
port create tracks that guide cellular migration. Inhibition of tubule 
formation is indicative of antiangiogenic activity, which interferes 
with tumor growth by denying tumor cells blood-borne oxygen 
and nutrients.

	 1.	Thaw ECMatrix™ Solution and Diluent Buffer on ice (see 
Note 7).

	 2.	For each treatment condition, dilute 198 μL of ECMatrix™ 
Solution into 22 μL of 10× Diluent Buffer, and mix well. Keep 
the solution on ice to prevent polymerization of ECMatrix™.

	 3.	Transfer 50 μL of the ECMatrix™ solution into each well of a 
96-well tissue culture plate. Each treatment condition should 
be performed in quadruplicate.

	 4.	Incubate the tissue culture plate for 1 h at 37 °C to allow the 
ECMatrix™ solution to polymerize.

	 5.	Harvest HUVECs, centrifuge, and resuspend in serum-free 
DMEM. Count the HUVECs.

	 6.	For each treatment condition, add 3 × 104 HUVECs in 300 μL 
of serum-free DMEM in a 5 mL round-bottom tube.

	 7.	Add the desired concentrations of AMPs to the tubes, and 
incubate for 30  min at 37  °C and 5 % CO2 in a humidified 
incubator.

	 8.	Overlay 50  μL of cell solution onto each ECMatrix™-
containing well in the 96-well tissue culture plate. Incubate the 
plate for 16  h at 37  °C and 5 % CO2 in a humidified 
incubator.

	 9.	Examine tubule formation by HUVECs under light micros-
copy at 200× magnification.

	10.	The complexity of tubule formation can be scored using the 
numerical grading scale provided by the manufacturer.

4  Notes

	 1.	For a large number of samples, staining and washing can also 
be done in a 96-well round-bottom plate instead of tubes. 
Samples can be transferred to tubes by a multichannel pipettor 
directly prior to the use of the flow cytometer.

	 2.	To facilitate the resuspension of the cell pellet, run the bottom 
of the tube along a tube rack to agitate.

3.7  Angiogenesis 
Assay
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	 3.	If significant migration is not detected, a longer duration of 
serum starvation (24–48 h) may improve cell migration toward 
the chemoattractant.

	 4.	Recombinant chemokines (e.g., CXCL12) can also be used as 
a chemoattractant, instead of serum, to determine chemokine-
specific migration/invasion.

	 5.	Ensure that PBS does not make contact with the upper side of 
the polycarbonate membrane containing the migrated cells.

	 6.	The number of cells added to the upper wells can be adjusted 
to ensure a sufficient number of cells are detected per field 
(20–200). This will vary depending on the cancer cell line.

	 7.	Keep ECMatrix™ solution on ice to avoid premature 
polymerization.
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Chapter 25

Using Oral and Colon Cancer Cells for Studying 
the Anticancer Properties of Antimicrobial Peptides

Teerakul Arpornsuwan, Wimolpak Sriwai, Hathaitip Sritanaudomchai, 
and Sittiruk Roytrakul

Abstract

Antimicrobial peptides (AMPs) are of importance in defense mechanism of many organisms and are poten-
tial candidate for treatment of infections in animals and humans. AMPs exhibit a wide range of immuno-
modulatory activities related to innate immunity, wound healing, and inflammation. AMPs also serve as 
drug delivery vectors, antitumor agents, and mitogenic agents. Here, we describe the investigation of 
anticancer and cytotoxic activities of antimicrobial peptides by colorimetric MTT assay using smooth 
muscle, dental pulp stem cell, human colon cancer cell line (SW620), and human oral squamous carcinoma 
cell line (HSC4).

Key words Antimicrobial peptide, Human oral squamous carcinoma cell line (HSC4), Human colon 
cancer cell line (SW620), Smooth muscle cell, Dental pulp stem cell

1  Introduction

The preliminary screening of anticancer activity of antimicrobial 
peptides has been developed using numerous bioassays [1]. The cell 
viability using colorimetric MTT assay is the most used for prelimi-
nary screening as it was first developed by Mosmann [2]. This 
method is convenient and simple enumeration of live and dead cells 
present. The percent of cell survival or dead cell can be calculated as 
a result of cytotoxicity or anticancer activity. The first homogeneous 
cell viability assay developed for a 96-well format using MTT 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 
tetrazolium reduction assay was suitable for high-throughput 
screening (HTS) [3]. This assay has been widely used for in vitro 
cytotoxicity and anticancer activity of antibiotic peptides [4, 5].

Cell-based assays are often used to screen for in vitro cytotox-
icity and anticancer activity; many cell types can be carried out on 
these purposes. For example, 12 human cancer cell lines 
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(SMMC-7721 human hepatocellular carcinoma, BEL-7402 
human hepatocellular carcinoma, Bcap-37 human breast carci-
noma, MDA-MB-231 human breast Caucasian adenocarcinoma, 
MCF-7 human breast carcinoma, LK-2 human squamous cell car-
cinoma, A-549 human lung adenocarcinoma, NCI-H446 human 
small cell lung carcinoma, BGC-823 human gastric carcinoma, 
HeLa human cervical carcinoma, HO-8910 human ovarian carci-
noma, and HT-29 human colon carcinoma) and normal human 
umbilical vein smooth muscle cells (HUVSMCs) were demon-
strated for the cytotoxicity and cell selectivity of the antimicrobial 
peptide temporin-1CEa precursor cloned from the Chinese brown 
frog Rana chensinensis [6]. The development and implementation 
of a pilot scale, in vitro, anticancer drug screen utilizing a panel of 
60 human tumor cell lines organized into subpanels representing 
leukemia, melanoma, and cancers of the lung, colon, kidney, ovary, 
and central nervous system were demonstrated by Monks et al. in 
1991 [7]. The anticancer activities of differently charged chitooli-
gosaccharide (COS) derivatives were investigated by neutral red 
and MTT cell viability studies using three cancer cell lines, HeLa, 
Hep3B, and SW480 [8].

Here we demonstrate the anticancer activity of antimicrobial 
peptide on smooth muscle, dental pulp stem cell, human colon 
cancer cell line (SW620), and human oral squamous carcinoma cell 
line (HSC4) by means of a 96-well format colorimetric MTT assay.

2  Materials

In general, the maintenance of cells should ideally be conducted in 
a laboratory established solely for sterile cell culture. Standard ster-
ile tissue culture procedures should be employed throughout. The 
majority of tissue culture is performed within the vertical flow cabi-
net. With care, microbial contamination can be kept to a mini-
mum. Testing for mycoplasma-infected cells should be periodically 
undertaken.

	 1.	Vertical flow tissue culture laminar flow hood with a HEPA 
filter.

	 2.	Tissue culture incubator: All parameters (CO2 concentration 
(5 % in air)), humidity, and temperature (37  °C) need to be 
checked daily.

	 3.	Bench-top centrifuge.
	 4.	Water bath.
	 5.	Inverted, phase-contrast microscope with phase objectives of 

4, 10, 20, and 40×.
	 6.	Disposables pipettes (pipette sizes: 5, 10, 25, and 50 ml).

2.1  Setting 
Up the Lab for Cell 
Culturing
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	 7.	Handheld Pipet-Aid.
	 8.	Vacuum pump, with two waste traps, to aspirate spent medium 

through a tube connected to disposable, heat-sterilized, long-
form glass Pasteur pipettes.

	 9.	Bone forceps.
	10.	Blade No. #15.
	11.	Hemocytometer.
	12.	Flat-bottom 96-well microtiter plate.
	13.	0.22 μm SFCA membrane syringe filter.
	14.	Tissue culture incubator.
	15.	Orbital shaker.
	16.	96-well plate reader capable of measuring the absorbance.
	17.	Kimwipe.

	 1.	Dulbecco’s Modified Eagle Medium (DMEM) high glucose.
	 2.	Roswell Park Memorial Institute (RPMI) 1640.
	 3.	Fetal bovine serum (FBS): each lot needs to be tested and 

freeze in aliquots.
	 4.	Penicillin-streptomycin 100× solution (kept in frozen single-

use aliquots).
	 5.	Trypsin-EDTA (kept in frozen single-use aliquots).
	 6.	Phosphate-buffered saline (DPBS): 137  mM NaCl, 10  mM 

phosphate, 2.7 mM KCl, pH 7.4, Ca2+, and Mg2+-free.
	 7.	Collagenase (300 U/ml).
	 8.	Soybean trypsin inhibitor.
	 9.	Smooth muscle buffer: 120 mM NaCl, 4 mM KCl, 2.6 mM 

KH2PO4, 2.0  mM CaCl2, 0.6  mM MgCl2, 25  mM HEPES 
(4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid), N-(2-
Hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid), 14 mM 
glucose, and 2.1 % essential amino acid mixture, pH 7.4.

	10.	Stadie-Riggs tissue slicer.

Bottles of media that are opened frequently become alkali rapidly; 
we suggest making smaller quantities that would last approximately 
2 weeks.

	 1.	Dental pulp stem cell and human oral squamous carcinoma cell 
line (HSC4) are cultivated in high-glucose DMEM supplemented 
with 1 % (v/v) penicillin-streptomycin and 10 % (v/v) FBS.

	 2.	Human colon cancer cell line (SW620) is cultivated in RPMI 
1640, supplemented with 10 % inactivated fetal bovine serum 
(FBS), penicillin (100 U/ml), and streptomycin (100 μg/ml).

2.2  Tissue Culture 
Reagents

2.3  Media Recipes 
and Cell Lines
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	 3.	Smooth muscle cells are cultivated in DMEM-10 culture 
medium, sterile containing 200 U/ml penicillin, 200 μg/ml 
streptomycin, 100 μg/ml gentamycin, 2.5 μg/ml amphoteri-
cin B, and 10 % fetal bovine serum.

	 4.	Completed media is sterilized by filtering through 0.22 μm 
microbiological filters and kept at 4 °C before use. Media are 
warmed to 37 °C immediately before use.

	 1.	Flat-bottom 96-well microtiter plate.
	 2.	15 ml centrifuge tubes.
	 3.	50 ml centrifuge tubes.
	 4.	0.22 μm SFCA membrane syringe filter.
	 5.	Disposables pipettes (pipette sizes: 5, 10, 25, and 50 ml).
	 6.	Handheld Pipet-Aid.
	 7.	Autopipettes and tips.
	 8.	Tissue culture incubator.
	 9.	Orbital shaker.
	10.	96-well plate reader capable of measuring the absorbance.
	11.	Aluminum foil.

	 1.	Growth medium: high-glucose DMEM supplemented with 
1 % (v/v) penicillin-streptomycin and 10 % (v/v) FBS.

	 2.	Synthetic peptides.
	 3.	3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide 

(MTT) reagent.
	 4.	Dimethyl sulfoxide (DMSO).
	 5.	Dulbecco’s phosphate-buffered saline (DPBS): 138 mM NaCl, 

1.47 mM KH2PO4, 8.1 mM Na2HPO4, 2.7 mM KCl, pH 7.4, 
Ca2+, and Mg2+-free.

	 6.	Trypsin-EDTA: 0.05 % trypsin-ethylenediaminetetraacetic acid.

	 1.	Stock 10  mg/ml of synthetic peptide: Weigh 1  mg of each 
synthetic peptide powder into a 1.5 ml low-binding microtube 
and dissolve in 100 μl of dimethyl sulfoxide (DMSO). Prepare 
freshly before use.

	 2.	Working 10 mg/ml of synthetic peptide: Add 90 μl of RPMI 
cell culture media without 10 % inactivated fetal bovine serum 
(FBS) into a new 1.5 ml low-binding microtube containing 
10 μl of 10 mg/ml of synthetic peptide and then vigorously 
shake (see Note 1). The final concentration of synthetic pep-
tide is 1 mg/ml. Convert mg/ml to molarity (see Note 2).

	 3.	Prepare the serial dilution of synthetic peptide to make the 
final concentrations of 100 μg/ml, 50 μg/ml, 10 μg/ml, and 
5 μg/ml, respectively.

2.4  Cytotoxicity 
Assay In Vitro

2.5  Reagents

2.6  Peptides 
and MTT Solution
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	 4.	MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide: Weigh 50 mg of the tetrazolium dye MTT into a falcon 
tube and dissolve in 10 ml of PBS (see Chapter 26, Subheading 
2.1); mix vigorously and filter-sterilize the MTT solution through 
a 0.2  μM filter into a sterile, light-protected container; MTT 
solution should appear bright yellow in color; store at 4 °C for 
frequent use or at −20 °C for long-term storage.

3  Methods

	 1.	Carefully clean the chamber and the cover glass using a 
Kimwipe. Place the cover glass over the cell counting chamber. 
Shake and pipette up and down the cell suspension to get an 
accurate count. Using a P20, place 10 μl of the cell suspension 
onto one of the V-shaped sample points on either side of the 
chamber. The liquid will spread evenly throughout the cham-
ber through capillary action. Repeat on the opposite side of 
the camber (Fig. 1a).

	 2.	Place the slide on a microscope, and bring one side of chamber 
into focus under low power (4× objective). Each chamber is 
divided into nine large (1 mm2) squares. The center square is 
divided into 25 squares (5 across by 5 down), each of which is 
further divided into 16 smaller squares (4 × 4) (Fig. 1b).

	 3.	Using a higher power objective (10×), focus on the center 
square. Count the cells in 5 of the 25 squares. To obtain a 
random sample, the four corner squares and the one in the 
middle are used. For cells that overlap a ruling, count two sides 
of the square as in and don’t count two sides. In order to be 
more accurate, at least 100 cells should be counted. Repeat the 
counting process for the opposite side of the chamber. Take 
the average of the two counts (n). Divide the average count 
(n) by 20:

Number of cells (×106)/ml = n/20 × volume of cell × dilu-
tion factor

For example, if five of the 25 squares had 18, 22, 17, 22, and 
21 cells on one side, and 21, 15, 18, 25, and 21 on the other, then 
n = [(18 + 22 + 17 + 22 + 21) + (21 + 15 + 18 + 25 + 21)]/2 = 100.

Number of cells (×106)/ml = 100/20 = 5 million cells/ml 
(5 × 106). If original volume of cell suspension, for example, 
was 3 ml, then final count is 15 million cells.

	 4.	Pipette up and down and add the appropriate amount of 
medium/cell mixture to each culture flask.

	 5.	Repeat pipetting and plating until all of the flasks have been 
plated.

3.1  Cell Counting

Anti-Cancer and Cytotoxic Activities of AMPs
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	 6.	Place all culture containers in an incubator at 37 °C, 5 % CO2. 
Gently shake flasks to evenly distribute cells. Practice shaking 
the dish under the microscope to determine what movements 
will get the most evenly distributed cells.

The dental pulp stem cell is isolated from human teeth by modified 
outgrowth method [9].

	 1.	Keep everything as sterile as possible while collecting extracted 
caries-free permanent teeth. Put teeth immediately into growth 
medium and transport to laboratory within 24 h.

3.2  Culture of Dental 
Pulp Stem Cell

Cover glass

Counting
chambers

Cover glass
mounting support

Sample introduction point

0.1 mm sample
depth

a

b
Small square = 1/400sq. mm. 1/25sq. mm.

Fig. 1 The parts of the hemocytometer (as viewed from the side) are identified: (a) hemocytometer gridlines 
and (b) hemocytometer diagram indicating one of the sets of 16 squares that should be used for counting
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	 2.	Take the teeth into the laminar flow hood and wash them with 
10 ml DPBS buffer for ten times. Cut the teeth with sterile 
bone forceps, carefully remove and place the pulpal tissue with 
forceps in 60 mm dish without containing any solution.

	 3.	Cut the pulpal tissue with a sharp blade No. 15 into tiny pieces 
and transfer them into T25 tissue culture flask. Separate the 
pulpal tissue far from another piece approximately 5 mm, and 
place the flask upright to allow tissue pieces to attach to the 
flask wall for about 1 min.

	 4.	Add 1.5–1.8  ml growth medium into the flask in order to 
cover all pulpal tissue pieces and all flask walls. Label the flasks 
with cell type, passage number (P0), and date.

	 5.	Place the flasks in 37 °C, 5 % CO2, >95 % humidified air incu-
bator. Change the medium every other day. Check the out-
growth of cells from tissue pieces daily. The cells generally 
reach confluency in 21–30 days. Once the cells have reached 
confluency, freeze or split the cells. Use the expression level of 
mesenchymal stem cell surface markers CD44, CD73, CD90, 
CD105, and CD146 and multipotent differentiation capacity 
to verify the isolated dental pulp stem cells phenotype and bio-
logical properties.

	 6.	Count the cells using the cell counting chamber (hemocytome-
ter). See Subheading 3.1. Notice the confluence of cells in the 
flask, amount of pellet they made after trypsin treatment, and 
centrifugation, and correlate these measurements with actual cell 
count in order to be able in the future to predict the cell count.

Gastric smooth muscle cells have been isolated from antrum of 
rabbit stomach. The techniques for isolating smooth muscle cells 
from antrum involves mechanical dissection to separate muscle lay-
ers from the mucosa, sequential enzymatic digestion of muscle 
strips, filtration, and centrifugation as described previously 
[10–12].

	 1.	Obtain the specimen, wash the tissue several times with smooth 
muscle buffer, and place tissue in 100 ml of ice-cold smooth 
muscle buffer in a plastic disposable container.

	 2.	Remove the specimen from buffer. Place tissue on a flat surface 
covered with dry paper towels, and remove fat, connective tis-
sue, and gross debris.

	 3.	Identify the structure. The pyloric antrum is the portion between 
the sulcus intermedius and the duodenopyloric constriction. The 
sulcus intermedius and incisura angularis are the landmarks used 
to separate the pyloric antrum from the rest of the stomach.

	 4.	Carefully cut lower region of the stomach to free the antrum 
from the body with surgical scissors or other scalpel.

3.3  Culture 
of Smooth Muscle 
Cells

Anti-Cancer and Cytotoxic Activities of AMPs



352

	 5.	Using scissors cut lengthwise along the antrum. Place slightly 
stretched tissue flat on paper towels, mucosal side up. Using 
curved fine forceps, gently rub or scrap mucosal layers off.

	 6.	Place stretched tissue flat on a Stadie-Riggs tissue slicer, muco-
sal side up. Further remove the mucosal layer by sharp dissec-
tion (see Note 3).

	 7.	Following the removal of the mucosa, cut the antrum into thin 
slices using a Stadie-Riggs tissue slicer, and place muscle strips 
in a 50 ml Erlenmeyer flask. Add 30 ml of a smooth muscle 
buffer containing 0.1 % collagenase (300  U/ml) and 0.01 % 
(w/v) soybean trypsin inhibitor. Digest the muscle strips by 
incubation at 31 °C for 30 min. Continuously gas the tissue 
with 100 % O2 throughout the isolation procedure.

	 8.	Remove enzymatic buffer by careful aspirate with disposable 
transfer pipette. Wash the partly digested tissues twice with 
50 ml of collagenase-free smooth muscle buffer. Leave the tis-
sue in the flask.

	 9.	Add 30 ml of collagenase-free smooth muscle buffer to each flask.
	10.	Using wide bore transfer pipettes, pass the tissue and buffer 

through the pipette repeatedly (about 10–20 times). Continue 
agitation and aeration of the buffer in the flask to allow smooth 
muscle cells to disperse spontaneously for 30 min.

	11.	Harvest freshly dispersed smooth muscle cells by filtration 
through 500 μm Nitex filter in 50 ml tube. Collect the cells by 
centrifugation twice at 350 × g for 10 min at room temperature 
to eliminate broken cells and organelles.

	12.	After removing supernatant, resuspend the cell pellet in 30 ml 
of DMEM, switch the cells to a new 50 ml conical tube, and 
wash the cells twice by centrifugation at 350 × g for 10 min at 
room temperature.

	13.	Aspirate off the supernatant, resuspend the recovered cells in 
10 ml of DMEM-10.

	 1.	Dilute the cells in a volume appropriate for counting.
	 2.	Add trypan blue solution to make a cell dilution of 1:20.
	 3.	Fill the hemocytometer with the diluted cell suspension.
	 4.	Count the number of live smooth muscle cells at least four squares. 

Viable or intact cells exclude the dye and appear unstained, while 
dead cells take up the dye and appear blue stained.

	 5.	Transfer the culture to a T25 flask. Place the smooth muscle 
cell suspension at a concentration of 5 × 105 cells/ml in a 
culture disk and incubate the cultures in a humidified 5 % car-
bon dioxide 95 % air incubator at 37 °C.

	 6.	Change DMEM-10 medium every 3  days. The cells should 
reach confluency after 2–3 weeks (see Note 4).

3.4  Determination 
of Cell Number
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	 7.	The in  vitro cytotoxicity assay should be done on smooth 
muscle cells in the first passage.

	 8.	Trypsinize (0.5  mg trypsin/ml) 70–80 % confluent smooth 
muscle cells in primary cultures and replate at 1 × 105 cells/ml 
in six-well plate.

	 9.	Place the plate in a humidified 5 % carbon dioxide 95 % air 
incubator at 37 °C for 1 day.

	10.	Change the culture medium and continue experiment.

	 1.	Remove desired vial (s) (1 or 2 vials per flask depending on 
concentration of cells) from liquid nitrogen storage tank. A vial 
containing 1 °C 106 cells thawed into a T75 tissue culture flask 
will generally be confluent in 3–4 days.

	 2.	Vent the vial making sure to close it tightly before placing it 
into the 37  °C H2O water bath. Do not submerge the vial 
rather hold it such that the water level in water bath is even 
with the frozen liquid level in the vial. The vial can be twirled 
during thawing until all ice crystals have disappeared.

	 3.	Spray the vial with 70 % ethanol to minimize contamination. 
Under the laminar flow hood, transfer the cell suspension from 
1 vial into a 15 ml centrifuge tube. Very slowly, over a total of 
2 min, add 9 ml growth medium dropwise while gently mixing 
the tube, bringing the total volume to 10 ml. This decreases the 
DMSO concentration gradually.

	 4.	Centrifuge the cells at 157 × g for 5 min, remove supernatant 
and resuspend the pellet with 1–2 ml of growth medium, and 
transfer the cell suspension into T75 tissue culture flasks con-
taining 10 ml growth medium and place into a 5 % CO2, 37 °C 
incubator. Medium is changed every other day.

	 5.	Once cells reach confluency, discard medium and rinse the cell 
layer 2–3 times with DPBS in order to remove any traces of FBS 
which would inhibit trypsin reaction, tip the flask side to side 
once, and remove. Vigorous swirling may cause the cells to lift.

	 6.	Add 4  ml of prewarmed trypsin-EDTA solution to the cell 
layer in the flask. Close the flask, and place it onto a 37  °C 
warming dish for 2–5  min. The trypsin solution will work 
quickly to detach the cells from the bottom of the flask. Then 
gently shake the flask, and check under the microscope that 
most of the cells are detached and floating.

	 7.	Back under the hood, using a 10 ml serological pipette, quickly 
disaggregate cells into a single-cell suspension, and add 10 ml 
of growth medium to each flask. The FBS in the medium will 
deactivate the trypsin. Transfer the cell suspension (cells/tryp-
sin/medium) from the flask to a 15 ml centrifuge tube and 
centrifuge at 157 × g for 5 min.

3.5  Culture 
of Human Oral 
Squamous Carcinoma 
Cell Line (HSC4)
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	 8.	Work under the hood and without disturbing the cell pellet, 
remove and discard the supernatant. Resuspend the cell pellet 
with 1–2 ml of growth medium.

	 9.	Determine the total number of cells in the cell suspension by 
hemocytometer. See above on Subheading 3.1. Once the total 
cell number in the tube is known, calculate the exact volume 
needed to dilute cells to a desired concentration for in vitro 
cytotoxicity assay.

	 1.	Remove desired vial (s) (1 or 2 vials per flask depending on 
concentration of cells) from liquid nitrogen storage tank.

	 2.	Culture cells in T-75 flasks with completed media, and main-
tain in a humidified atmosphere of 5 % CO2—95 % air at 37 °C 
until 80–90 % confluent.

	 3.	Aspirate media from flask and wash cells twice with 10 ml PBS 
(see Note 5).

	 4.	Trypsinize cells with 1 ml of 0.05 % trypsin-EDTA and leave 
the flask at 37 °C for 5 min.

	 5.	Add 5  ml of fresh medium (RPMI plus 10 % FBS). Mix by 
pipette up and down gentle to disperse cells.

	 6.	Centrifuge the cell suspension at 157 × g for 5 min and discard 
the supernatant (see Note 6).

	 7.	Resuspend the cell pellet with 1 ml of serum-free media for cell 
counting by trypan blue (see Note 7). Add 50 μl of the cell 
suspension in 400 μl of PBS containing 50 μl of 0.04 % trypan 
blue (see Note 8). Load 10 μl of staining cells into a hemocy-
tometer (see Note 9). Count the cells in four separate fields of 
hemocytometer using light microscope. Count viable, clear 
cells, and calculate the number of viable cells/ml as described in 
Subheading 3.1, steps 1–6, before in vitro cytotoxicity assay.

Each condition should be done in triplicate or more.

	 1.	Day 1: Harvest the cells as explained in Subheading 3.1. Seed 
100 μl of cell suspension (2 × 104 total cells) for dental pulp 
stem cell and human oral squamous carcinoma cell line (HSC4) 
and 2 × 104 total cells/200 μl for smooth muscle cell and SW620 
cell line into each 96-well plate and incubate overnight.

	 2.	Day 2: Prepare the serial dilution of synthetic peptide in media 
to make the final concentrations of 100 μM, 50 μM, 25 μM, 
12.5 μM and 6.25 μM, respectively. Aspirate the supernatant 
and add 200 μl of fresh medium containing synthetic peptide 
(ranging from 100 to 6.25 μM) into each well (see Note 10). 
Except column B1-H1 for control columns containing cells 
without peptides. Incubate at 37  °C for overnight. Cells 
treated with 0.1 % DMSO were used as a solvent control, 
whereas untreated cells were used as an OD control.

3.6  Culture 
of Human Colon 
Cancer Cell Line 
(SW620)

3.7  Cytotoxicity 
Assay In Vitro
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	 3.	Day 3: Add 1.2 ml of 5 mg/ml of the tetrazolium dye MTT 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
in 20  ml of PBS for working solution of MTT.  Discard the 
supernatant from microtiter plate of SW620 cell line. Add 200 μl 
of working solution of MTT into each well (see Note 11).

	 4.	Add 100 μl of 0.5 mg/ml MTT to each well of microtiter plate 
for smooth muscle cell, dental pulp stem cell and human oral 
squamous carcinoma cell line (HSC4) (see Note 12). All 
should be done aseptically and wrap the plate with aluminum 
foil to avoid exposure to light.

	 5.	Incubate for 2–3 h at 37 °C in tissue culture incubator.
	 6.	Carefully remove media. Do not disturb cells and do not rinse 

with PBS. Discard the MTT and dissolve the purple formazan 
product with 100 μl and 200 μl of DMSO for smooth muscle 
cell, dental pulp stem cell, HSC4, and SW620 cell line, respec-
tively (see Note 12). Cover plate with aluminum foil and agi-
tate cells on orbital shaker for 30 min at room temperature (see 
Note 13).

	 7.	Read absorbance at 570 nm with a reference filter of 650 nm.
	 8.	Calculate cytotoxicity assay in vitro as follows:

% Cytotoxicity = 1 − [(OD peptide treated − OD blank)/(OD 
control − OD blank)] × 100.

4  Notes

	 1.	The serial dilution of synthetic peptide was curious step to 
maintain the activity and stability of peptide by adding the 
media into synthetic peptide.

	 2.	Convert mg/ml to μM, divide the concentration in mg/ml by 
the molecular weight of the peptide, and multiply by 
1000 × 1000.

	 3.	Never let tissues dry out during dissection. Always keep them 
immersed in a smooth muscle buffer.

	 4.	Instead of flasks, Petri dishes of various sizes can be used for 
culture.

	 5.	It is critical to remove all traces of fetal bovine serum in com-
plete media in washing step; otherwise it will be difficult for 
trypsin solution to remove cells from the flask.

	 6.	Centrifuge the cell suspension at 157 × g for 5 min to remove 
trypsin-containing media and replace with fresh media.

	 7.	Use PBS or a serum-free medium for the cell suspension. 
Serum proteins may stain with trypan blue, resulting in falsely 
depressed viable counts.

Anti-Cancer and Cytotoxic Activities of AMPs
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	 8.	0.4 % (w/v) trypan blue in PBS could be stored up to 1 year at 
room temperature in the dark. Filter if a precipitate forms.

	 9.	Do not overfill the surface for loading the hemocytometer. 
Load two samples on one hemocytometer, one into each of the 
two grids.

	10.	Carefully remove media. The most variation in data may occur 
in this step.

	11.	The concentration of MTT and the amount of formazan signal 
generated may need to be adjusted for optimal condition. The 
cell type, number of cell/well, and the cellular metabolic activ-
ity can cause the reduction of MTT.

	12.	Dissolve the formazan product in 96-well plate by dispenses 
gently to ensure complete solubilization. Occassionally, pipet-
ting up and down may be required to completely dissolve the 
MTT formazan crystals especially in dense cultures.

	13.	Gentle stirring in a shaker will enhance dissolution.
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Chapter 26

Using Disease-Associated Enzymes to Activate 
Antimicrobial Peptide Prodrugs

Éanna B. Forde, Graeme Kelly, Hisham Makki, Zahraa Al-Sharshahi, 
Deirdre Fitzgerald-Hughes, and Marc Devocelle

Abstract

Prodrugs of antimicrobial peptides can be generated by modifying their sequences at their N-termini with 
a linker and a negatively charged promoiety. These modifications can be selectively reversed by a disease-
associated enzyme, thereby confining the activity of the peptide to pathologically affected body parts. 
A general method for the generation of prodrug candidates, based on a linker constituting the substrate of 
a disease-associated protease and an oligo-glutamic acid promoiety, as well as a protocol to validate the 
activation of the prodrug, are described herein.

Key words Active parent AMP, Disease-associated protease, Oligo-glutamic acid promoiety, Prodrug 
activation

1  Introduction

Prodrugs are inactive precursors of pharmaceutical agents that are 
activated in vivo [1]. If this activation is mediated by a chemical 
and/or biochemical reaction confined to a specific body site, tar-
geted delivery of the active parent drug can be achieved [2]. A 
prodrug approach can therefore overcome a toxicity barrier in 
drug development and could be applied to antimicrobial peptides 
(AMPs) to increase their selectivity toward bacterial or cancer cells. 
Most AMPs have a net positive charge which contributes to their 
biological activities [3]. Consequently, their antimicrobial and 
anticancer activities, but also off-target effects, can be modulated 
by covalently, but reversibly, linking their sequences to a negatively 
charged promoiety (Fig. 1). A promoiety is a functional group or 
molecular entity which modifies the physico-chemical and pharma-
cokinetic/pharmacodynamic properties of a parent drug. The 
modification aims to overcome a barrier to the clinical use of the 
drug, such as toxicity as discussed here for AMPs. A promoiety for 
their prodrugs can be the target of an activating enzyme [4] or 
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attached to the parent peptide through a linker which constitutes a 
substrate for an activating enzyme [5]. In the former case, the pro-
moiety is a substrate of the activating enzyme and must be linked 
to the AMP sequence through a linker which spontaneously 
decomposes upon catalytic activation (Table 1, entry 1). In the lat-
ter case, the promoiety is either a biologically inert constituent 
(Table 1, entry 2) or another therapeutic agent also rendered inac-
tive by its linkage to the AMP (Table 1, entry 3). In every case, the 
promoiety should be non-toxic, have a net negative charge and not 
affect the activity of the AMP when non-covalently bonded to it.

The activating enzyme selected determines the confinement of 
the active peptide and the associated targeted antibiotic strategy. 
Among suitable enzymes, disease-associated proteases provide a 

Fig. 1 Overview of AMP prodrug approach. Masking the net positive charge of the active AMP by linking it to a 
negatively charged promoiety, which can be selectively removed at the site(s) of infection, can generate an 
AMP candidate targeted at specific pathogens and devoid of activity (toxicity) at non-infected body parts
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convenient and general opportunity to achieve this targeted deliv-
ery of a parent peptide [9]. The protease can be a bacterial enzyme 
with no mammalian homologue, ideally an enzyme specific to a 
bacterial pathogen and/or associated with an antibiotic resistance 
or virulence mechanism. Host enzymes highly up-regulated in a 
pathological condition and/or confined to diseased cells/tissue are 
also eligible candidates for prodrug activation. In protease-
dependent prodrugs, the linker and the promoiety can both be 
peptide sequences appended to the AMP, yielding a fusion peptide 
which can be prepared by standard techniques of solid-phase pep-
tide synthesis (SPPS) [10].

Oligo-glutamic acid sequences fulfil the requirements of a pro-
moiety in AMP prodrugs activated by proteases. Each glutamic 
acid reduces the positive net charge of the peptide by 1 unit. A 
sequential addition can be implemented to investigate the effect of 
the progressive reduction of the charge on the biological activity of 
the parent peptide and to determine the minimal number of gluta-
mate residues to generate a prodrug. N-terminal acetylation of the 
oligo-glutamic acid promoiety can further reduce the net charge of 
the parent peptide by 1 unit. This promoiety can also be placed at 
the C-terminus of the AMP, but as peptides are synthesised from 
the C- to N-termini and as AMPs have a high hydrophobic amino 
acid content (generally 40–50 %), assembling first the active parent 
AMP sequence limits the interchain association effects which may 
otherwise hinder the elongation of the complete sequence [11]. 
This initial assembly of the active parent AMP sequence can also 
reduce the quantities of amino acids required for its elongation, if 
done from more expensive d-amino acids. Finally, it allows the syn-
thesis of prodrug candidates varying by the number of glutamate 
residues in the promoiety, from the same batch of resin, by sam-
pling the latter after each glutamic acid addition. Introduction of a 
short spacer (e.g. glycine of β-alanine) after four consecutive glu-
tamic acid residues can increase the reactivity of the N-terminal 
amino groups and favour further elongation of the promoiety [6]. 
Other acidic amino acids can be used for the promoiety, but among 
common amino acids, glutamic acid should be preferred to aspar-
tic acid for peptides synthesised by the Fmoc/t-Bu strategy, because 
of the aspartimide-mediated formation of by-products [12]. The 
promoiety can be assembled from l- or d- glutamic acids, but 
l-oligo-glutamate promoieties can avoid the isolation of the linker 
between heterochiral residues, when the AMP sequence itself is 
synthesised from d-amino acids. In the latter case, the inclusion of 
one glycine residue between the linker and the active AMP 
sequence is recommended. The promoiety and the residual amino 
acids from the linker (at its N-terminal side) can be synthesised 
separately from a resin such as a preloaded Wang resin (see Chapter 
3, Fig. 2). This will yield the peptide acid corresponding to the 
promoiety released from the prodrug upon activation. This 
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peptide can be tested for toxicity against relevant host cells [7]. It 
can also be evaluated, individually and in combination with the 
active AMP, to ensure that it doesn’t affect the antimicrobial activ-
ity of the latter peptide [6].

The linker in a protease-dependent AMP prodrug should be an 
exclusive peptide motif directed at a particular extracellular prote-
ase. The latter should preferably have narrow substrate specificity. 
Secreted proteases which constitute virulence factors in pathogenic 
bacteria are ideal targets. Examples of bacterial proteases which, in 
principle, could be targeted are V8 from Staphylococcus aureus [13] 
and CD2830 from Clostridium difficile [14]. The optimal linker 
sequences are reported for these two enzymes. For newly identified 
proteases, the amino acids at substrate positions (e.g. P3, P2, P1 | P′1, 
P′2, P′3), associated with the highest cleavage kinetics and specific-
ity, can be identified using synthetic FRET peptides [15].

This protease-dependent prodrug approach is broadly appli-
cable to any AMP which can be assembled by SPPS, does not 
require post-cleavage modification using active ester-based conju-
gation chemistry and is, or can be made, resistant to cleavage by 
the targeted protease. Among suitable candidates, linear (α-helical 
or extended) AMPs, with primary membranolytic activities which 
are independent of the stereochemistry of their constitutive amino 
acids, are attractive sequences. As the proteolytic activation of the 
AMP prodrug might leave residual amino acids from the linker at 
the N-terminus of the active sequence, the processed peptide 
rather than the parent peptide should be used as a positive control. 
It should also be ensured that these residual amino acids do not 
adversely affect the antimicrobial activity of the parent AMP and 
that the processed peptide is not an inhibitor of the activating pro-
tease. A negative control can generally be designed by omitting the 
sequence of the linker and directly elongating the oligo-glutamic 
acid promoiety at the N-terminus of the AMP sequence.

The design strategy presented above allows the preparation of 
protease-dependent AMP prodrugs as targeted antibiotics with 
narrow or broad spectrum of activity, depending on the protease 
(from the host or bacteria) selected. They can be conveniently pre-
pared by manual or automated SPPS [16, 17] as described in 
Chapter 3 and 4, respectively. This strategy also facilitates the par-
allel production of various candidates based on different active 
AMP sequences for combination studies. Moreover, it can be 
employed to target the delivery of AMPs in any condition (e.g. 
infection, inflammation and cancer) which may be addressed by 
these peptides. The protocols to test these prodrug candidates, 
with either exogenous or endogenous protease, in the absence or 
presence of bacteria, to validate their activation, are presented 
below. The target outcomes of these assays are the quantitative 
release of the active AMP in the former case (no bacteria) and the 
acquisition of similar minimum inhibitory/bactericidal 
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concentrations between the active AMP and its prodrug, in the 
latter case. This validation is one of the most critical steps in the 
successful development of AMP prodrugs.

2  Materials

	 1.	Incubator maintained at 37  °C in a 5 % CO2 humidified 
atmosphere.

	 2.	Phosphate buffered saline (PBS): dissolve 8 g of NaCl, 0.2 g 
KCl, 1.42  g of Na2HPO4, and 0.24  g of KH2PO4 in 1  l of 
deionised water (dH2O), adjust to pH 7.4 and sterilise by auto-
claving (121 °C, 15 PSI, 15 min), which gives a concentration 
of 137 mM, 2.7 mM, 10 mM, and 1.8 mM, respectively.

	 3.	Purified enzyme, e.g. human neutrophil elastase (NE), at 
1 mg/ml prepared in PBS

	 4.	Sterile 96-well plate.
	 5.	Acetonitrile (HPLC grade).
	 6.	Water (HPLC grade).
	 7.	p-Hydroxycinnamic acid.
	 8.	C18 analytical HPLC column.
	 9.	Peptide stock 1: 1 mg/ml in PBS.
	10.	Matrix-assisted laser desorption ionisation-time of flight mass 

spectrometry (MALDI-TOF-MS) solution: 10  mg/ml p- 
hydroxycinnamic acid in acetonitrile/H2O (1:1).

	11.	RP-HPLC analysis of the purified peptide with C18 analytical 
column at a flow rate of 1 ml/min with a linear gradient over 
30 min from 5 to 65 % solvent B. UV detection at 214 nm 
(amide bond) or a dual wave wavelength at 214 and 280 nm 
for peptides containing amino acids with aromatic side chains.

	12.	Solvent A: water containing 0.1 % TFA
	13.	Solvent B: acetonitrile containing 0.1 % TFA.

	 1.	Shaking incubator.
	 2.	DensiCHEK instrument with McFarland standards and glass 

vials.
	 3.	Pseudomonas aeruginosa reference strain PAO1 (or other test 

organism).
	 4.	Mueller-Hinton agar plates.
	 5.	Solution 1: 0.9 % w/v solution of NaCl in dH2O. Sterilise by 

autoclaving.
	 6.	Solution 2: 10 mM solution of potassium phosphate in dH2O 

pH 7.4. Sterilise by autoclaving (121 °C, 15 PSI, 15 min).

2.1  Activation Assay 
in the Absence 
of Bacteria

2.2  Activation Assay 
in the Presence 
of Bacteria
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	 7.	Solution 3: Dissolve 2 g of BSA in dH2O by rigorous agitation 
for 10 min, filter sterilise the solution as above, aseptically add 
100 μl of the filtered solution to 9.9 ml of Solution 2 and mix.

	 8.	Peptide stock 2: 1 mg/ml peptide stock solution in Solution 2. 
Filter sterilise the solution in a laminar airflow cabinet using a 
disposable syringe and a 0.2 μm syringe filter (this can be fur-
ther diluted to the required concentration for assay in Solution 
3).

	 9.	Purified human neutrophil elastase (NE) [6, 7] in Solution 2.
or

	10.	Human bronchoalveolar lavage (BAL) fluid confirmed to con-
tain μg/ml quantities of NE (such as from cystic fibrosis 
patients) (see Note 1).

	11.	Sterile microcentrifuge tubes.
	12.	Sterile inoculating loops.
	13.	Sterile L-shaped cell spreaders.
	14.	Pipette with sterile pipette tips.
	15.	Vortex mixer.
	16.	Bunsen burner.

3  Methods

	 1.	Record the retention time (RT) of the peptide prodrug puri-
fied by RP-HPLC. The RT of the active peptide, processed 
by the activating enzyme from the prodrug, will generally be 
lower.

	 2.	From the Peptide stock 1, prepare a serial doubling dilution 
from 1 mg/ml (stock solution) to 0.007 mg/ml in PBS.

	 3.	To quantify the reactivation of the peptide, prepare a standard 
curve of the peptide prodrug concentration versus peak area 
using RP-HPLC.

	 4.	Pipette 100 μl of the NE stock solution into a well of a 96-well 
pate and place in the incubator.

	 5.	Pipette 100 μl of the peptide prodrug stock solution to the NE 
solution, and incubate the combined solutions.

	 6.	At hourly intervals, mix the solution with a pipette and sample 
25 μl. Analyse the removed sample by RP-HPLC, monitoring 
the percentage of processed peptide(s) until quantitative, or 
near quantitative, reactivation is reached, or until no significant 
increase is reached between multiple time points. The peptide 
prodrug peak will decrease in magnitude, while one or more 
product peaks will form. The extent of cleavage of the peptide 

3.1  Activation Assay 
in the Absence 
of Bacteria
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prodrug can be calculated by comparing the peak area to the 
standard curve. The reactivation can be confirmed by complete 
shift in RT of the peptide prodrug. For enzymes with high 
kinetics of activation, the assay might need to be repeated with 
10 min (or lower) intervals between samplings (see Note 2).

	 1.	Aseptically inoculate PAO1 on Mueller-Hinton agar using the 
streak-plating method for isolation of single colonies, and 
incubate overnight.

	 2.	Aseptically take three or four colonies and suspend in 5 ml of 
Solution 1.

	 3.	Calibrate the DensiCHEK meter using the 1.0 McFarland 
standard and blank with 1  ml of Solution 1  in a glass vial. 
Aseptically remove 1 ml of the bacterial suspension and transfer 
to another glass vial and measure using the DensiCHEK meter.

	 4.	If the reading is below 1.0 McFarland, aseptically add more 
colonies to the suspension. If the reading is above 1.0 
McFarland, aseptically dilute the suspension with Solution 1. 
Repeat until a suspension of 0.95–1.05 McFarland is achieved 
(measured three times).

	 5.	Aseptically transfer 100 μl of the bacterial suspension to 9.9 ml 
of Solution 3. This will be the bacterial inoculum.

	 6.	To a microcentrifuge tube, aseptically add each component of 
the susceptibility assay (the required quantity of Peptide stock 
2, NE solution or human BAL fluid, 10 % v/v of the bacterial 
inoculum and Solution 3 to the final volume) and vortex for 
30 s. Controls (see Note 3) should include AMP prodrug with 
bacteria, NE solution/BAL fluid with bacteria, BAL fluid 
alone and bacteria alone (positive growth control). Multiple 
peptide and enzyme concentrations may be investigated, and it 
is advisable to repeat experiments on three separate occasions 
at least in duplicate.

	 7.	Incubate the microcentrifuge tubes in the shaker incubator at 
37 °C on medium speed (approximately 200 rpm) for 60 min. 
Remove and aseptically add 9 volumes of Solution 1 to each 
tube and vortex mix for 30 s (see Note 4).

	 8.	Aseptically pipette 100 μl of each bacterial suspension onto a 
Mueller-Hinton agar plate, and spread evenly on the plate with 
a disposable cell spreader and incubate plates inverted over-
night at 37 °C. Refrigerate the bacterial suspensions for later 
use if required.

	 9.	Count the colony forming units (CFU) on the plates. If the col-
ony count is too high, dilute the bacterial suspensions further, 
spread on a new plate and incubate for counting the next day.

	10.	Express the colony counts as % reduction in CFU on test plates 
(from assays containing AMP prodrug, or AMP prodrug and 

3.2  Activation Assay 
in the Presence 
of Bacteria
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NE/human BAL) compared to the bacteria alone plates. This 
will allow comparison between the bactericidal effects of AMP 
prodrug alone to the AMP prodrug in the presence of NE/
human BAL fluid.

4  Notes

	 1.	While neutrophil elastase can be replaced as targeting enzyme, 
consideration must be given to the levels of activating enzyme 
available in clinical samples. For example, human BAL fluid 
contains many different pulmonary enzymes but none are 
likely to be present in the same order of magnitude as neutro-
phil elastase.

	 2.	The reactivation product(s) can be identified by MALDI-TOF 
MS. The molecular ions of the incubation products are likely 
to correspond to the active AMP peptide sequence with one or 
more residual amino acids from the linker. In the case of AMPs 
modified with a acetylated tetraglutamic acid promoiety and a 
tri-alanyl-glycine linker as a neutrophil elastase substrate [6, 7], 
two main cleavage products are obtained, corresponding to 
the active AMP sequence with a remaining glycine and one or 
two residual alanine(s). Synthesis of these processed peptides 
will be required to validate their identification by comparison 
of their RP-HPLC RTs and for use as positive controls (see 
Subheading 1).

	 3.	The use of controls is important as high concentrations of 
AMP prodrug may display bactericidal activity that will need to 
be taken into account. Similarly, NE at a high concentration 
and some human BAL fluids will have some bactericidal activ-
ity. Experiments should be designed to minimise these effects 
so that activity due to the activation of AMP prodrug alone is 
investigated.

	 4.	The amount of Solution 1 can be increased or decreased pro-
portional to the assay volume. Typically, assay volumes of 
100 μl are used, which require 900 μl of Solution.
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Chapter 27

Anti-inflammatory Properties of Antimicrobial Peptides 
and Peptidomimetics: LPS and LTA Neutralization

Sarah Line Skovbakke and Henrik Franzyk

Abstract

Lipopolysaccharide (LPS) and lipoteichoic acid (LTA) neutralization constitute potential non-antibiotic 
treatment strategies for sepsis - a systemic infection-induced inflammatory response. Studies on LPS- and 
LTA-neutralizing compounds are abundant in literature, and a number of peptides and peptidomimetics 
appear to display promising activity. However, in this ongoing search for potential antisepsis drug leads, it 
will be preferable that the assays used by different research groups lead to readily comparable data for the 
most efficient compounds. Here, we propose and describe standardized methods to be used for testing of 
novel compounds for their LPS- and LTA-neutralizing capacity with a focus on functional suppression of 
pro-inflammatory responses in cell-based systems. To best mimic the human in vivo conditions, we suggest 
the use of freshly isolated human leukocytes combined with an appropriate method for the chosen cytokine 
(e.g., IL-6 or TNF-α). The described protocols comprise isolation, stimulation, and viability test of the 
human leukocytes.

Key words LPS neutralization, LTA neutralization, Peptides, Peptidomimetics, Cytokines

1  Introduction

Continuous emergence and spreading of multidrug-resistant bac-
terial strains of human pathogens combined with the fact that only 
few novel classes of antibiotics or treatment strategies are in the 
pipeline for entering the clinic constitute major healthcare prob-
lems worldwide [1–3]. Especially in the case of sepsis, a critically 
exacerbated systemic host response to infection, the available treat-
ment options remain very limited [4]. Unless the rise in antibiotic 
resistance can be reversed, the number of incurable infections and 
fatalities will keep increasing.

Alternatives to traditional antibiotics comprise host-directed 
approaches by which natural defense mechanisms in the host are 
augmented by intervention with non-antibiotic drugs. Endogenous 
human host defense (antimicrobial) peptides (HDPs) comprise 
the cathelicidin LL-37 and several defensins produced by 
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epithelial cells and innate immune cells in the mucosa [5, 6]. 
Besides direct antimicrobial effects, such HDPs exert strong trig-
gering and/or modulation of host responses giving them an 
intriguing role in the regulation of innate immunity involved in 
combating infections [6–8]. Thus, the concept of modulation of 
the innate immune system by peptides is a well-known natural 
regulatory process that may be exploited as a non-antibiotic strat-
egy for treatment of bacterial infections [9]. Synthetic peptides 
termed innate defense regulatory (IDR) peptides have already 
shown protective effects in animal models of infections [10]. 
Importantly, such therapies aimed at controlling fundamental 
innate host responses to bacterial infections constitute novel non-
antibiotic treatment regimens that minimize the risk of resistance 
development due to the lack of a direct selection pressure. 
Therefore, immune modulation that enhances anti-infective 
responses (e.g., by promoting recruitment of immune-competent 
cells) while reducing harmful pro-inflammatory responses appears 
to be a promising potential treatment strategy that has been 
reviewed comprehensively elsewhere [11–13].

By nature, infection-triggered immune responses are the result 
of an immensely complex network of pattern recognition with 
ensuing signaling pathways that need to be tightly balanced in 
order to ensure effective neutralization of the invading microbes 
without collateral damage to host tissues. In fact, it is the exacer-
bated inflammatory responses that cause severe life-threatening 
infection-related effects with sepsis being a prime example. The 
option of partial/selective inhibition of the initial signaling path-
ways in the infection-related host response thus appears more ben-
eficial than specific inhibition of the effector molecules in sepsis 
[14–16]. Hence, focus should be on means of preventing excessive 
induction of pro-inflammatory mediators due to bacteremia and 
high levels of bacterial components released during antibiotic 
treatment [17]. In this context the discussion will be limited to 
selected representatives of peptides and peptidomimetics that show 
potential for intervention.

The bacterial cell wall components lipopolysaccharide (LPS) 
and lipoteichoic acid (LTA) constitute important immunostimulat-
ing virulence factors in Gram-negative and Gram-positive infec-
tions, respectively [18, 19]. Also, other bacterial membrane 
components such as peptidoglycan and lipoproteins/peptides pos-
sess an ability to elicit innate immune responses [20, 21]. They are 
recognized by Toll-like receptors (TLRs) and other pattern-
recognition receptors (PRRs) that are highly expressed on mono-
cytes and other host defense cells. Upon activation PRRs initiate 
pro-inflammatory signaling that lead to release of cytokines, che-
mokines, complement factors, reactive oxygen species, and lipid 
mediators that are important for the anti-infective immune response 
but, if uncontrolled, may promote development of sepsis [22–24]. 
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Despite some recent failures in using specific TLR4 antagonists as 
antisepsis agents, exploration of this treatment strategy is ongoing 
with other compounds under clinical investigation [12].

Several peptides/peptidomimetics capable of reducing unde-
sired excessive pro-inflammatory effects have been identified. Such 
LPS- and/or LTA-neutralizing activity typically involves one of 
two general modes of actions: (1) a direct binding to the pro-
inflammatory membrane constituents, whereby their ability to 
interact with the respective PRRs is eliminated, or (2) inhibitory 
interactions either directly on the PRRs or via interference with 
components in their signaling cascades. Here, we focus on the abil-
ity of peptides/peptidomimetics to inhibit the LPS/LTA-induced 
pro-inflammatory response, and thus the methods described do 
not identify their specific molecular mechanisms.

Studies concerning neutralization of LPS-induced excessive 
inflammation during infection with Gram-negative bacteria are 
abundant in literature as previously reviewed [25–27]. Thus, in the 
search for potential antisepsis drug leads for Gram-negative infec-
tions LPS-neutralizing peptides and peptidomimetics appear to 
possess promising properties [28–31], and in Table 1 several of the 
most potent peptides and peptidomimetics are listed [25, 32–44]. 
Bacterial killing during antibiotic treatment induces inflammation 
via initial binding of released LPS to LPS-binding protein (LBP) 
forming an LPS-LBP complex that interacts with CD14 to give an 
LPS-LBP-CD14 complex, which in turn activates TLR4-MD2 
(MD2 being the myeloid differentiation factor 2) present on mac-
rophages [27]. Thus, the murine macrophage cell line RAW 264.7 
together with human mononuclear immune cells (hMNCs) have 
been extensively used as preliminary cellular test models in the 
identification of compounds with potential applications in thera-
pies combining antibacterial activity with neutralization of LPS-
mediated excessive inflammation also required for successful 
resolution of sepsis.

As evident from Table 1, so far quite different test conditions 
have been employed when estimating the efficacy of LPS-
neutralizing compounds. To achieve more reliable comparison of 
novel and previously reported compounds, we recommend a higher 
degree of consensus regarding these assays as discussed below.

A major limitation in development of peptides for therapeutic 
use is their inherent susceptibility to degradation by proteases with 
ensuing reduced bioavailability. Thus, exploration of peptidomimet-
ics, partly composed of unnatural residues that confer stability toward 
enzymatic processing, appears more promising. Designed peptido-
mimetics containing unnatural residues, e.g., β-amino acids, 
α-peptoid, or N-acylated residues, have proved capable of imitating 
the antibacterial activity of natural AMPs [45–47]. Notably, while 
cationic α-peptide/β-peptoid hybrid peptidomimetics display broad-
spectrum antibacterial effects including anti-biofilm activity [48–50], 
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related lipidated subclasses possess potent immunomodulatory prop-
erties. Thus, we have identified members that exert LPS neutraliza-
tion comparable to that found for polymyxin B [41]. Similarly, 
hydrophobic AA-peptides constitute an interesting novel class of 
peptidomimetics exhibiting dual antibacterial and immunomodula-
tory properties [42, 43]. Inspection of Table 1 reveals that lipidation 
of cationic peptides and peptidomimetics in several cases was crucial 
for obtaining high LPS-neutralizing activity [38, 40–44, 51]. Besides 
possessing increased stability, it is advantageous for immunomodulat-
ing peptidomimetics that their chemical synthesis is simple and that 
their direct antibacterial activity is negligible in order to avoid a selec-
tion pressure. This is indeed the case for Pam-(Lys-βNspe)6-NH2 for 
which immunomodulating activity is seen at concentrations 100-fold 
lower than the minimal inhibitory concentration [41].

By contrast, LTA neutralization has been investigated more 
sporadically, albeit a handful of examples involving proteins and 
peptides have been reported. Thus, a fragment of MD-2, apolipo-
protein A-I, and the mannopeptimycin glycopeptide antibiotics all 
exhibited LTA binding [52–54], while gelsolin gave rise to partial 
inhibition of LTA-induced release of IL-8 from human neutrophils 
[55]. A structure–activity study has inferred that truncated analogs 
of LL-37 may be interesting leads for peptides displaying both 
LTA- and LPS-neutralizing properties [56]. Some AMPs and pep-
tidomimetics have been found to bind directly to LTA [57–59], 
while other compounds neutralize the pro-inflammatory effects of 

Table 2 
Peptides and peptidomimetics displaying LTA-neutralizing properties

Peptides Cell type
Cytokine or 
chemokine

LTA conc. 
(μg/mL)

IC50 
(μM) Ref.

LL-37 Whole blood IL-8 50 0.36 [56]

IGKEFKTIVERIKRFLRELVRPLP 
(P60.4)

Whole blood IL-8 50 0.59 [56]

LL-37 RAW 264.7 TNF-α 20 ~3a [60]

Human β-defensin 3 (HBD-3) THP-1 IL-8 5 <1.0 [61]

TNF-α <1.0

Peptidomimetics

SMAMPs 01 to 03 RAW 264.7 IL-6 10 ~1.0 [62]

TNF-α <1.0

Pam-(Lys-βNSpe)6-NH2 Human 
leukocytes

IL-6 1 0.85 [41]

aAt higher conc. (ca. 15 μg/mL) potentiation of LTA was observed instead of inhibition

Anti-inflammatory Peptides and Peptidomimetics
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LTA as shown in Table  2. Interestingly, the anti-inflammatory 
activity of the cationic SMAMPs, based on aromatic scaffolds, 
proved specifically to neutralize the effects of LTA, while no effects 
on the responses to the TLR4 agonist LPS or even to other TLR2 
agonists were observed [62].

Comparison of the potencies of LPS- and LTA-neutralizing 
compounds reported in different studies (e.g., as compiled in 
Tables  1 and 2) is complicated by the different type(s) and 
amount(s) of pyrogens used for stimulation. In particular, LPS 
from different bacterial species and even strains differ in their bio-
logical activity and potency [63]. Depending on the mode of 
action, the amount and type of LPS used may thus influence the 
apparent potency of an LPS-neutralizing compound. Using vari-
ous types of LPS may serve other purposes (as discussed in Chapter 
29), but with respect to determination of potency in LPS neutral-
ization for a given compound, we recommend the use of ultrapure 
high-potency endotoxin standards from a certified supplier as they 
are well-defined in both chemical structure and biological activity. 
Furthermore, we propose that the amount(s) of LPS used should 
be measured as endotoxin units (EU) instead of by weight. EU was 
initially established by the FDA relative to the pyrogenic potential 
contained in 0.2 ng of the US Reference Standard Endotoxin Lot 
EC-2, evaluated by the rabbit pyrogen test, and it is now accepted 
as the standard unit for endotoxin [64]. Thus, EU represents the 
biological activity of LPS independently of the source and purity 
better than any weight unit, and general use of this unit will facili-
tate comparison of the data obtained in experimental settings used 
across studies. If, for some scientific reason, less well-characterized 
LPS is used, we suggest its pyrogenic potential to be compared to 
a reference standard for which the potency in endotoxin units is 
already known.

Likewise, the quality and source of LTA influence the reliabil-
ity of the assay. The extraction method has been shown to be of 
major importance for the biological activity of the resulting LTA 
product. Previously, LTA from some commercial suppliers were 
found to be fractionated and/or contaminated with LPS and other 
pyrogens (reviewed in [65]). Furthermore, as for LPS, the bacte-
rial strain and species as well as their culture conditions may affect 
the structure and thus the biological activity of the isolated LTA 
[65, 66]. Therefore, it is important to consider the LTA purifica-
tion method as well as the possible degree of LPS contamination in 
the LTA used.

2  Materials and Preparations

All glassware, utensils, and liquids must be sterile and free of pyro-
gens (see Note 1).
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	 1.	Human venous blood or buffy coat (see Note 2).
	 2.	Sterile endotoxin-free red blood cell (RBC) lysis buffer: 

8.26 mg/mL NH4Cl, 1 mg/mL, KHCO3, 37 μg/mL EDTA.
	 3.	Sterile endotoxin-free Hank’s balanced salt solution (HBSS) 

without Ca2+ and Mg2+.

	 1.	Complete culture medium: low endotoxin RPMI-1640 sup-
plemented with 5 % heat-inactivated fetal bovine serum (FBS), 
1 % GlutaMax, 100  U/mL penicillin, and 100  μg/mL 
streptomycin.

	 2.	24- and 96-well sterile flat-bottomed plates for cell culture.
	 3.	Sealing tape for 96-well plates.
	 4.	Endotoxin-free water for intermediate dilutions of LPS and 

LTA.
	 5.	Ultrapure high-potency endotoxin standard.
	 6.	Endotoxin-free LTA.

	 1.	White FluoroNunc™ MaxiSorp™ surface microtiter plates or 
other plates suitable for fluorometry.

	 2.	Monoclonal capture antibodies recommended for immunoas-
says such as ELISA in phosphate buffer (0.2 M Na2HPO4 pH 
8.0). Here we used anti-human interleukin (IL)-6 antibody 
and anti-human IL-8 antibody.

	 3.	Plate shaker.
	 4.	Single-use plate sealers.
	 5.	Automated multi-well pipette or DELFIA® Columbus M8/

R2 platewash, Wallac
	 6.	Wash buffer: 0.05 % Tween 20  in phosphate-buffered saline 

pH 7.4.
	 7.	Blocking buffer: 1 % bovine serum albumin (BSA), 5 % sucrose 

in phosphate buffer (0.2 M Na2HPO4 pH 8.0).
	 8.	Cytokine standards: recombinant human IL-6 and recombi-

nant human IL-8.
	 9.	Biotinylated polyclonal detection antibody in Tris-buffered 

sodium chloride (20  mM Trizma base, 150  mM NaCl, pH 
7.4) with 0.1 % BSA. Here we used goat anti-human IL-6 anti-
body and goat anti-human IL-8 antibody.

	10.	DELFIA® Eu-labeled streptavidin (100  ng/mL; 100  μL/
well).

	11.	Assay buffer: 0.1 % BSA, 7.866 μg/mL diethylenetriaminepen-
taacetic acid, 0.2 % azide in phosphate-buffered saline pH 7.75

	12.	DELFIA® enhancement solution (100 μL/well).

2.1  Isolation of 
Human Primary 
Leukocytes from 
Venous Blood or Buffy 
Coats

2.2  Assay for LPS 
and LTA Neutralization

2.3  Measurement 
of Pro-inflammatory 
Cytokine Content 
in Cell Culture 
Supernatants 
by DELFIA
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	13.	SpectraMax M5 fluorescence plate reader.
	14.	Analysis software such as SoftMax Pro.

	 1.	Phosphate-buffered saline (PBS): 137  mM NaCl, 2.7  mM 
KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH = 7.4.

	 2.	5  mg/mL MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl 
tetrazolium bromide) solution in PBS.

	 3.	Lysis buffer: 10 % sodium dodecyl sulfate, 50 % N,N-
dimethylformamide, pH 4.5.

	 4.	Single-use plate-sealing tape.
	 5.	Multi-well plate reader capable of detecting absorbance at 590 

and 635 nm.

3  Methods

To investigate biologically relevant levels of neutralization of the 
pro-inflammatory actions of LPS/LTA, the freshly isolated leuko-
cytes are stimulated with LPS/LTA, and the effect of the test 
compound(s) on secretion of pro-inflammatory cytokines/chemo-
kines is evaluated. Since a successful neutralization of LPS/LTA 
results in lowered cytokine/chemokine responses, which also might 
result from cytotoxicity, it is important also to address the effect of 
the test compound(s) on the viability of the leukocytes used.

It is very important to avoid contamination with pyrogens, and 
thus all work should be performed aseptically.

As an alternative to human primary leukocytes, a specific leukocyte 
fraction such as isolated human monocytes, an immunologically 
competent cell line such as the human monocyte cell line Mono 
Mac 6 [67], or the murine macrophage cell line RAW264.7 [68] 
may be used (as described in Chapter 29).

	 1.	Prewarm HBSS and RBC lysis buffer to near 37 °C.
	 2.	Mix one part buffy coat with four parts RBC lysis buffer in a 

conical tube, and gently turn the tube until lysis was visible.
	 3.	Gently spin down the cells (7 min; 100 × g) and discard the 

supernatant.
	 4.	Repeat the lysis by gently resuspending the pellet in RBC lysis 

buffer, spin down the cells (7 min; 100 × g), and discard the 
supernatant.

	 5.	Wash the cells by resuspending the pellet in HBSS, spin down 
the cells (7 min; 100 × g), and discard the supernatant.

	 6.	If the supernatant appears clear, proceed to step 7. If not, 
repeat the washing in step 5.

	 7.	Resuspend the pellet in complete culture medium and then 
count the cells.

2.4  Measurement 
of Leukocyte 
Cytotoxicity by MTT 
Assay

3.1  Isolation 
of Human Primary 
Leukocytes 
from Venous Blood or 
Buffy Coats
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To be able to identify LPS/LTA-neutralizing compounds with 
both high and low potency, the final concentration of LPS and/or 
LTA used in neutralization studies should optimally induce a sig-
nificant, but submaximal, cytokine response. Since the response to 
LPS and LTA is dependent on the source and purity of these sub-
stances as well as the source of cells, the choice of pyrogen dose 
should be based on preceding dose–response experiments using 
identical experimental conditions. When using primary cells iso-
lated from human donors, the sensitivity toward pyrogens may also 
differ, and we therefore suggest that the dose–response investiga-
tions are made using cells from several different donors.

Figure 1 shows an example of LPS and LTA dose–response 
curves for leukocytes isolated from three different healthy donors. 
The leukocytes from the three different donors respond with dif-
ferent magnitudes in the release of IL-6; however, the dose–
response curves display similar profiles.

	 1.	Resuspend the freshly isolated leukocytes in complete culture 
medium to a density of 2 × 106 cells/mL, and seed 300 μL/
well in 24-well culture plates.

	 2.	Prepare solutions of different LPS and/or LTA concentrations 
in complete culture medium (see Note 3); 300 μL is required 
for each sample. The concentration of LPS, LTA, and the com-
pounds of interest in the solutions should be two times the 
intended final concentration.

	 3.	Add 300 μL LPS/LTA solution or complete culture medium 
(unstimulated control) to the leukocytes to obtain a final leu-
kocyte density of 1 × 106 cells/mL.

	 4.	Incubate the leukocytes in a humidified atmosphere (5 % CO2, 
95 % air) at 37  °C.  After the relevant incubation time (see 
Subheading  3.3), cell-free supernatants can be harvested by 

3.2  Initial 
Determination 
of Appropriate 
Pyrogen Doses

3.2.1  Stimulation 
of Leukocytes

Fig. 1 Dose–response curves of freshly isolated leukocytes from three different donors stimulated with E. coli 
O55:B5 LPS (Lonza) and S. aureus ultrapure LTA (InVivogen). The IL-6 concentration in the culture medium was 
measured after 20  h incubation by time-resolved dissociation-enhanced lanthanide fluoroimmunoassay 
(DELFIA; a noncompetitive sandwich immunoassay) as previously described [43]
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centrifugation (2000 × g for 3  min). The supernatants can 
either be stored by freezing at −80 °C or analyzed for cyto-
kine/chemokine content immediately (see below). In Fig. 1, 
the incubation time was 20 h.

Here we describe how to use time-resolved dissociation-enhanced 
lanthanide fluorescence immunoassay (DELFIA®) to measure the 
cytokine content in cell culture supernatants as previously described 
for IL-6  in [69]. DELFIA® is a noncompetitive sandwich solid-
phase immunoassay like the TNF-α ELISA described in Chapter 
29; however, in DELFIA® europium fluorescence is used for detec-
tion by time-resolved fluorometry instead of the colorimetric 
enzyme assay used in ELISAs, resulting in a wider determination 
range [69] (see Note 4).

	 1.	Add 100 μL, 2 μg/mL capture antibody solution to each well 
in a white FluoroNunc™ MaxiSorp™ surface microtiter plate. 
Seal the plate using single-use sealing tape, and then incubate 
at room temperature in a plate shaker (950 horizontal shakes/
min) for 30 min. Leave the plate at room temperature over-
night without shaking.

	 2.	Wash the wells with 3× 300 μL wash buffer using an auto-
mated multi-well pipette or a Columbus plate washer.

	 3.	Block residual binding sites in the wells by adding 300  μL 
blocking buffer to each well. Seal the plate with single-use seal-
ing tape, and incubate at room temperature in a plate shaker 
(950 horizontal shakes/min) for 60 min.

	 4.	Repeat the washing procedure in step 2.
	 5.	Prepare cytokine standard solutions of 0, 5, 10, 25, 50, 100, 

250, 500, 1000, 2000, and 4000 pg/mL by dilution in com-
plete culture medium.

	 6.	Prepare dilutions of cell culture supernatants in complete cul-
ture medium. Here, samples for IL-6 determinations were 
used undiluted, whereas samples for IL-8 determinations were 
diluted 1:25.

	 7.	Add 100 μL cytokine standard or sample to each well. All sam-
ples are run in triplicate. Seal the plate with single-use sealing 
tape, and then incubate 2 h at room temperature in a plate 
shaker (950 horizontal shakes/min).

	 8.	Repeat the washing procedure in step 2.
	 9.	Add 100 μL biotinylated detection antibody solution (50 ng/

mL) to each well. Seal the plate with single-use sealing tape, 
and then incubate for 2 h at room temperature in a plate shaker 
(950 horizontal shakes/min).

	10.	Repeat the washing in step 2.

3.2.2  Measurement 
of Pro-inflammatory 
Cytokine Content in Cell 
Culture Supernatants 
by DELFIA
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	11.	Add 100 μL europium-labeled streptavidin solution (100 ng/
mL) to each well. Seal the plate with single-use sealing tape 
and incubate 30 min at room temperature in a plate shaker 
(950 horizontal shakes/min).

	12.	Wash the wells with 6 × 300  μL wash buffer using an auto-
mated multi-well pipette or a Columbus plate washer.

	13.	Add 100  μL DELFIA® enhancement solution to each well. 
Seal the plate with single-use sealing tape, and incubate 
5–10 min at room temperature in a plate shaker (1150 hori-
zontal shakes/min).

	14.	Measure fluorescence using the SpectraMax M5 fluorescence 
plate reader.

Based on the data depicted in Fig. 2, the sampling time in determi-
nation of IL-6 and IL-8 was chosen to be 20 h, whereas for TNF-α 
it was chosen to be 5 h (see Note 5).

	 1.	Resuspend the freshly isolated leukocytes in complete culture 
medium to a density of 2 × 106 cells/mL, and seed 300 μL/
well in 24-well culture plates. Make sure to prepare sufficient 
plates in order to withdraw an appropriate number of samples 
during the entire incubation time (see steps 4 and 5).

	 2.	Prepare solutions of LPS and/or LTA (the concentrations 
should be based on dose–response experiments; see 
Subheading  3.2) in complete culture medium (see Note 3); 
300 μL is required for each sample. The concentration of LPS, 
LTA, and the test compounds in the solutions should be two 
times the intended final concentration.

	 3.	Add 300 μL LPS/LTA solution, or complete culture medium 
as unstimulated control to separate samples of leukocytes to 
obtain a final leukocyte density of 1 × 106 cells/mL.

	 4.	Immediately withdraw three samples (one unstimulated, one 
LPS-stimulated, and one LTA-stimulated control) at time 
(t) = 0. Harvest the cell-free supernatant by centrifugation 
(2000 × g for 3 min), and store by freezing at −80 °C.

	 5.	Incubate the leukocytes in a humidified atmosphere (5 % CO2, 
95 % air) at 37 °C, and withdraw samples at 30 min–1 h inter-
vals for the first 30 h or as convenient using the same proce-
dure as in step 4.

	 6.	Analyze the frozen samples for cytokine content by DELFIA® 
(see Subheading 3.2.2).

As described previously, the assay for LPS and LTA neutralization 
consist of two parts: (1) leukocyte cytokine secretion assay and (2) 
leukocyte viability assay.

In Fig.  3 a screening of 20 compounds for LPS- and LTA-
neutralizing activity is depicted (see Note 6).

3.3  Initial 
Determination 
of Incubation Times

3.4  LPS and LTA 
Neutralization: 
Cytokine 
and Viability Assays
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Fig. 2 Kinetics of cytokine/chemokine release from freshly isolated leukocytes 
from one representative donor after stimulation with 1 EU/mL E. coli O55:B5 LPS 
(Lonza). The concentrations of IL-6 and IL-8 were measured by DELFIA, and the 
concentration of TNF-α was determined by using DIAPLEX multiplex for flow 
cytometry (Diaclone) as previously described [41]

	 1.	Resuspend the freshly isolated leukocytes in complete culture 
medium to a density of 2 × 106 cells/mL, and seed 300 μL/well 
in 24-well culture plates (for the neutralization assay) and 50 μL/
well in 96-well culture plates (for the MTT cytotoxicity assay).

	 2.	Incubate the leukocytes in a humidified atmosphere (5 % CO2, 
95 % air) at 37  °C until stimulation and addition of test 
compounds.

	 3.	Prepare solutions of LPS, LTA, and of the test compounds in 
complete culture medium (see Note 2); 150 μL is required for 
each neutralization sample and 75 μL for cytotoxicity assays. 
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The concentration of LPS, LTA, and the test compounds in 
the prepared solutions should be four times the desired final 
concentration.

	 4.	Add 150 μL LPS/LTA solution and 150 μL test compound 
solution to the leukocytes to obtain a final leukocyte density of 
1 × 106 cells/mL.  Remember to include control samples for 
which only complete culture medium, compound solution(s), 
or LPS/LTA alone are added. Also include a positive control 
compound. For positive LPS neutralization, polymyxin B is 
often used. For positive LTA neutralization, we suggest to 
choose one or more of the compounds listed in Table 2.

	 5.	Incubate the leukocytes in a humidified atmosphere (5 % CO2, 
95 % air) at 37 °C until harvest.

	 6.	After the relevant incubation time (determined as described in 
Subheading  3.3), cell-free supernatants are harvested by cen-
trifugation (2000 × g for 3 min). The supernatants can either be 
stored by freezing at −80 °C or analyzed for cytokine/chemo-
kine content immediately using DELFIA® (see Subheading 3.2.2).

	 7.	Add 25 μL/well complete culture medium to all samples in the 
96-well plate.

	 8.	Add 25 μL/well of the test compound solutions. All samples 
should be assayed in triplicate. Remember to include positive 
and negative controls for which a cytotoxin (e.g., lysis buffer) 
or complete culture medium, respectively, is added instead of 
test compound solution. Also include a blank only containing 
culture medium. In case of autofluorescent test compounds, 
interference controls should also be included.

	 9.	Add 20 μL/well of the MTT solution, and incubate the cells in 
humidified atmosphere (5 % CO2, 95 % air) at 37 °C. Use the 
same incubation time in the cytotoxicity assay as in the cyto-
kine secretion assay (see steps 4–6).

	10.	 Add 100 μL/well lysis buffer, seal the plate to avoid vaporiza-
tion of the sample, and incubate at 37 °C for 6 h or until the 
formazan crystals have been solubilized.

	11.	Read the plate at 570 and 635 nm. Calculate the percentage of 
viable cells using the formula in Chapter 29, Subheading 3.2.2.

4  Notes

	 1.	To remove contaminating pyrogens including endotoxin, filter 
all “homemade” solutions through a 20  kDa cutoff filter 
immediately after preparation. Glassware and other laboratory 
utensils are rendered free of pyrogens by heating to 250 °C for 
a minimum of 30  min in accordance with the European 
Pharmacopeia.
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	 2.	The buffy coat is the fraction of an anticoagulated blood sample 
containing the majority of the leukocytes and platelets follow-
ing a density gradient centrifugation, and it is a waste product 
in the purification of medical blood components. Therefore 
buffy coats can often be acquired for research purposes. 
Alternatively, a fresh anticoagulated blood sample may be used.

	 3.	When diluting LPS and LTA, be aware that they are both 
amphiphiles and will adsorb to most types of glass and plastic. 
Therefore, vigorous vortexing of all stock solutions is of major 
importance for the final measurement. Also, solutions contain-
ing LPS and/or LTA should always be made immediately 
before use.

	 4.	Several different quantitative methods for measuring cytokines 
and chemokines in cell-free supernatants exist. If only a few 
cytokines/chemokines are to be measured with high sensitiv-
ity, a solid-phase immunoassay is preferred as it often gives the 
widest determination range. However, several different assays 
for multiplex cytokine/chemokine measurements in a single 
small sample also exist.

	 5.	Stimulation of immune-competent cells with LPS and LTA 
induces release of various pro-inflammatory cytokines and che-
mokines such as IL-6, TNF-α, and IL-8. The relevant incuba-
tion time of the cells with pyrogens depends on which 
cytokine(s) and/or chemokine(s) that should be measured due 
to variation in their release kinetics. Therefore, initial studies of 
the kinetics of cytokine/chemokine release upon stimulation 
with LPS and LTA should be performed. Figure 2 shows an 
example of an experiment investigating the kinetics of the 
release of IL-8, IL-6, and TNF-α from freshly isolated leuko-
cytes stimulated with LPS. Optimally, the incubation time used 
should allow for sampling when the cytokine/chemokine con-
tent is high and relatively stable in order to minimize variation 
caused by inaccuracy in timing.

	 6.	Several of the compounds depicted in Fig. 3 are likely hits for 
LPS neutralization as they inhibit LPS- and/or LTA-induced 
IL-6 secretion, but have no apparent effect on the viability of 
leukocytes in the tested concentration. To investigate these 
compounds further, their potency for LPS neutralization 
(IC50) and LC50 should be determined by obtaining dose–
response curves.
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Chapter 28

Protocols for Screening Antimicrobial Peptides  
That Influence Virulence Gene Expression 
in Staphylococcus aureus

Martin Saxtorph Bojer, Mara Baldry, and Hanne Ingmer

Abstract

Compounds that inhibit virulence gene expression in bacterial pathogens have received increasing interest 
as possible alternatives to the traditional antibiotic treatment of infections. For the human pathogen 
Staphylococcus aureus, we have developed two simple assays based on reporter gene fusions to central viru-
lence genes that are easily applicable for screening various sources of natural and synthetic peptides for 
anti-virulence effects. The plate assay is qualitative but simultaneously assesses the effect of gradient con-
centrations of the investigated compound, whereas the liquid assay is quantitative and can be employed to 
address whether a compound is acting on the central quorum sensing regulatory system, agr, that controls 
a large number of virulence genes in S. aureus.

Key words S. aureus, Anti-virulence, agr quorum sensing, Compound screening, Peptides, 
β-Galactosidase/β-lactamase reporter genes, hla, RNAIII, spa

1  Introduction

Infections by the human pathogen S. aureus are becoming increas-
ingly difficult to treat due to the spread of strains that are highly 
resistant to antibiotics. To address such challenges, alternative 
treatment strategies have been proposed including anti-virulence 
therapy where expression or activity of virulence factors is targeted 
rather than pathogen viability [1]. In S. aureus, virulence gene 
expression is in part controlled by the agr quorum sensing system. 
Agr is a two-component sensory signal transduction system that at 
high cell density, and in response to a secreted auto-inducing pep-
tide (AIP), induces expression of extracellular virulence factors. In 
contrast, expression of cell surface-associated virulence factors is 
repressed by induction of agr [2]. Among the induced gene prod-
ucts are a number of toxins including α-hemolysin encoded by hla 
and the agr effector molecule RNAIII; whereas spa, encoding 
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Protein A, is repressed. With knowledge of this expression pattern, 
both induction and repression of agr can easily be monitored. 
Based on transcriptional fusions of hla and spa promoter regions to 
lacZ encoding β-galactosidase [3], a simple plate well assay was 
established [4]. Here, S. aureus cells carrying these reporter fusions 
are incorporated into the agar plates also containing the 
β-galactosidase substrate, 5-bromo-4-chloro-3-indolyl-β-d-
galactopyranoside (X-gal), and compounds or solutions to be 
tested are applied to wells drilled in the agar plate (Fig. 1). This 
assay provides qualitative data on effects on virulence gene expres-
sion of both pure compounds and complex solutions, and the dif-
fusion of test compounds from the well allows for a gradient of 
concentrations to be examined concomitantly [5, 6]. Among the 
compounds identified by this approach is solonamide B, a cyclodep-
sipeptide secreted from a marine bacterium that displays striking 
similarity to the AIP naturally produced by S. aureus [7]. 
Interestingly, strains of S. aureus can be divided into at least four 
agr classes with AIPs of one class only inducing expression of agr-
controlled genes belonging to that same class while repressing agr 
expression of other classes. Importantly, solonamide B inhibited 
agr in strains representing all four agr classes [8]. To assess the 
quantitative effects on agr inhibition, a liquid assay was established 
where the RNAIII promoter (p3) is fused to the β-lactamase 
reporter gene and where induction of agr in the reporter strain 
relies on externally added AIP [8]. Furthermore, to address if 
interference is mediated by disruption of the interactions between 
the AgrC sensory histidine kinase and the AIP, the liquid assay was 
modified to also express a constitutively active AgrC [9]. Using 
this variant, a compound that interferes with interactions between 
AIP and AgrC will be ineffective at suppressing the RNAIII pro-
moter activity, whereas if the interference occurs downstream of 

Fig. 1 Representation of the qualitative plate assay for screening compounds affecting virulence gene expres-
sion in S. aureus. The different virulence gene reporter strains are incorporated into the agar, and compounds 
of interest are added to individual wells. Following incubation the plates are visually inspected for any up- or 
downregulation of the genes. Highlighted is a compound that represses expression of hla and RNAIII while 
stimulating expression of spa
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the agr regulatory cascade independently of AIP-AgrC interaction, 
the compound will inhibit RNAIII promoter activity. Using this 
assay it was demonstrated that solonamide B competitively inter-
feres with AIP binding to AgrC [8]. The protocols described here 
are useful for testing any type of compound of interest and are even 
sensitive enough to identify small peptides with potent activity at 
micromolar concentrations.

2  Materials

All bacterial strains are routinely cultivated in tryptone soya broth 
(TSB) or on tryptone soya agar (TSA) at 37 °C and handled using 
aseptic techniques. S. aureus strain 8325-4 [10] and MOZ53 are 
used to generate cell-free AIP-I- and AIP-III-containing superna-
tants, respectively (see Note 1). S. aureus strain RN6911 (Δagr 
derivative of 8325-4) [11] is used to generate AIP-free 
supernatant.

	 1.	S. aureus 8325-4-derived reporter strains PC322 (hla::lacZ) 
[3], PC203 (spa::lacZ) [3], and SH101F7 (RNAIII::lacZ) 
[12] are kept as frozen stocks in TSB with 15 % glycerol at 
−80 °C.

	 2.	0.9 % NaCl: Dissolve 9 g NaCl in 1  l dH2O, autoclave, and 
keep at 4 °C.

	 3.	Erythromycin stock solution: 50 mg/ml in 96 % EtOH, stored 
at −20 °C.

	 4.	5-Bromo-4-chloro-3-indolyl β-d-galactopyranoside (X-gal) 
stored at −20 °C.

	 5.	DMSO, molecular biology grade.
	 6.	70 % EtOH.
	 7.	Bunsen burner.
	 8.	Sterile cork borer, diameter approximately 5 mm.
	 9.	Spectrophotometer.
	10.	Peptides (or alternative compounds) of interest as preferred 

stocks.

	 1.	S. aureus 8325-4-derived reporter strains RN10829 (P2-agrA; 
P3-blaZ)/pagrC-I-WT [8] and RN10829 (P2-agrA; 
P3-blaZ)/pEG11(agrC-I-R238H) [9] are kept as frozen 
stocks in TSB with 15 % glycerol at −80 °C.

	 2.	0.1 M phosphate buffer: Add 0.31 g of NaH2PO4 × H2O and 
1.09 g of Na2HPO4 (anhydrous) to 100 ml dH2O, adjust to 
pH 7.0 (HCl), filter sterilize (0.22 μm), and keep at 4 °C.

	 3.	Chloramphenicol stock solution: 50  mg/ml in 96 % EtOH, 
stored at −20 °C.

2.1  Qualitative 
ß-Galactosidase 
Reporter Plate Assay

2.2  Quantitative 
β-Lactamase Reporter 
Assay
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	 4.	Nitrocefin stock solution: 500 μg/ml or 1 mM, reconstituted 
or prepared as recommended by supplier. Generally stable for 
weeks when stored protected from light at −20 °C.

	 5.	Spectrophotometer.
	 6.	Spectrophotometric plate reader with temperature control 

(37  °C), automatic shaking function, capable of reading at 
wavelength 486 nm.

	 7.	Peptides (or alternative compounds) of interest as preferred 
stocks.

3  Methods

	 1.	Streak strains 8325-4 and MOZ53 onto TSA and hla, spa, and 
RNAIII reporter strains onto TSA with erythromycin (5 μg/
ml). Incubate overnight at 37 °C.

	 2.	Inoculate each strain from single colonies into 5  ml TSB 
(reporter strains supplemented with 5 μg/ml erythromycin) in 
15  ml test tubes, and incubate overnight (16  h) in shaking 
incubator at 37 °C at 225 rpm.

	 3.	Spin down cultures of strains 8325-4 and MOZ53 (10,000 × g, 
5 min), and pass the supernatants through 0.22 μm sterile fil-
ters. Keep sterile AIP-I- and AIP-III-containing supernatants 
at 4 °C (stable for at least 1 week).

	 4.	Melt TSA (200 ml) (see Note 2) and leave to cool to 45 °C in 
a water bath (approximately 45 min).

	 5.	Prepare a 10 fold dilution of the reporter strains in 0.9 % NaCl 
(1 to 9 ml), measure OD600, and adjust individual samples to 
OD600 = 0.35. Dilute cells another 100 fold by two tenfold 
dilutions (1 to 9 ml). Transfer 800 μl of the final cell suspen-
sions to 9  cm Petri dishes marked with respective reporter 
strain designations.

	 6.	Add 20 μl erythromycin stock to 200 ml preconditioned TSA 
(5 μg/ml final concentration). Dissolve 30 mg X-gal in 50 μl 
DMSO, and add to the medium while swirling (150 μg/ml 
final concentration). Mix thoroughly (see Note 3). Pour 20 ml 
of the medium into each Petri dish containing reporter strains. 
Swirl dishes softly to mix bacterial cells with the agar until just 
before solidification begins. Leave plates to solidify for 15 min, 
and dry plates (lid open) for approximately 45 min in an LAF 
bench.

	 7.	Drill holes (up to 7, see Note 4) in each plate with a sterile cork 
borer and remove agar plugs. Use 70 % EtOH and Bunsen 
burner to disinfect cork borer between plates containing dif-
ferent reporter strains.

3.1  Qualitative 
β-Galactosidase 
Reporter Plate Assay
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	 8.	Add 20 μl of peptide solution (to individual wells) (see Note 5). 
Include appropriate solvent controls and AIP-containing super-
natants as preferred. Allow samples to diffuse into the agar.

	 9.	Incubate plates at 37  °C until blue color development. 
Incubation time can vary between 9 and 48 h (see Note 6). 
Inspect plates visually for any up- and/or downregulation con-
ferred by the samples on the different reporters (cf. Fig. 1) (see 
Note 7).

	 1.	Prepare AIP-I containing and AIP-free supernatants from 
strains 8325-4 and RN6911, respectively, as described in 
Subheading 3.1.

	 2.	Streak RN10829 reporters expressing wild-type AgrC or con-
stitutively active AgrC(R238H) onto TSA with chlorampheni-
col (10 μg/ml). Incubate overnight at 37 °C.

	 3.	Inoculate each strain from single colonies into 5 ml TSB (sup-
plemented with 10  μg/ml chloramphenicol) in 15  ml test 
tubes, and incubate overnight (16 h) in shaking incubator at 
37 °C at 225 rpm (see Note 8).

	 4.	Dilute reporter strains 100× in fresh TSB (culture volume 
depending on number of assays to be performed), and incubate 
at 37 °C at 225 rpm to reach an OD600 of 0.4–0.5 (approxi-
mately 2 h). Note exact OD (time zero), withdraw 200 μl sam-
ples, and transfer to a 96-well microtiter plate preconditioned 
to −80 °C and freeze immediately at −80 °C (see Note 9).

	 5.	Distribute 1.8 ml of the wild-type AgrC reporter into X + 2 
15 ml test tubes, and then add 200 μl (10 %) AIP-free super-
natant to one culture (uninduced) and 200 μl AIP-I superna-
tant to the remaining (one induced and X for the X number 
of entities to be tested; include solvent control when relevant). 
Distribute the constitutively active AgrC(R238H) reporter in 
volumes of 2 ml into 1 + X 15 ml test tubes. Add chemical 
entities to X individual cultures in desired concentrations (see 
Note 10), and incubate at 37 °C at 225 rpm.

	 6.	Withdraw 200  μl samples from each culture after 30 and 
60 min, and freeze in microtiter plate immediately (−80 °C). 
In parallel, take out 0.5 ml, mix with 0.5 ml TSB, and record 
OD600 of respective cultures (see Note 11).

	 7.	Thaw all samples at room temperature and aliquot 50 μl vol-
umes of each into three wells of a clear, flat-bottomed polysty-
rene microtiter plate (technical replicates) (see Note 12).

	 8.	Prepare a fivefold dilution of the nitrocefin stock solution in 
phosphate buffer (volume depending of number of samples to 
be analyzed). Add 50 μl of diluted nitrocefin to each sample 
well using a multipipette (0.1 mM final concentration).

3.2  Quantitative 
β-Lactamase Reporter 
Assay
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	 9.	Immediately, record nitrocefin conversion in a plate reader 
preset to read at 486 nm every 20 s for 20 min (shaking in 
between readings) at 37 °C (see Note 13).

	10.	Analyze data by computing arbitrary β-lactamase activities of 
individual cultures by estimating Vmax (slope of the conversion 
curves, ΔOD486/time) followed by normalization of respective 
values to the cell density (OD600) of the sample. Evaluate 
degree of inhibition conferred by the different compounds 
relative to the untreated controls (see Note 14).

4  Notes

	 1.	Essentially any agr-proficient strains of known agr types can be 
used. The effect of an AIP-I supernatant may not be evident in 
the β-galactosidase reporter plate assay as the reporter strain 
endogenously produces AIP-I. The agr cross-inhibitory effect 
of an AIP-III supernatant is observed to varying degree 
between assays and critically depends on the incubation time.

	 2.	200 ml will be sufficient to prepare nine plates, i.e., three with 
each reporter. Adjust the protocol to the number of plates 
needed.

	 3.	Local precipitation of X-gal/DMSO may occur. The substrate 
is added while swirling the medium flask to prevent excessive 
precipitation. Continued swirling for up to several minutes, 
while avoiding generation of air bubbles, may facilitate 
homogenization.

	 4.	Adjust the number of holes to the number of samples to be 
analyzed. Generally, seven wells will fit into 9 cm Petri dishes. 
Alternatively, 12 × 12  cm squared Petri dishes can be used, 
which will accommodate up to 16 wells, if a large number of 
samples are to be analyzed. In that case, the protocol should be 
adjusted to use 2 ml of reporter cell suspension and 50 ml agar 
per plate.

	 5.	Testing different dilutions of the same compounds will allow 
an evaluation of the dose dependence of any agr-modulatory 
effect. Furthermore, it will facilitate inference whether the 
effect occurs at concentrations near or far below the growth 
inhibitory concentration of the compound.

	 6.	The incubation time may vary between assays depending, e.g., 
on the exact cell density of the reporter strains. Generally, the 
RNAIII reporter turns blue within the first 9 h of incubation, 
while the hla reporter is slightly delayed. The spa reporter 
requires 24 h (sometimes even up to 48 h) of incubation for 
upregulation to become apparent. For all reporters, incubation 
at 4 °C for another 24 h may improve color contrasts.

Martin Saxtorph Bojer et al.
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	 7.	Results from the reporter plates may be supported by subse-
quent assays of liquid cultures by quantifying β-galactosidase 
activity using ONPG (ortho-Nitrophenyl-β-galactoside) on 
cell lysates.

	 8.	It is recommended to include biological replicates (e.g., three) 
of each reporter. In that case, and if testing several different 
compounds, the wild-type AgrC and the constitutive 
AgrC(R238H) reporter assays may be performed separately to 
limit the number of cultures to be handled simultaneously.

	 9.	The time zero sample is not essential for the wild-type reporter 
since it is uninduced at this time point and, hence, has negli-
gible β-lactamase activity. For the constitutively active reporter, 
however, it is important to know the β-lactamase activity at 
time zero to be able to infer correctly the effect of the test 
compounds on the activity accumulated after addition.

	10.	Prior characterization of compounds of interest regarding growth 
inhibition is recommended to be able to evaluate if any effect on 
the reporter gene is related or unrelated to such activity.

	11.	Choose sample time points as preferred (e.g., 20, 40, and 
60 min). Minimize culture volumes to spare compounds that 
are costly or scarce. Withdraw smaller volumes for OD mea-
surement if necessary.

	12.	For samples taken at late time points, which are high in 
β-lactamase activity, it may be necessary to dilute the test volume 
(e.g., using only 25 μl sample and 25 μl phosphate buffer).

	13.	The reading protocol may be adjusted according to the instru-
ment as long as the data allows the generation of a conversion 
curve.

	14.	Compounds that provide significant downregulation of both 
reporter strains are expected to act downstream of the agr reg-
ulatory cascade/independent of the AIP-AgrC interaction, 
whereas inhibition observed only for the wild-type AgrC 
reporter is suggestive of direct interference with the AIP-AgrC 
interaction. In the latter case, conclusions may be substanti-
ated by experiments on the wild-type reporter using different 
AIP concentrations (e.g., 5, 13, and 20 %) in which a correla-
tion between the AIP concentration and the relative inhibition 
should be apparent.
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Chapter 29

Methods for In Vitro Analysis of Antimicrobial Activity 
and Toxicity of Anti-keratitis Peptides: Bacterial Viability 
in Tears, MTT, and TNF-α Release Assays

Floriana Cappiello, Bruno Casciaro, Satya Sree Kolar, Hasna Baidouri, 
Alison M. McDermott, and Maria Luisa Mangoni

Abstract

Ease of access to the cornea makes antimicrobial peptides (AMPs) ideal candidates for topical drug applica-
tion. However, before bringing them to the clinic, it is fundamental to evaluate in vitro: (1) the ability of 
AMPs to kill bacteria in the presence of human tears, by counting the number of surviving bacteria on agar 
plates; (2) the potential cytotoxicity of AMPs to mammalian cells by a colorimetric method based on the 
production of a colored formazan crystals by metabolically active cells; and (3) the ability of AMPs to 
neutralize the toxic effect of the bacterial cell wall component, lipopolysaccharide (LPS), by measuring the 
level of the pro-inflammatory cytokine, TNF-α, released from LPS-activated macrophages, using a sand-
wich enzyme-linked immunosorbent assay.

Key words Colony counts, Tear collection, Colorimetric MTT assay, Sandwich immunosorbent assay, 
LPS detoxification

1  Introduction

Microbial keratitis is a serious vision threatening disease character-
ized by deterioration of the cornea (the transparent part covering 
the pupil and iris) with rapid progression to inflammation, necro-
sis, and potentially vision loss, if not treated [1, 2]. One of the 
major risk factors for bacterial keratitis is contact lens wear, particu-
larly overnight use of disposable lenses and/or extended wear 
modalities [3, 4]. Pseudomonas aeruginosa is the most common 
bacterial pathogen causing microbial keratitis related to contact 
lens wear [5]. The increasing emergence of microorganisms resis-
tant to the available ophthalmic agents has led to a significant need 
for novel approaches to prevent and treat ocular infections. 
Antimicrobial peptides (AMPs) hold promise for the development 
of new antibiotics. Importantly, in order to be effective at the 
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ocular surface, AMPs must be active at high salt concentration, as 
well as in the presence of tear film components. The tear film is the 
liquid layer bathing the cornea and conjunctiva and that provides 
lubrication, protection, and nutrients to the cornea. It contains a 
lipid layer in contact with the air that prevents tears from evaporat-
ing, a mucus layer that coats the corneal surface and an aqueous 
layer rich in salts and proteins [6]. Importantly, to be used as new 
therapeutics, AMPs have to be harmless to corneal epithelial cells. 
In addition, it is worthwhile mentioning that during bacterial divi-
sion, but mostly upon antibiotic treatment, lipopolysaccharide 
(LPS) molecules (the most abundant components of the outer 
membrane in Gram-negative bacteria) are released in the sur-
roundings [7, 8]. LPS can activate immune cells, e.g., macro-
phages, triggering the intracellular signaling pathway which 
controls the secretion of pro-inflammatory cytokines, i.e., TNF-α, 
whose high levels can induce serious tissue damage [9]. Ease of 
access to the cornea makes it an ideal candidate for topical drug 
application, and there have been a small number of studies investi-
gating the efficacy of AMPs in animal models of microbial keratitis 
(see Chap. 30). However, before bringing AMPs to the clinic, it is 
fundamental to evaluate in vitro: (1) their ability to kill bacteria in 
the presence of human tears, (2) their potential cytotoxicity to 
mammalian cells, and (3) their ability to neutralize the toxic effect 
of LPS.

A brief description of the methods for in  vitro studies of a 
potential anti-keratitis AMP, according to the aforementioned 
aims, is reported below.

	1.	 With reference to the antimicrobial effect in tears, counting 
surviving cells in terms of colony-forming units (CFU) on 
plates remains the most accurate and reliable standard method 
[10, 11].

	2.	 The toxic effect of AMPs on mammalian cells, in this case corneal 
epithelial cells, is generally investigated by the colorimetric 
3(4,5-dimethylthiazol-2yl)2,5-diphenyltetrazolium bromide 
(MTT) assay in which the intensity of the dye is proportional to 
the number of viable cells. MTT is a tetrazolium salt which is 
reduced to a colored formazan product [12] by mitochondrial 
reductases which are functional only in metabolically active cells. 
Acidified isopropanol is then added to dissolve the insoluble pur-
ple formazan product into a colored solution. The absorbance of 
this colored solution can be quantified by measuring the sample 
at a certain wavelength (usually between 500 and 600 nm) by a 
spectrophotometer. MTT assays are usually performed in the 
dark since the MTT reagent is light sensitive [13, 14].

	3.	 LPS detoxification can be studied by evaluating the peptide’s 
ability to inhibit the extracellular release of TNF-α from LPS-
activated immune cells, e.g., macrophages, which are the most 
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abundant circulating immune cells. The level of human TNF-α 
in samples can be determined by the sandwich enzyme-linked 
immunosorbent assay (ELISA), which is designed to measure 
the amount of the target-bound molecule (i.e., TNF-α) between 
a matched antibody pair. Briefly, a target-specific antibody, 
called the capture antibody, is pre-coated in the wells of a micro-
plate. Samples, standards, or controls are then added into wells 
to bind to the immobilized capture antibody (usually a poly-
clonal antibody). The sandwich is formed by the addition of a 
second (detector) biotinylated antibody, which will recognize a 
different epitope of the target molecule from the capture anti-
body. Avidin horseradish peroxidase (HRP) is subsequently 
added. After incubation and washing steps to remove unbound 
substances, a substrate (3,3′,5,5′-tetramethylbenzidine, TMB, 
solution) that reacts with the enzyme-antibody-target complex 
is added to produce a blue color in proportion to the concen-
tration of antigen (TNF-α) present in the sample. Finally, the 
stop solution changes the reaction color from blue to yellow, 
and absorbance of the well is read with a microplate reader at 
450 and 570 nm.

2  Materials

Prepare all materials at room temperature (R.T.), and diligently 
follow all waste regulations when disposing waste material.

	 1.	5 μl microcapillary glass tubes.
	 2.	Eppendorf microcentrifuge tubes (200 μl capacity).
	 3.	Ice.

	 1.	Luria-Bertani (LB) broth: 1 % (w:v) bacto tryptone, 0.5 % 
(w:v) yeast extract, and 0.5 % (w:v) NaCl in distilled water; the 
final pH has to be adjusted to 7.4 with 1 N sodium hydroxide; 
using a graduated cylinder, dispense aliquots into glass bottles, 
autoclave them at 120 °C for 20 min, and store the sterilized 
medium at R.T.

	 2.	LB agar Petri dishes: add 1.5 % (w:v) agar to freshly prepared 
LB medium, autoclave at 120  °C for 20  min, and cool the 
medium to between 45 and 50 °C prior to pouring the plates 
to minimize the amount of condensation that forms; the thick-
ness of the agar medium in the plates should be around 0.5 cm, 
which can be achieved by pouring 15–20 ml of medium into 
100 mm dish plates; store plates at +4 °C.

	 3.	50 ml BD Falcon polypropylene tubes.

2.1  Antimicrobial 
Activity in the 
Presence of Tears

2.1.1  Collection 
of Human Basal Tears

2.1.2  Bacterial Culture
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	 4.	10 μl sterile inoculating loops.
	 5.	Phosphate buffer, pH 7.4 (PB): stock solution contains 

8.2 mM Na2HPO4 and 1.8 mM KH2PO4 in water, sterilize the 
buffer solution by filtration (0.22 μm nitrocellulose filters) in a 
biological safety cabinet, and store at R.T.

	 6.	Spectrophotometer.
	 7.	37 °C incubator and a centrifuge for 50 ml tubes.

	 1.	LB agar Petri dishes.
	 2.	Pipette/micropipettes with disposable tips.
	 3.	200 μl microcentrifuge tubes.
	 4.	Eppendorf Thermomixer Comfort; 37 °C incubator and a col-

ony counter.

	 1.	Telomerase immortalized human corneal epithelial cell line 
(hTCEpi) [15].

	 2.	Keratinocyte growth medium-2 (KGM-2) bullet kit (CC-3103 
and CC-4152). The kit includes 500 ml basal medium, plus 
supplements and growth factors.

	 3.	50 mg/ml normocin: use 1 ml/500 ml media, and prepare the 
growth media by mixing the 500 ml basal medium with the 
supplies, growth factors, and normocin.

	 4.	Tissue culture-treated T25 and T75 flasks (25 cm2 and 75 cm2, 
respectively).

	 5.	5 % CO2 incubator for cell cultures.
	 6.	TrypLE Express phenol red (see Note 1).
	 7.	Phosphate-buffered saline without calcium and magnesium 

chloride (CMF-PBS): stock solution (10×) is prepared by mix-
ing 1.37  M NaCl, 27  mM KCl, 100  mM Na2HPO4, and 
18 mM KH2PO4 in distilled water; adjust pH to 7.4 with HCl 
if necessary, and autoclave at 120 °C for 20 min before storage 
at R.T.; working buffer is prepared by diluting one part of the 
stock solution with nine parts of distilled water; store at R.T.

	 1.	Hank’s balanced salt solution (HBSS): 136  mM NaCl; 
0.34 mM Na2HPO4; 0.44 mM KH2PO4; 5.4 mM KCl; 4.1 mM 
NaHCO3, pH 7.2, supplemented with 5.5  mM d-glucose 
(see Note 2).

	 2.	MTT stock solution: dissolve 5 mg/ml in sterile HBSS, store 
single-use aliquots at −20 °C in dark or foil-covered bottles 
(the compound is light sensitive), and prepare fresh working 
solutions at the desired concentration (0.5 mg/ml) by dilution 
with HBSS (see Note 3).

	 3.	Stop solution: acidified isopropanol by adding 0.04 N HCl.

2.1.3  Antimicrobial 
Assay

2.2  MTT Assay 
to Evaluate Toxicity 
of AMPs on Corneal 
Epithelial Cells

2.2.1  Cell Culture, 
Passaging, and 
Growth Medium

2.2.2  Cytotoxicity Assay
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	 4.	Sterile 96-well polystyrene flat bottom and tissue culture-
treated transparent plates.

	 5.	0.02 % benzalkonium chloride (BAC).
	 6.	Pipette/micropipettes with disposable tips.
	 7.	A microplate reader capable of measuring absorbance at 590 

and 635 nm.

	 1.	Prepare LPS solution by solubilizing LPS powder (e.g., LPS 
from P. aeruginosa serotype 10), in sterile water at a final con-
centration of 5 mg/ml. It is recommended to prepare aliquots 
and store them at −20 °C. Dilute LPS to the desired concen-
tration before usage.

	 2.	Peptide powder is dissolved in sterile water at 2 mM (stock 
solution) and stored at −20 °C.

	 1.	RAW 264.7 murine macrophage cell line.
	 2.	Dulbecco’s modified high glucose Eagle’s medium (DMEM) 

supplemented with non-essential amino acids, sodium pyru-
vate (1 mM final concentration); 2 mM glutamine; 10 % heat-
inactivated fetal bovine serum (FBS) and antibiotics (0.1 mg/
ml of penicillin and streptomycin).

	 3.	T25 tissue culture-treated flasks.
	 4.	5 % CO2 incubator.
	 5.	CMF-PBS (1×).
	 6.	Cell scrapers, 1.8 cm blade.
	 7.	Inverted optical microscope.
	 8.	Neubauer or Burker chamber.
	 9.	Cover glasses.
	10.	Pipette/micropipette with disposable tips.
	11.	50 ml BD Falcon polypropylene tubes.

	 1.	Sterile 96-well flat bottom and cell culture-treated transparent 
plates.

	 2.	Multichannel pipette to measure volumes ranging from 20 to 
200 μl.

	 1.	eBioscience mouse TNF-α enzyme-linked immunosorbent 
assay kit.

	 2.	Microplate reader capable of measuring absorbance at 450 and 
570 nm.

	 3.	Adjustable pipettes to measure volumes ranging from 2 μl to 
1 ml.

2.3  TNF-α Assay

2.3.1  LPS and Peptide 
Solution

2.3.2  Macrophage 
Growth and Passaging

2.3.3  Neutralization 
of LPS

2.3.4  ELISA Procedure
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	 4.	Phosphate-buffered saline, with MgCl2 and CaCl2 (PBS) ster-
ile filtered.

	 5.	Wash buffer (PBS + 0.05 % Tween-20, pH 7.4).
	 6.	Stop solution: 2 N H2SO4 or 1 M H3PO4.
	 7.	Eppendorf microcentrifuge tubes to prepare standard 

dilutions.
	 8.	Plate sealer: parafilm.
	 9.	Absorbent paper.
	10.	Multichannel pipette to measure values ranging from 50 to 

200 μl.

3  Methods

The antimicrobial activity of the peptide is studied in the presence 
of 50 or 70 % (v:v) human basal tears at 37 °C by a rapid, sensitive, 
and reliable method based on the reduction in the number of CFU 
compared to that of peptide-untreated samples.

Obtain approval for human subject’s research from the relevant 
regulatory body. When subject has been informed of the study and 
given consent, collect basal tears as described below and store them 
on ice during the collection process. If desired reflex tears can be 
collected by using an appropriate stimulus such as a cotton swab 
gently inserted in to the nose or onion vapors.

	 1.	Make sure that the subjects are sitting in a comfortable posi-
tion with the back of their head against a headrest.

	 2.	The investigator (i.e., person collecting the tears) can be stand-
ing or sitting in order to collect the tears.

	 3.	Place one capillary tube into the black bulb/holder, and col-
lect tears by holding the collection tube perpendicular to the 
ocular surface.

	 4.	Gently pull down the lower lid and collect tears from the for-
nix (see Note 4 and Fig. 1). This method, when performed 
properly, rarely induces reflex tearing (see Note 5).

	 5.	Place your finger over the hole on the back of the plunger, and 
expel the tears into a sterile 200 μl collection tube (previously 
put on ice).

	 6.	Repeat until sufficient tears have been collected. Allow the 
subjects short breaks in which time they can close their lids and 
roll their eyes. Multiple samples from the same subject or sam-
ples from multiple subjects may be pooled as necessary.

	 7.	Store the basal tears at −80 °C until usage.

3.1  In Vitro 
Antimicrobial Activity 
in the Presence 
of Human Tears

3.1.1  Collection 
of Human Basal Tears
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	 1.	Bacterial growth is started from a frozen glycerol stock. Under 
a biological safety cabinet class II, open the stock tube, scrape 
off a portion from the top of the frozen glycerol stock with a 
10 μl sterile loop, and streak it onto an LB agar plate.

	 2.	In the case of P. aeruginosa, the plates are incubated at 37 °C 
for 24 h under aerobic conditions.

	 3.	A single bacterial colony is picked from the streak plate and 
then inoculated into 10  ml LB broth, previously put into a 
50 ml polypropylene Falcon tube, and grown at 37 °C (use an 
incubator with shaking at 150 rpm), until an absorbance A590 
0.8 is reached (see Note 6).

	 4.	Bacteria are harvested by centrifugation at 3000 × g for 10 min; 
the supernatant is discarded, and the pellet is washed twice 
with PB and resuspended in the same buffer to an optical den-
sity of approximately 1 × 107 CFU/ml.

	 1.	Reaction mixtures containing 50 or 70 % (v:v) human basal tears 
are incubated with 1 × 105 CFU of P. aeruginosa in PB (final vol-
ume 50 μl) in microcentrifuge Eppendorf tubes (200 μl capacity), 
where the peptide is added at the desired concentration. Control 
samples, without peptide and/or tears, are also included.

	 2.	Samples are incubated in the thermomixer, with shaking at 
600 rpm, at 37 °C for different times (e.g., 30, 90, and 120 min).

	 3.	At the corresponding time intervals, 5 μl aliquots of peptide-
treated samples are withdrawn and plated on LB agar plates 
using 6  ml of soft agar (see Notes 7 and 8). For the other 
samples, a 1:10 dilution in PB is made before plating. The 
plates are incubated at 37 °C overnight, for counting and plot-
ting the data (see Notes 9 and 10).

	 4.	The results are expressed as percentage of CFU compared to 
the control (peptide-untreated cells).

3.1.2  Bacterial Culture

3.1.3  Antimicrobial 
Assay

Fig. 1 Collection of basal tears. Obtain tears by inserting a 5 μl glass capillary tube (a) into the fornix (indicated 
by the arrow), in a perpendicular orientation to the ocular surface (b)
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The colorimetric measurement of viable cells using the chromo-
phore MTT allows an automated quantification of viable cells at 
low cost without requiring direct reading of the soluble final 
product.

The hTCEpi cells are cultured in either T25 or T75 tissue culture 
flasks using KGM-2 medium supplemented with growth factors 
and normocin (100 μg/ml). They are incubated at 37 °C in 5 % 
CO2. If they do not reach 80–90 % confluence in 3 days, change 
medium every day. When cells reach 80–90 % confluence, detach 
cells from the flask as follows:

	 1.	Aspirate the medium from the flask and discard it into a bottle 
under a biological safety cabinet class II. Rinse the cells with 
CMF-PBS and gently rock the vessel back and forth. Decant 
CMF-PBS.

	 2.	Add an appropriate volume of pre-warmed TrypLE Express to 
the flask (i.e., 1 ml in a T25 flask, 3 ml in a T75 flask).

	 3.	Gently rock the vessel, allowing the solution to coat the cells 
completely.

	 4.	Incubate at 37 °C until the cells are visibly detached (observe 
at 5–8 min intervals).

	 5.	Add an appropriate volume of complete growth medium, 
resuspend cells, and pipette repeatedly to break up any clumps 
that may be present.

	 6.	Aspirate 10  μl with a micropipette tip for counting using a 
Neubauer or Burker chamber (see Note 11).

	 1.	Seed 10,000 hTCEpi cells/well in a 96-well plate, and incu-
bate the plate at 37 °C and 5 % CO2 for 48 h to allow the cells 
to attach to the plate and spread.

	 2.	Stimulate cells with the peptide dissolved in medium at the 
desired concentration (50  μl final volume), in triplicate. 
Incubate the plate for 24 h.

	 3.	Add 50 μl of 0.02 % BAC into three wells for 15 min as a posi-
tive control.

	 4.	Add 50 μl medium into the other wells (now total volume is 
100 μl).

	 5.	Add 10 μl MTT solution (5 mg/ml) into each well.
	 6.	Incubate the plate at 37 °C for 3 h until purple formazan crys-

tals are visible by light microscopy. An example of MTT assay 
is reported in Fig. 2.

	 7.	Stop the reaction by adding 100 μl of acidified isopropanol to 
solubilize the formazan crystals. Use a multichannel pipette 
(see Note 12).

3.2  MTT Assay 
to Evaluate Toxicity 
of AMPs on Corneal 
Epithelial Cells

3.2.1  Cell Culture 
and Passaging

3.2.2  Cytotoxicity Assay
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	 8.	Pipette up and down to dissolve the crystals.
	 9.	Gently pop the bubbles using a 10 μl tip.
	10.	Read the plate using a multi-well reader at 590 and 635 nm as 

reference.
	11.	Subtract reference absorbance (Abs) value (635  nm) from 

590 nm absorbance value and plot graph.
	 Calculate the percentage of viable cells, according to the formula:

	

Abs sample Abs blank
Abs control Abs blank

−
−

×100
	

	 where the blank is given by sample without cells and not treated 
with the peptide.

The level of TNF-α released in the extracellular medium upon 
stimulation of immune cells with LPS can be measured using 
murine macrophages and a mouse TNF-α enzyme-linked immu-
nosorbent assay kit according to the manufacturer’s protocol. Cells 
that are stimulated with LPS alone and untreated cells serve as 
controls. All experiments should be performed in triplicate.

	 1.	Dilute the peptide (from a stock solution of 2 mM in water) you 
wish to test in DMEM supplemented with 2 mM glutamine, 
1 mM nonessential amino acids, 1 mM sodium pyruvate, and 
10 % heat-inactivated FBS without antibiotic (DMEMg).

	 2.	Since each experiment is performed in triplicate on a 96-well 
plate, it is recommended to prepare 350 μl mixture containing 
DMEMg plus peptide (at the desired final concentration) and 
LPS (10 ng/ml).

	 3.	In parallel, prepare a mixture without LPS.

	 1.	Grow murine RAW macrophages in their complete culture 
medium in T25 flasks as described in Subheading 2.3.2.

3.3  TNF-α Assay

3.3.1  LPS and Peptide 
Solution

3.3.2  Macrophage 
Growth and Passaging

Fig. 2 Example of viability assay using the colored indicator MTT. The intensity of the purple dye (formazan) is 
proportional to the number of viable cells. The transparent yellow color in the B11 well corresponds to MTT 
solution without cells
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	 2.	Once cells reach confluence, remove the medium with a 10 ml 
pipette, and discard it into a bottle under the biological safety 
cabinet class II.

	 3.	Wash three times with 4 ml CMF-PBS. The first two washes 
are very quick; for the last wash, leave the buffer for 3 min, 
before removing it.

	 4.	Add 3 ml of DMEMg and detach cells with an appropriate scraper.
	 5.	Transfer the cell suspension in to a 50 ml BD Falcon tube, and 

take out a small amount (10 μl) for counting in a Neubauer or 
Burker chamber under a microscope (see Note 11).

	 6.	Dilute the cells to 1 × 105/ml in DMEMg.

	 1.	One day before running the assay, seed 1 × 105 RAW 264.7 
macrophages (suspended in 100 μl of DMEMg) in a 96-well 
plate, and incubate the plate at 37 °C and 5 % CO2.

	 2.	The following day remove the medium using a multichannel 
pipette, wash each well with 100 μl of DMEMg, and replace 
the medium with 100 μl of the peptide mixture containing or 
not LPS. One hundred μl of medium (without LPS or peptide) 
are added to the other wells as control.

	 3.	Incubate the plate for 4 h at 37 °C and 5 % CO2.
	 4.	Aspirate the samples for each treatment and keep at −20 °C 

before ELISA test (see Note 13).
	 5.	Perform ELISA test according to the manufacture’s manual.

	 1.	Coat all wells of a 96-well plate with 100 μl of capture antibody 
previously diluted in coating buffer provided with the ELISA kit. 
Seal the plate and incubate it overnight (16–18 h) at 4 °C.

	 2.	Aspirate and wash the plate for ~1 min with wash buffer (250 μl 
per well). Repeat three times. Be careful not to touch (with the 
plastic tip) the adjacent wells during washing and pipetting to 
avoid contamination.

	 3.	To remove any residual buffer, turn the plate upside down on 
absorbent paper.

	 4.	To block nonspecific binding and reduce background, add 
200 μl of Assay Diluent 1× (diluted with 4 parts water) per 
well, seal the plate, and incubate it at R.T. for 1 h.

	 5.	While the plate is being blocked, prepare the appropriate sam-
ples dilution (if necessary) and standards.

	 6.	Wash the plate as in steps 2 and 3.
	 7.	Using Assay Diluent 1×, dilute TNF-α standards and add 100 μl/

well (at the highest concentration) in triplicate to wells A1, A2, 
and A3. Add 100 μl of half TNF-α concentration to the second 
row (B1, B2, and B3) and so on until row G (see Notes 13 and 

3.3.3  Neutralization 
of LPS

3.3.4  ELISA Procedure
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14). Do not add TNF-α to H row. Wells H1, H2, and H3 con-
tain only media (Assay Diluent 1×) and are used as blank control. 
A schematic representation is shown in Fig. 3.

	 8.	Add 100 μl/well of your samples to the appropriate wells. Seal 
the plate with parafilm to prevent evaporation and incubate 
overnight at 4 °C or at R.T. for 2 h.

	 9.	Wash and blot the plate four times as in steps 2 and 3.
	10.	Add 100 μl/well of detection antibody diluted in Assay Diluent 

(as suggested by the manufacturer’s procedure).
	11.	Seal the plate and incubate at R.T. for 1 h.
	12.	Wash and blot the plate four times as in steps 2 and 3.
	13.	Add 100 μl/well of avidin-HRP diluted in Assay Diluent (as 

suggested by the manufacturer’s manual). Seal the plate and 
incubate at R.T. for 30 min.

	14.	Wash plate seven times. In this wash step, soak wells in wash 
buffer for 1–2 min before aspiration to minimize background.

	15.	Add 100 μl/well of TMB (substrate solution) to each well in 
the dark (use a multichannel pipette).

	16.	Incubate the plate at R.T. for 15 min in the dark. Positive wells 
should turn blue in color. It is not necessary to seal the plate 
during this step.

	17.	Add 50 μl of stop solution to each well. Positive wells should 
turn from blue to yellow.

	18.	Read absorbance at 450 and 570 nm (see Notes 15 and 16). A 
schematic representation is reported in Fig. 4.

Fig. 3 Representation of TNF-α standard dilutions and their loading in a 96-well plate. Put 500 μl of Assay 
Diluent 1× in seven Eppendorf tubes, from A to G, and perform twofold serial dilutions by transferring 500 μl 
from the top standard (2000 pg/ml) to tube A, then from A to B, and so on until G. Transfer 100 μl of diluted 
standards in the corresponding wells (in triplicate) and load Assay Diluent 1× only in three wells H
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4  Notes

	 1.	TrypLE Express 10× is designed for the detachment of cells 
with strong adhesive properties to plastic surfaces and can be 
used at 10× concentration or properly diluted depending on 
the cell type. TrypLE Express can be substituted by trypsin-
EDTA, but make sure to use media containing 10 % FBS to 
stop the trypsin reaction.

	 2.	If HBSS is made from scratch, sterilize it in a biological safety 
cabinet by filtering through a sterile filtration device fitted with 
0.22 μm nitrocellulose filter. Store at +4 °C.

	 3.	Be careful because MTT is toxic. Weigh the compound in the 
dark in a conical tube and solubilize it in HBSS by shaking with 
a vortex mixer. Sterilize it in a biological safety cabin by filtering 
through a sterile filtration device fitted with a 0.22 μm nitrocel-
lulose filter and wrap the tube in aluminum foil. Fresh working 
solution can be stored at +4 °C for a few days.

	 4.	The tear film can be gently collected also from the lateral can-
thus, while the patient can blink normally. The subject needs 
to look superior nasal (away from the collection site) and tilt 
the head toward the investigator.

	 5.	Reflex tears are produced in response to stimulation and irrita-
tion of the cornea and conjunctiva or in response to emotions. 
Reflex tears are not simply a more diluted version of basal tears 
because the concentration of some components such as lyso-
zyme is higher, whereas some interleukins but mainly mucins 
are more concentrated in basal tears than reflex.

Fig. 4 Schematic representation of a sandwich enzyme-linked immunosorbent assay (ELISA). The plate is 
coated with a suitable capture antibody (1). Then the sample is added and the antigen present is bound to the 
capture antibody (2). A suitable biotin-labeled detection antibody (BDAb) which binds to the antigen is added 
(3). Avidin-HRP binds BDAb (4). Finally, TMB substrate is added and converted to a detectable form
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	 6.	It is important to optimize the assay with your particular strain. 
For example, in the case of P. aeruginosa, an optical density of 
0.8 at 590 nm corresponds to 4 × 108 CFU/ml.

	 7.	Soft agar differs from LB agar by having 0.75 % (w/v) agar 
concentration.

	 8.	5 μl aliquots can be added into 6 ml of soft agar (previously put 
into 15 ml centrifuge tubes) and then spread on top of the agar 
plate. Leave the plate drying at R.T. for 10–20  min; then, 
invert the plate and incubate as desired.

	 9.	When enumerating CFU, a proper number of countable bacte-
rial cells are between 50 and 300 CFU per plate. Typically, a 
tenfold dilution series is prepared from the original sample, 
using a suitable diluent, such as PBS.

	10.	Incubation in a closed humidified incubator will help to avoid 
problems with plates drying out especially when working with 
slow-growing colonies.

	11.	Place the pipette tip close to the glass cover edge, previously 
put above the Neubauer or Burker chamber (see Fig. 5); release 
the plunger slowly watching how the liquid enters the chamber 
uniformly, being absorbed by capillarity. In case of bubble 

Fig. 5 Representation of a Burker and a Neubauer chamber. Left side: using a micropipette tip (indicated by the 
arrow), inject 10 μl of cell suspension under the cover glass (previously put over the chamber). It is recom-
mended to count both sides (1 and 2) of the chamber. Right side: typical grids of Burker and Neubauer cham-
bers, showing squares, each of which is 1 mm long and contains 16 smaller squares
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formation, rinse the chamber and repeat the loading process. If 
you have a very high concentration of cells, make a dilution. 
Start counting the cells in two big squares (each one contains 
16 small squares, bounded by triple lines in Burker chamber or 
multiple lines in Neubauer chamber) (see Fig. 5). Repeat the 
operation for the other side of the chamber (Fig. 5). The equa-
tion used when counting cells in the big squares will be: con-
centration (cells/ml) = number of cells × 10,000/number of 
squares. In the case of a dilution, the concentration will be 
divided by the dilution applied.

	12.	Note that full solubilization may take a few hours. Incubation 
of the microplate at 37 °C and soft agitation for 1 h speed up 
the process.

	13.	If necessary, centrifuge cell culture supernatants to remove 
debris prior to analysis. After reconstitution of the lyophilized 
standard with Assay Diluent 1X, aliquot it into propylene tubes 
and store at −70 °C for up to 1 month. Avoid repeated freeze/
thaw cycles.

	14.	Prepare TNF-α solution at a concentration of 2000 pg/ml, 
by dissolving the standard TNF-α provided by the kit in 
10 ml of Assay Diluent 1X. Six twofold serial dilutions are 
recommended.

	15.	Read the plate within several minutes after adding the stop 
solution, not days/hours later. Once you have determined 
measurements at both 450 and 570 nm, subtract the values of 
570 nm from those of 450 nm and plot the data (it reduces 
your background).

	16.	Plot the standard curve on log-log axis graph paper with 
TNF-α concentration on the x-axis and absorbance on the 
y-axis. Draw the best fit line through the standard points. Once 
you have determined the correct curve-fitting algorithm, you 
can transform the absorbance values to pg/ml. For example, if 
the standard curve is a linear line with the following equation 
y = 0.98x + 0.032 where y is the OD and x is the concentration 
of TNF-α, the unknown x values of your samples can be calcu-
lated from the corresponding OD measurements as follows: 
x = (OD value − 0.0325)/0.98. If the sample’s absorbance is 
outside the standard curve range, the sample needs to be rean-
alyzed at a higher or lower dilution, as appropriate.
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Chapter 30

Methods for In Vivo/Ex Vivo Analysis of Antimicrobial 
Peptides in Bacterial Keratitis: siRNA Knockdown, Colony 
Counts, Myeloperoxidase, Immunostaining, and RT-PCR 
Assays

Satya Sree Kolar, Hasna Baidouri, Maria Luisa Mangoni, 
and Alison M. McDermott

Abstract

Antimicrobial peptides (AMPs) are essential components of the innate immune response. They have direct 
killing ability as well as immunomodulatory functions. Here, we describe techniques to identify specific 
AMPs involved in the protection against microbial keratitis, a vision threatening infection of the cornea of 
the eye which is the most serious complication of contact lens wear. Specifically we detail the use of siRNA 
technology to temporarily knockdown AMP expression at the murine ocular surface in  vivo and then 
describe ex vivo assays to determine the level of bacteria, relative number of neutrophils, and levels of 
cytokines, chemokines, and AMPs in infected corneas.

Key words Antimicrobial peptide, Inflammation, Keratitis, Neutrophil, Pseudomonas

1  Introduction

Antimicrobial peptides (AMPs) are small, generally cationic pep-
tides that can kill a range of microorganisms. These molecules are 
also known to modulate mammalian cell behavior and can, for 
example, influence the immune response and wound healing [1, 2]. 
Several groups of AMPs have been identified in mammals includ-
ing humans, with the primary ones being defensins and cathelici-
dins [3, 4]. It is important to understand how AMPs function 
in vivo and to gain a deeper insight in to their potential as novel 
pharmaceutical agents to treat and prevent infection as well as 
modulate processes such as wound healing.

Here we describe techniques that can be utilized to study the 
role of endogenously expressed AMPs and efficacy of exogenously 
applied AMPs in a murine model of microbial keratitis. The latter 
refers to infection of the cornea of the eye, the transparent covering 
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of the pupil and iris, and it may lead to blindness or even enucleation 
if not treated quickly or if unresponsive to treatment. Microbial ker-
atitis is the most serious complication of contact lens wear but may 
also occur after trauma to the eye [5–8]. Common agents include 
the Gram-negative bacterium Pseudomonas aeruginosa, the fungus 
Fusarium solani, and protozoa Acanthamoeba spp. [2, 7]. Here we 
use bacterial keratitis induced by P. aeruginosa as the model as this 
pathogen is the most common cause of contact lens-related micro-
bial keratitis in Western countries [2, 5, 7]. The first assay is in vivo 
knockdown of AMP expression by topical application of siRNA to 
the ocular surface. This approach allows for the specific knockdown 
of one or more AMPs so that the role of endogenously produced 
AMPs in modulating the severity of corneal infection can be assessed 
directly. The development of knockout technology to eliminate 
genetic expression has led to many important discoveries regarding 
the participation of specific molecules in various biological processes. 
There have been a small number of AMP knockout mice created, 
and these have provided valuable information in regard to the 
involvement of AMPs including defensins mBD-1 [9–11] and 
mBD-3 [12, 13] and the cathelicidin CRAMP [13–18] in the recov-
ery/protection from various infections and of β-defensins in sperm 
maturation [19]. However, genetic knockouts are not available for 
all of the AMPs one may have an interest in studying. Transient 
knockdown by siRNA interference is an alternative way to impair 
local expression of specific AMPs and hence study their role in spe-
cific infections such as keratitis. The siRNA is first administered 24 h 
before initiation of the infection, and then additional doses (at half 
the starting concentration) are administered over several days to 
ensure that AMP expression remains knocked down during the 
course of the experiment. This approach, which is described in this 
chapter, has been used successfully to study the involvement of 
defensins in experimental microbial keratitis induced by P. aerugi-
nosa and F. solani [13, 20, 21].

The subsequent assays are viable bacterial counts and myelo-
peroxidase assays to determine how many pathogens and neutro-
phils are present in the cornea at a given time during infection. 
These assays provide insight regarding the underlying pathology of 
the response, for example, for testing the efficacy of a topically 
applied AMP, a reduction in the number of viable bacteria suggests 
that the AMP is directly killing the infecting pathogen. Quantitation 
of cytokines and chemokines is also informative in regard to the 
pathological changes, for example, high levels of infiltrating neu-
trophils and corneal damage may be correlated to excessive corneal 
levels of neutrophil-specific chemokines. Also described are meth-
ods to determine the level of AMP (mRNA and protein) at the 
ocular surface. This can, for example, reveal which AMPs are 
differentially modulated by pathogen exposure hence indirectly 
implicating them in protection against particular pathogens.

Satya Sree Kolar et al.
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2  Materials

All solutions should be prepared using ultrapure water and analyti-
cal grade reagents. Reagents to be used in  vivo should be kept 
sterile by preparation in a Class II biological safety cabinet and if 
necessary filtered using a 0.2 μm filter unit prior to storage or use. 
Use of animals requires prior approval by the relevant institu-
tional/local regulatory body. All waste should be disposed of 
appropriately and experiments conducted at biosafety level 2 with 
relevant personal protective equipment provided to all laboratory 
personnel.

	 1.	AMP-specific and scrambled control siRNA.
	 2.	6- to 8-week-old C57BL/6 mice.
	 3.	Ketamine.
	 4.	Xylazine.
	 5.	Hamilton syringe (10  μL, 26 gauge) for subconjunctival 

injection.
	 6.	Surgical stereomicroscope.
	 7.	P. aeruginosa (ATCC 19660) suspended at 2 × 108 colony-

forming units (cfu)/mL in phosphate buffer: 8.2 mM Na2HPO4, 
1.8 mM KH2PO4, pH 7.4.

	 1.	Surgical equipment for corneal harvesting: 2 pairs of small 
scissors, 1 pair of large blunt forceps, 2 pairs of small forceps—
blunt and sharp, iris scissors.

	 2.	Sterile plastic dishes.
	 3.	Premade sterile 10× phosphate-buffered saline (PBS)—pH 7.4, 

diluted 1:10 in sterile water.
	 4.	Kinematica AG homogenizer.
	 5.	Ultrasonic dismembrator.

	 1.	Pseudomonas isolation agar: glycerol is added to isolate P. aeru-
ginosa based on pigment formation. Dissolve 45 g of Pseudomonas 
isolation agar powder in 1 L of purified water, add 20 mL of 
sterile glycerol, then place the mixture on a stirring hot plate, 
boil for 1 min to dissolve the powder completely, autoclave the 
mixture at 121 °C for 15 min to sterilize to make the plates pour 
25–30 mL of the cooled mixture into sterile 100 mm dishes, 
and allow to dry in a Class II Biosafety cabinet.

	 2.	Premade sterile 10× PBS—pH 7.4, diluted 1:10  in sterile 
water.

	 3.	Shaker incubator.
	 4.	Alpha Imager Documentation System.

2.1  AMP Knockdown 
Using siRNA

2.2  Corneal 
Homogenate 
Preparation

2.3  Viable 
Bacterial Counts

Analysis of AMPs in Bacterial Keratitis
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	 1.	Myeloperoxidase (MPO).
	 2.	Phosphate buffer: 50 mM KH2PO4 at pH 6.
	 3.	O-dianisidine dihydrochloride (O-d-d).
	 4.	Premade sterile 10× PBS—pH 7.4, diluted 1:10  in sterile 

water.
	 5.	Hexadecyltrimethylammonium bromide: prepare a 0.5 % 

(w/v) solution by dissolving 0.5  g/100  mL in 50  mM 
KH2PO4, pH 6.

	 6.	Table-top Eppendorf centrifuge.
	 7.	30 % Hydrogen peroxide solution.
	 8.	Corning 96 well plates.
	 9.	FLUOstar Omega spectrophotometer plate reader.
	10.	Liquid nitrogen.
	11.	BCA protein assay kit.
	12.	ELISA kits for cytokines/chemokines of interest.

	 1.	Aerosol-resistant (ART) barrier filter tips.
	 2.	ToTALLY RNA total RNA isolation kit.
	 3.	Cell lysis buffer—denaturation solution from the ToTALLY 

RNA kit.
	 4.	DNase I.
	 5.	NanoDrop 2000 spectrophotometer.
	 6.	SuperScript III First-Strand Synthesis System.
	 7.	SYBR green quantitative PCR Master Mix kits.
	 8.	AMP-specific forward and reverse primers.
	 9.	Table-top Eppendorf centrifuge.
	10.	Sterile 96 well polypropylene PCR plates.
	11.	PCR tubes.
	12.	DNase-/RNase-free, pyrogen safe PCR plate caps.
	13.	Real-time thermal cycler Mx3005p.

	 1.	General: Coplin jars for washing; large petri dishes, paper 
towels, and wooden coffee stirrers to create moist chambers; 
Pap pen.

	 2.	Tissue-Tek optimal cutting temperature compound.
	 3.	Superfrost/Plus Microscope Slides.
	 4.	Leica CM 1950 Cryostat.
	 5.	Sterile, cold (4 °C) premade Dulbecco’s PBS.
	 6.	Acetone.

2.4  Myeloperoxidase 
Assay and ELISAs

2.5  Real-Time PCR 
for AMP Expression

2.6  Immunostaining 
for Corneal AMP 
Protein Expression
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	 7.	Blocking solution: 5 % (w/v) bovine serum albumin + 10 % 
normal serum from relevant species + 0.1–0.3 % (v/v) Triton 
X-100 diluted in PBS. Store at 4 °C.

	 8.	Control serum/IgG: Immunopure Normal goat serum, rabbit 
serum, goat control IgG.

	 9.	Primary AMP antibodies: goat anti-CRAMP, rabbit anti-mBD3, 
rabbit anti-mBD4.

	10.	Secondary antibodies: Donkey anti-goat-Alexa Fluor 546, 
goat anti-rabbit-Alexa Fluor 546.

	11.	Vectashield® prolong gold mounting medium.
	12.	Cover slips—#1, 22 × 60 mm.
	13.	DeltaVision Core inverted microscope.

3  Methods

	 1.	AMP-specific siRNA or scrambled control siRNA prepared as 
follows: specific or scrambled siRNA is diluted in sterile water 
to make a stock concentration of 10 μM. The stock is then 
diluted to 8 or 4 μM concentrations, aliquoted, and stored at 
−20  °C until use. Aliquots should not be subject to freeze-
thaw cycles. Any excess should be disposed of and fresh ali-
quots used for each administration. The product is thawed on 
ice ready for use.

	 2.	24 h prior to ocular infection, 6–8-week-old C57BL/6 mice 
are anesthetized by intraperitoneal injection of a mix of ket-
amine (100 mg/kg of body weight) and xylazine (10 mg/kg) 
with the level of anesthesia being checked by lack of response 
to a toe pinch.

	 3.	The anesthetized animal is positioned under a surgical stereomi-
croscope, and 5 μL of 8 μM AMP-specific siRNA or scrambled 
control siRNA is injected subconjunctivally into the superior-
temporal quadrant of the designated eye (usually the right eye is 
used as the experimental eye) using a 26 g Hamilton syringe. 
Flush the syringe ten times with sterile water (the diluent for the 
siRNA) between animals to prevent cross contamination.

	 4.	24 h later the mouse eye is inoculated with bacteria to create 
the infection. The animal is again anesthetized and placed 
under the surgical stereomicroscope. Three parallel 1  mm 
scratches are made using a 27½ gauge needle on the central 
cornea of the experimental eye to create a central corneal 
wound. Five microliter (1 × 106 cfu in phosphate buffer) of P. 
aeruginosa (ATCC 19660) is then applied onto the wounded 
cornea using a Gilson pipette.

3.1  In Vivo AMP 
Knockdown by siRNA

Analysis of AMPs in Bacterial Keratitis
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	 5.	Five microliter of 4 μM AMP or scrambled control siRNA is 
applied topically 12 h postinfection and every 12 h thereafter 
for the days following infective agent challenge (see Note 1).

Laboratory animals are infected with the pathogen of choice in the 
cornea of one eye. The precise details vary with pathogen and ani-
mal species, but as a general rule it is necessary to disrupt the cor-
neal surface in some way (e.g., by superficial scratches on the 
corneal surface as described above (see Subheading 3.1, step 4)) in 
order to get the infection to take hold. At specific time points dur-
ing the experiment, animals are euthanized as per the institutional 
approved method; corneas are then harvested under a dissecting 
microscope for analysis using the following procedures. Here we 
use infection with P. aeruginosa in mice as the model, but the pro-
cedures are readily applicable to other pathogens such as fungi and 
other species such as rat.

Corneal homogenates are prepared as described below and then 
used to determine viable bacterial counts, MPO activity, and the 
levels of cytokines and chemokines (or other analytes of interest). 
The assays for viable counts and MPO should be performed on the 
same day as the homogenate is prepared. The remaining volume of 
homogenate can be stored frozen for determination of cytokines/
chemokines at a later date.

	 1.	Harvest corneas from three to five control or P. aeruginosa-
19660-infected euthanized mice under a dissecting 
microscope.

	 2.	Pool the corneas in 200  μL of sterile PBS/cornea in an 
Eppendorf tube and place on ice (see Note 2).

	 3.	Homogenize the pooled corneas using a Kinematica AG 
homogenizer for 30 s at a setting of 5, pulsing it ten times by 
moving the tube up and down. The process is repeated two 
times keeping the tube of tissue on ice in between. To avoid 
cross contamination between samples, rinse the probe at least 
three times with sterile PBS between each sample. For prepara-
tion and maintenance of the probe, see Note 3.

	 4.	Place the tube containing the sample in a small beaker filled 
with ice, and then sonicate at a setting of 3–4 and a rate of ten 
strokes for 10 s. Repeat this for a total of three times. To avoid 
cross contamination between samples, rinse the probe at least 
three times with sterile PBS between each sample. Preparation 
and maintenance of the probe are as for the homogenizer (see 
Note 3).

	 1.	Using 100  μL of the homogenate prepared above, make a 
series of tenfold dilutions by mixing 10 μL of homogenate and 

3.2  Ex Vivo Assays

3.2.1  Preparation 
of Corneal Homogenates

3.2.2  Viable 
Bacterial Counts
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90 μL of sterile PBS. Making and plating 6–8 dilutions should 
ensure that at least one of the dilutions can be easily counted.

	 2.	Plate 10 μL of each dilution in duplicate on to Pseudomonas 
isolation agar plates using bacterial spreaders. For fungal plat-
ing, see Note 4.

	 3.	Incubate the plates for 16–18 h at 37 °C.
	 4.	Take images of the plates with an Alpha Imager Documentation 

System, and then count the number of colonies by direct 
counting. The upper limit of detection for accurate counting is 
200 cfu/plate.

Quantitation of MPO activity is used as an indicator of neutrophil 
(PMN) recruitment to the site of infection.

	 1.	Add 10 μL of 0.5 % hexadecyltrimethylammonium bromide to 
90 μL corneal homogenate (prepared as in Subheading 3.2.1) 
in an Eppendorf tube.

	 2.	Sonicate the samples prepared in step 1: place the tube in a 
small beaker of ice, and sonicate at levels 3–4 of the ultrasonic 
dismembrator, two times for 5 s for a total of 10 s.

	 3.	Freeze each sample in liquid nitrogen and then thaw. Repeat 
this for a total of three times (see Note 5).

	 4.	Centrifuge the samples at 13,000 × g at 4 °C for 20 min in a 
table-top Eppendorf centrifuge.

	 5.	Make up the MPO standards using 50 mM phosphate buffer, 
pH 6. Begin by preparing 0.1 U of MPO, and then make 9 
twofold serial dilutions. Make sufficient volume of each stan-
dard to allow each to be run in duplicate or triplicate 10 μL 
volumes on the plate.

	 6.	Add 10 μL of each standard to duplicate wells of a flat-bottomed 
96 well plate and 10 μL of each sample (in triplicate).

	 7.	Make up the ODD mixture by dissolving 0.00334 g O-dianisidine 
dihydrochloride (final concentration 0.0167 % w/v) in 20 mL of 
the 50 mM phosphate buffer, then add 1.33 μL of 30 % hydro-
gen peroxide (final hydrogen peroxide is 0.002 % v/v), and pro-
tect the tube from light by covering with aluminum foil.

	 8.	Initiate the reaction by adding 90 μL of the ODD mixture 
(step 8) to each well.

	 9.	Place the plate in the plate reader and read every 15 min for 
120 min at 450 nm, and plot in comparison to the standard 
curve generated on the same plate.

	10.	Results are expressed as relative units of MPO activity per cor-
nea. 1 MPO unit is proportional to 2 × 105 infiltrating neutro-
phils [22, 23].

3.2.3  Myeloperoxidase 
(MPO) Assay Protocol

Analysis of AMPs in Bacterial Keratitis
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	 1.	Corneal homogenates prepared as described above (see 
Subheading 3.2.1, steps 1–4) are centrifuged at 4000 × g at 
4 °C for 20 min. Collect the supernatant and store frozen at 
−80 °C until ready to perform ELISAs (see Note 6).

	 2.	Determine the total protein concentration in each sample by a 
standard protein assay kit such as the BCA kit.

	 3.	Levels of analytes of interest such as cytokines and chemokines 
IL-1β, IL-6, TNF-α, MIP-2, and KC are quantitated in the cor-
neal homogenate supernatants by specific ELISA kits. The typical 
sample size used is 100 μL of the supernatant and triplicate sam-
ples are plated. The assay is performed as per the kit manufac-
turer’s instructions and data expressed as amount/mg total 
protein. For some analytes the supernatant may need to be 
diluted in order for the reading to fall within the appropriate 
range (above 20 % but less than 80 %) on the standard curve. This 
needs to be determined empirically for each analyte of interest.

	 1.	Harvest and pool 6–8 corneas from control or infected mice in 
RNA lysis buffer (200 μL/cornea) on ice (see Note 7).

	 2.	Extract total RNA from each sample using ToTALLY RNA 
total cellular RNA kit as per the manufacturer’s instructions.

All samples should be treated with DNase I (RNase-Free 
DNase Set kit) to avoid any genomic DNA contamination as 
follows.

	 3.	Mix 10 μL DNase I with 70 μL Buffer RDD from the kit by 
gently flicking the Eppendorf tube. Pulse briefly in a micro-
tube mini-centrifuge to collect all residual liquid from the sides 
of the tube. DO NOT VORTEX. Make sufficient volume for 
all samples to be tested.

	 4.	Add 80 μL of the diluted DNase I to each RNA sample, and 
mix by flicking the tube gently. Place in a rack and leave at 
room temperature for 30 min.

	 5.	Proceed with the RNA phenol-chloroform extraction as per 
the instructions of the ToTALLY RNA kit.

	 6.	Quantitate the amount of RNA in 2 μL of the DNase I-treated 
sample using a NanoDrop spectrophotometer (see Note 8)

	 7.	For each sample 1 μg of total RNA is reverse transcribed to 
make 20 μL of cDNA reaction volume using the SuperScript 
III First-Strand Synthesis System, which contains Moloney 
murine leukemia virus reverse transcriptase (RT). Each reac-
tion tube will contain a final volume of 20 μL composed of 
10 μL 2× kit buffer; 3 μL oligo dT, 1 μL RT/Block, 6 μL 
RNA + RNase-free water (i.e., 1 μg sample RNA + appropriate 
volume of RNase-free water for a final sample volume of 6 μL). 
Samples containing RNase-free water instead of RT serve as 

3.2.4  Enzyme-Linked 
Immunosorbent Assays 
for Cytokines, Chemokines, 
and Other Analytes

3.2.5  Relative 
Quantitative Real-Time 
PCR for AMP Expression
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negative controls. The incubation conditions for the RT step 
are 25 °C for 5 min, 42 °C for 45 min, and 95 °C for 5 min.

	 8.	At the end of the RT reaction, dilute the 20 μL of reaction mix 
1:1 with 20 μL sterile RNase-free water.

	 9.	Prepare the samples for relative quantitative real-time PCR 
amplification performed using SYBR green PCR Master Mix 
kits. Gene-specific optimized primers to quantitate the mRNA 
expression of various murine AMPs and a relevant housekeep-
ing gene (in this case we use RNA polymerase II, RPII) are 
presented in Table 1 (see Note 9). All steps and thawing of 
reagents are performed on ice, and the PCR plate is kept in a 
cold block, while the samples are being added. The prepara-
tion steps are as follows:

	10.	Dilute 1 μL ROX reference dye in 499 μL RNase-free water.
	11.	Thaw primers on ice and dilute in sterile RNase-free water, and 

mix to give a final concentration of 10 μM Forward (F) and 
10 μM Reverse (R) in an Eppendorf tube. The premixed prim-
ers can be stored in small aliquots at −20 °C for up to 2 months.

	12.	Prepare the PCR reaction mix: 12.5 μL SYBR Green 2× Master 
Mix + 0.375 μL of the diluted reference dye + 0.5 μL of pre-
mixed gene-specific F and R primer mix + 9.625 μL RNase-free 
water giving a total final volume of 23 μL per reaction. These 
are the volumes for a single reaction—the actual volume should 
be scaled up based on the number of samples to be analyzed/
gene of interest and accounting for performing each reaction 
in triplicate.

	13.	Pipette 23 μL of the reaction mix in to the wells of a PCR 
plate.

	14.	Add 2 μL of each cDNA to be tested in to the relevant wells to 
give a final PCR reaction volume of 25 μL.

	15.	Seal the PCR plate tightly and spin the plate briefly (30  s, 
200 × g, room temperature) in a centrifuge equipped with a 96 
well plate rotor to bring all of the contents to the bottom of 
the wells.

	16.	Place the plate in the real-time thermal cycler and run under 
the following conditions: 10 min denaturation at 95 °C fol-
lowed by 40 cycles of amplification as follows—denaturation, 
95  °C for 30  s; annealing, 56  °C for 1 min; and extension, 
72 °C for 30 s.

	17.	Perform initial data analysis using the Stratagene Mx3005p 
software. Disassociation melt curve analysis should be included 
to ensure reaction specificity (see Note 10).

	18.	To determine the relative fold change in AMP expression in 
infected versus control mice, the data for the amplified gene 
products should be normalized to the housekeeper RPII and 
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calibrated to uninfected samples and relative fold expression 
calculated using the 2ΔΔct method [24].

The antibodies and methodology described here are to stain for 
the presence of murine defensins or cathelicidin (CRAMP), but 
the method can be optimized and used to determine the expres-
sion of other molecules of interest.

	 1.	Euthanize the mouse, then harvest the whole globe, and rinse 
with sterile cold Dulbecco’s PBS and embed in orientation 
(superior, inferior, nasal, temporal) pre-marked small cryo-
molds containing Tissue-Tek optimal cutting temperature 
compound, and rapidly freeze by submerging in liquid nitro-
gen. Store at −80 °C until ready to use.

3.2.6  Immunostaining 
for Corneal AMP Protein 
Expression

Table 1 
The table shows the sequences of primers used to determine β-defensin, 
cathelicidin (CRAMP), and RNA polymerase II (RPII, housekeeping gene) 
expression in normal and infected murine corneas [13]

Primer Forward/reverse Sequence (5′–3′)

mBD1 Forward CTGGGAGTTTCACATCCTCTC
Reverse CTCCATGTTGAAGGCATTTGT

mBD2 Forward CTACCAGCCATGAGGACTCTC
Reverse GTACTTGCAACAGGGGTTCTT

mBD3 Forward GGATCCATTACCTTCTGTTTGC
Reverse ATTTGAGGAAAGGAACTCCAC

mBD4 Forward GCTTCAGTCATGAGGATCCAT
Reverse CTTGCTGGTTCTTCGTCTTTT

mBD5 Forward CCTTCTCTTTGCATTTCTCCT
Reverse TTTCTCTTGCAGCAGTTGAGA

mBD6 Forward TACCTGCTCTTTGCCTTTATCC
Reverse TTCTGGCACTTATTCACATTGC

mBD14 Forward TCTTGTTCTTGGTGCCTGCT
Reverse CGACCGCTATTAGAACATCGAC

CRAMP Forward GCCGCTGATTCTTTTGACAT
Reverse GCCAAGGCAGGCCTACTACT

RPII Forward CTACACCACCTACAGCCTCCAG
Reverse TTCAGATGAGGTCCATGAGGAT

Satya Sree Kolar et al.
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	 2.	Cut 10 μm thick sections on a cryostat and mount (4–6 sec-
tions/slide) on Superfrost slides. If need be store slides at 
−80 °C until ready to perform the staining.

	 3.	Preparation for staining: Prepare 1–2 L of PBS and store in 
fridge. Decant some acetone in to a small glass vial and chill in 
the fridge overnight. Prepare the blocking solution as described 
in Subheading 2.7—10 mL is sufficient for five slides (see Note 
11).

	 4.	If using stored frozen sections, thaw the sections for 60 min at 
room temperature before use.

	 5.	Fix sections in ice-cold acetone for 3 min. Simply add sufficient 
acetone to cover each section. At the end of the 3 min, tip off 
the acetone, catching the liquid in a paper towel.

	 6.	Rinse the sections in PBS three times, dry off carefully around 
sections with a Kimwipe, and then use a Pap pen to draw 
around each section so forming a “well” into which the anti-
bodies can be added.

	 7.	Place the slides in to a moist chamber (see Note 12) and add 
100–200  μL (enough to cover the section completely) of 
blocking solution and incubate for 2 h at room temperature.

	 8.	During the blocking step, prepare the appropriate dilutions of 
the desired primary antibodies in blocking solution. For poly-
clonal antibodies, use a nonspecific IgG from the same species 
as the primary antibody was raised in as the nonspecific bind-
ing control. For monoclonal antibodies, use the relevant non-
specific isotype control from the same species as the primary 
antibody (see Note 13). The amount of primary antibody and 
IgG/isotype control should be the same. For our purposes 
[13], we use the following dilutions of primary and control 
antibodies:

Goat anti-CRAMP (0.2  μg/μL) diluted 1:50; goat IgG 
(0.4 μg/μL) diluted 1:100.

Rabbit anti-mBD-3 (0.2 μg/μL) diluted 1:50; rabbit IgG 
(1 μg/μL) diluted 1:250.

Rabbit anti-mBD-4 (0.2 μg/μL) diluted 1:50; rabbit IgG 
(1 μg/μL) diluted 1:250.

	 9.	At the end of the blocking step, remove the blocking reagent 
by tipping the slide and catching the fluid in a paper towel. 
Then add 50–100 μL (sufficient to cover the section) of diluted 
primary antibody. Incubate overnight at 4 °C.

	10.	At the end of the incubation in primary antibody, wash the sec-
tions three times in PBS for 5 min each time.

	11.	Repeat the blocking step by adding 100–200  μL blocking 
solution, and incubate for 30 min at room temperature.
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	12.	During the second blocking step, prepare 1:400 dilution of the 
relevant secondary antibodies in blocking reagent. Secondary 
antibodies for our purposes were goat anti-rabbit alexa-546 for 
mBD3 and mBD4 and donkey anti-goat Alexa-546 for 
CRAMP.

	13.	At the end of the second blocking step, remove the blocking 
reagent by tipping the slide and catching the fluid in a paper 
towel. Add 50–100  μL of diluted secondary antibody, and 
incubate the sections for 60 min at room temperature in the 
dark (cover with aluminum foil or place in a closed 
cupboard).

	14.	Sections are then washed three times in ice-cold PBS for 5 min 
each time. Remove the wash solution by tipping the slide and 
catching the fluid in a paper towel.

	15.	The labeled slides are then dried by using a Kimwipe to dab off 
any excess fluid and cover slips mounted with Vectashield® pro-
long gold mounting medium (see Note 14).

	16.	The slides are left at room temperature overnight in the dark to 
better bond the mounting medium and then can be stored at 
4 °C (in the dark) until visualized by fluorescence microscopy.

4  Notes

	 1.	The efficacy and specificity of siRNA silencing should be tested 
by performing quantitative real-time PCR and/or immunos-
taining for the AMP of interest. RT-PCR results showed a 
60–74 % decrease in the expression of AMPs compared to 
untreated or scrambled siRNA control 3  days postinfection 
[13, 21]. How long the AMP expression remains knocked 
down after terminating siRNA treatment has not been 
reported. Wu et  al. [21] report a significant effect 5  days 
postinfection following knockdown of mBD-4 despite siRNA 
application being terminated 3 days postinfection. This sug-
gests that AMPs remain knocked down for some time.

	 2.	While pooling of multiple corneas is preferable to maximize 
the amount of material for analysis, if tissue is limited, repeat-
able data have been obtained by using as few as 1–2 corneas in 
100 μL of PBS for MPO and viable pathogen count analyses 
([25], unpublished data from our lab).

	 3.	Immediately before the first sample, clean the probe of the 
homogenizer by rinsing in sterile water twice. Dry off with a 
Kimwipe and then wash twice again with sterile PBS. Between 
samples rinse with sterile PBS at least three times. After the last 
sample rinse with PBS, then sterile water, and finally 70 % etha-
nol and allow the probe to air-dry.
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	 4.	For viable count of fungal pathogens: Plate samples of the 
serial dilutions on Sabouraud Dextrose agar plates in duplicate. 
Incubate the plates for 48–72 h at 30 °C and then image and 
count the number of culturable units.

	 5.	To freeze hold the tube containing the sample with a pair of 
tongs and dip the end in to the liquid nitrogen for 10–20 s. To 
thaw remove the tube from the liquid nitrogen, place on the lab 
bench and allow to thaw at room temperature for about 1 min. 
Liquid nitrogen should be handled with care. Always use thick 
gloves and eye protection and work with the smallest amount 
possible. Always use a suitable container such as an ethylene-vinyl 
acetate laboratory ice bucket or Styrofoam container. Any excess 
should be clearly labeled and left to evaporate in a fume hood.

	 6.	If multiple ELISAs are to be performed, then it is optimal to 
store multiple small volume aliquots to avoid the risks associ-
ated with freeze/thawing of larger volume samples. In order 
to ensure sufficient material for meaningful analysis of multiple 
analytes, the number of corneas harvested and pooled can be 
increased to 8–10/1 mL PBS. If material is limited, then mea-
suring analytes by a cytometric bead assay (such as the Luminex 
platform) can enable the detection of multiple analytes in a 
much smaller volume of supernatant.

	 7.	While harvesting corneas of C57BL/6 mice for analysis, spe-
cial care must be taken to avoid contamination with pigmented 
tissue as melanin is known to interfere with polymerase activity 
hence RT-PCR reactions [26].

	 8.	The purity of the RNA is assessed using the ratio of absorbance 
at 260 and 280 nm as read by the NanoDrop spectrophotom-
eter. A ratio of approximately 2 is desirable. A ratio of less than 
2 indicates the presence of contaminants such as protein and 
phenol in which case re-extraction of the RNA may be required.

	 9.	Although the primers and methodology reported here were 
optimized to test mouse defensins and cathelicidin (CRAMP), 
this method can be optimized and used to determine the 
expression of other molecules of interest.

	10.	Sometimes it is desirable (e.g., to check transcript size) to visu-
alize the PCR products by agarose gel electrophoresis. If this is 
the case, then the dissociation melt curve analysis step should 
be omitted and the products generated at the end of the last 
cycle of PCR amplification loaded directly on to a 1.5 % aga-
rose gel and stained with ethidium bromide for analysis.

	11.	The blocking reagent should contain 10 % normal serum. The 
serum should be from a different species to that in which the 
primary antibody was raised, e.g., if the primary antibody is a 
rabbit polyclonal, then do NOT use normal rabbit serum in 
the blocking reagent.
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	12.	To make a moist chamber (Fig. 1), take a large plastic or glass 
petri dish and line it with paper towel. Dampen the paper towel 
with water or PBS. Break off the ends from four wooden cof-
fee stirrers if necessary so that they fit in the petri dish and bind 
them together in pairs with tape. Then place the wood sticks in 
the petri dish like train tracks. Balance the slides carefully on 
the wooden sticks, add the antibodies, and then cover with the 
lid and incubate for the specified amount of time.

	13.	If suitable IgG or isotype control antibody is not available, 
then sections incubated in the absence of any primary antibody 
can be used as the nonspecific binding control, but this is less 
than ideal.

	14.	If necessary the slides can be placed on a warm heating block 
for 5–10 min to help excess liquid evaporate.
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Fig. 1 The figure shows the setup of a moist chamber (lid not shown) for immunostaining tissue sections
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Chapter 31

Hemolytic Activity of Antimicrobial Peptides

Alberto Oddo and Paul R. Hansen

Abstract

For antimicrobial peptides to be interesting for systemic applications, they must show low toxicity against 
erythrocytes. In this chapter, we describe a protocol for measuring the ability of AMPs to lyse human red 
blood cells, using melittin as positive control.

Key words Antimicrobial peptides, Hemolysis, Red blood cells, Melittin

1  Introduction

One requirement for AMPs to be interesting for systemic drug 
development is low toxicity against erythrocytes. Generally, this is 
measured by the ability of AMPs to lyse mammalian red blood 
cells. Although human red blood cells are preferred [1], the use of 
sheep [2], rat [3], pig, piglets [4], or rabbit red blood cells has 
been reported [5]. Only a few studies exist [4, 6] comparing the 
hemolytic activity of different peptides against red blood cells of 
different mammalian species. These indicate that the hemolytic 
activity strongly depends on the source of red blood cells. 
Helmerhorst et  al. have shown significant differences between 
blood collected from different individuals and that susceptibility to 
hemolysis increases with storage duration of the erythrocytes [7].

Melittin, a 26-residue amphipathic peptide from honeybee, 
Apis mellifera, venom [8] is considered the “gold-standard posi-
tive control” since the peptide possesses a broad spectrum of lytic 
activities against a variety of cells at submicromolar concentrations 
and does not affect spectrophotometric reading at 414 nm [9]. 
The mechanism of melittin-mediated lysis is associated with the 
membrane poration of target cells, which causes the leakage of cell 
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contents [10]. Triton-X is a viable and less expensive alternative to 
melittin, but working with it can be cumbersome (foaming), and it 
may affect the reading at 414 nm.

The AMP concentration whereby half of the red blood cells 
are lysed (EC50 or HC50) constitutes one of the most used indica-
tors of toxicity, together with the selectivity index, SI (EC50/MIC) 
[11]. Ruiz et al. analyzed the relationship between EC50 and physi-
cochemical properties of 18 peptides, having EC50 from <20 to 
>100 μM [12]. The authors were not able to correlate parameters 
such as length, isoelectric point, or tendency to form some second-
ary structures. However, they confirmed the well-known effect of 
charge and hydrophobicity.

Overall, more lipophilic peptides and peptides better capable 
of assuming a stable amphipathic secondary structure tend to be 
more hemolytic [13]. The amino acids which have the strongest 
effect on hemolytic activity either through hydrophobicity or 
charge are Trp, Lys, and Arg.

Tryptophan residues have been proposed to be involved in the 
binding of peptides to cholesterol present in biological membranes 
through the indole moiety [14] and therefore important in the 
lysis of erythrocytes. The only Trp residue of melittin has been 
shown to be very important for hemolytic activity [15]. Blondelle 
et  al. reported complete set of 25 single-position synthetic Trp 
substitution analogues [16]. Significant increases in hemolytic 
activity were observed and the changes in activity of all of the ana-
logues relative to melittin were found to be correlated to their 
behavior during reverse phase HPLC.

Staubitz et  al. replaced all of the five Trp residues in the 
13-residue peptide indolicidin, with Phe which had a significant 
positive effect on the hemolytic activity, while the MIC against M. 
luteus was retained [17]. Dathe and coworkers investigated a num-
ber of magainin II amide analogues with charges ranging between 
+3 and +7 [18]. The authors found that maintaining the hydro-
phobic properties while increasing the charge to +5 resulted in the 
best antimicrobial activity and selectivity. However, a significant 
increase of hemolytic activity and loss of antimicrobial selectivity 
were observed when charge increased beyond +5 with retention of 
other structural motifs.

Finally, selective d-amino acid replacements, which disrupt 
α-helical structure, may influence the hemolytic activity signifi-
cantly while maintaining full or partial antimicrobial activity [19]. 
For example, the all-L peptide LKLLKKLLKKLLKLL-NH2 and 
its diastereomer LKlLKkLlkKLLkLL-NH2 showed comparable 
MIC values and a hemolytic activity of 100 % and 0 % at 100 μM, 
respectively [20].

Here, we describe a protocol for determining hemolysis of 
antimicrobial peptides against red blood cells, using melittin as 
positive control.
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2  Materials

	 1.	Blood: 3–4 mL of fresh 0 neg whole blood in EDTA (see Note 1).
	 2.	PBS buffer: 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 

1.8 mM KH2PO4 (see Note 2).
	 3.	96-Well polypropylene plates: with either V- (preferably) or 

U-shaped bottom.
	 4.	96-Well polystyrene ELISA plates: clear, flat bottom.
	 5.	Biorad Microseal “F” film: one for each plate.
	 6.	CappOrigami (or similar) reagent reservoirs 40  mL: at least 

two for each session.
	 7.	Melittin stock solution: 1.25 mM melittin in PBS (see Note 3).
	 8.	Eppendorf Protein LoBind tubes: two tubes are needed for 

each test session.
	 9.	Incubator.
	10.	Spectrophotometer.
	11.	Plate centrifuge.

3  Methods

	 1.	The night before the test, add 150 μL of melittin 5 μM to the 
positive control wells. The day of the test, discard the solution 
and wash the wells 2–3 times with the same volume of PBS. The 
day of the test, prepare a 2.50 μM solution in PBS (500 μL for 
each plate). See Fig. 1 and Note 4.

	 2.	Transfer 1 mL of whole blood to a centrifuge tube.
	 3.	Add 3 mL of PBS to the blood, mix gently, and centrifuge for 

8 min at 700 × g.
	 4.	Discard supernatant, add 4 mL of PBS, mix gently, and centri-

fuge again for 8 min at 700 × g.

3.1  Preparations: 
Melittin, RBC 
Suspension, 
and Peptides

Fig. 1 General plate layout for testing hemolysis of AMPs
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	 5.	Discard supernatant, add 4 mL of PBS, mix gently, and centri-
fuge for 8 min at 1000 × g. Discard supernatant.

	 6.	For each plate, make 8  mL of 0.5 %  v/v RBC suspension: 
40 μL of RBC is added to 8 mL of PBS. Please see Note 5.

	 7.	For each peptide, prepare 500 μL of solution in PBS at double 
concentration. For example, dissolve 0.15 μmol of peptide in 
500 μL (300 μM) of PBS to start testing down from 150 μM.

Each plate can accommodate up to four peptides to be tested in 
triplicate.

	 1.	Take a polypropylene plate and transfer 150  μL of peptide 
solution in PBS in row A as follows:
Peptide 1: columns 1–3
Peptide 2: columns 4–6
Peptide 3: columns 7–9
Peptide 4: columns 10–12
Remember to mark each plate and to make a note of which 
peptide was inoculated where.

	 2.	Pour some PBS into a CAPPOrigami.
	 3.	Use a multichannel pipette to transfer 75 μL of PBS to all the 

wells from B1 to G12.
	 4.	Transfer the same amount in the wells H7–12.
	 5.	Transfer 75 μL of 2.50 μM melittin solution in the wells H1–6 

(Fig. 2).
	 6.	Transfer 75 μL from row A to row B, mix a couple of times.
	 7.	Transfer 75 μL from row B to row C, mix a couple of times.
	 8.	Transfer 75 μL from row C to row D, mix a couple of times.
	 9.	Transfer 75 μL from row D to row E, mix a couple of times.
	10.	Transfer 75 μL from row E to row F, mix a couple of times.
	11.	Transfer 75 μL from row F to row G, mix a couple of times.
	12.	After mixing, discard 75 μL from row G.

3.2  Test Procedure

Fig. 2 General plate layout for testing four peptides with melittin and PBS as controls
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By doing so the peptide is divided into a two-fold dilution 
series.

	13.	Mix the RBC suspension gently until homogeneous and then 
pour some into a CAPPOrigami.

	14.	Using a multichannel pipette, transfer 75 μL of RBC suspen-
sion into each well.

	15.	Mix the RBC suspension and the peptide solution from row G to 
A, i.e., in the direction of increasing concentration (see Note 6) 
(Fig. 3).

	 1.	Cover the plate with a Biorad Microseal film and place in the 
incubator at 37 °C for 1 h (see Note 7).

	 2.	Centrifuge the plates at 1000 × g for 10 min.
	 3.	Quickly transfer 60 μL of supernatant from each well into a 

clear polystyrene, flat-bottom 96-well ELISA plate. Maintain 
the respective positions of each well (i.e., A1 to A1, A2 to A2, 
etc., see Notes 8 and 9).

	 4.	Read absorbance at λ = 414 nm.

Hemolysis values can be plotted to obtain a curve. Some peptides 
display a more or less linear relationship between concentration 
and hemolysis rate; other peptides are characterized by a sort of 
threshold concentration above which the hemolytic power grows 
steeply (Fig. 4).

First of all, negative and positive controls are averaged. Results 
are then normalized with respect to the averaged positive (100 %) 
and negative (0 %) controls. It is quite useful to prepare an Excel 
sheet to take care of these calculations automatically. The formula 
to apply is:

	
%Hemolysis

Abs sample Abs NegAvg
Abs PosAvg Abs(NegAvg)

=
( ) - ( )
( ) -

´1100
	

3.3  Incubating 
and Reading 
Absorbance

3.4  Interpretation 
of Results

Fig. 3 Plate layout showing melittin (red) and peptide (blue) concentrations

Haemolytic Activity of AMPs



432

Abs(sample) = absorbance of the sample.
Abs(NegAvg) = averaged absorbance of the negative controls.
Abs(PosAvg) = averaged absorbance of the positive controls.

4  Notes

	 1.	Blood should be stored at +4 °C and used within 2 weeks.
	 2.	To make 500 mL of PBS, dissolve 4 g of NaCl in 400 ml of 

Milli-Q water. Add 0.1 g of KCl. Add 0.73 g of Na2HPO4 and 
0.12  g of NaH2PO4. Add Milli-Q water up to 500  ml. 
Alternatively, it is possible to buy premade tablets.

	 3.	Can be bought as 85 % pure natural product (extracted from 
honeybee venom).

	 4.	Melittin is very toxic and should be handled with due care. It 
can bind to polypropylene surfaces, so it is important to pre-
coat the plates and to use LoBind tubes. It is convenient to 
dissolve the whole amount directly inside its original glass con-
tainer to prepare a stock solution. An amount of 5 mg corre-
sponds to 1.757  μmol; adding 1.40  ml of PBS results in a 
1.25 mM solution. For example, to prepare 1.5 ml of 5.0 μM 
solution, it is sufficient to dilute 6 μl of stock solution in 1.5 ml 
of PBS. Pipetting volumes in the range of a few microliters is 
naturally prone to random yet considerable errors. For these 
reasons the operational concentrations suggested in this proto-
col are much higher than strictly needed. We recommend to 
store the melittin stock solution at −20 °C and defrost only 
when needed.

	 5.	RBCs are fragile and need to be handled with care. When 
transferring whole blood into a centrifuge tube, use a soft 
Pastette. When transferring the RBC pellets into PBS to create 
a suspension, cut off the point of the 200 μl tip in order to 
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Fig. 4 Hemolytic activity of KRLFRKILKYL-NH2 against red blood cells [1]. This 
shows an example of a typical graph (see Note 10 for troubleshooting)
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widen the entrance/exit diameter. RBCs tend to precipitate 
from the suspension. Before pouring it into the CAPPOrigami, 
agitate it gently to achieve a homogeneous dispersion. They 
will precipitate also in the origami reservoir, so before transfer-
ring the suspension to a plate, shake it gently and use the mul-
tichannel pipette to make it homogeneous.

	 6.	This is in order to minimize the impact of peptide transfer 
from well to well. Mix melittin and negative controls sepa-
rately. Please note that adding the RBC suspension halves the 
concentration in each well.

	 7.	Make sure that each well is individually sealed, or the content 
will evaporate in the incubator and concentrate the samples—
invalidating the test. When preparing several test plates, plan 
an appropriate interval between groups of plates to be incu-
bated based on the centrifuge’s capacity.

	 8.	This operation should be quick in order to avoid continued 
hemoglobin release — invalidating the test. A good technique is 
to let the pipette tips slide down gently along the straight left wall 
of the wells (for right-handed operators) until it reaches the edge 
of the V-bottom. Please note that, for a valid test, there must be 
no pellets in the melittin wells (100 % hemolysis).

	 9.	It can help to remember that the melittin half row (clearly rec-
ognizable) should be placed at the lower left corner. Be careful 
not to transfer or redisperse the RBC pellets at the bottom.

	10.	This note presents some common critical events that can inval-
idate the test.
RBCs are too fragile: if the blood is too old, it can be particu-

larly sensitive to hemolysis, causing overestimation of the 
results. A sign can be seen during the initial washes with 
PBS: if after the first wash the supernatant is not clear but 
appears light brown, hemoglobin may already be being 
released. In this case the RBC suspension will contain 
already broken cells which have been depleted of their 
hemoglobin; the positive controls will thus give an unusu-
ally low absorbance.

Positive controls did not afford 100 % hemolysis: after cen-
trifugation, in the positive control wells, no RBC should 
be visible at the bottom. Possible reasons are that melittin 
has been degraded or mistakes in calculating, pipetting, 
and mixing have been made. Impossibility to achieve 100 % 
makes it impossible to normalize the absorbance in the 
sample wells and interpret the results. 

High discrepancy set to set or within a single set: it can be clearly 
recognized because the hemolysis values for the same pep-
tide at the same concentration are very different between 
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repeats or because a value at a certain concentration appears 
to be much higher than at higher concentrations. 
Unfortunately it can be very difficult to identify the reasons. 
Some are errors while inoculating the peptide and/or incom-
plete dissolution of the sample, errors while transferring it to 
lower rows, melittin contamination of a sample well, errors 
while mixing with the RBC suspension, and errors in sealing 
the wells before incubation causing evaporation and concen-
tration of the solution. Please note that excessive delay 
between mixing and incubation start, between incubation 
and centrifuging and between centrifuging and transfer of 
the supernatant, can alter the results of the whole plate in a 
way that can be difficult to recognize.

High discrepancies session to session: for critical peptides of 
high interest, it is recommended to determine hemolysis in 
at least two different sessions. If individual tests appear 
consistent but there are discrepancies between them, the 
most likely reasons are errors in the preparation of the 
samples, delays in the critical time-sensitive operations, or 
major differences at the blood source. As with all manual 
operations, the role of the operator should also be taken 
into account.
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In chapter 11 titled “Applying Fluorescence Correlation Spectroscopy to Investigate 
Peptide-Induced Membrane Disruption”, the following corrections are made.

1. Eq. 1: the denominator is updated as (F)2 instead of (F2).
2. Page 175, line 3 from the bottom: the correct text should be

Here, ℓ is the index of the experimental autocorrelation curves

In chapter 31 titled “Applying Fluorescence Correlation Spectroscopy to Investigate 
Peptide-Induced Membrane Disruption”, Pg 431, the equation is updated as
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