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INTRODUCTION

T
he widespread use of classical antibiotics has resulted

in the emergence of many antibiotic-resistant strains.

Therefore, the development of a new class of anti-

biotics is critical. Cationic antimicrobial peptides

(AMPs) have become important candidates as poten-

tial therapeutic agents. Cationic AMPs are found in organ-

isms that are evolutionarily quite distant, ranging from plants
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ABSTRACT:

In our previous study, we utilized a 26-residue

amphipathic a-helical antimicrobial peptide L-V13K

(Chen et al., Antimicrob Agents Chemother 2007, 51,

1398–1406) as the framework to study the effects of

peptide hydrophobicity on the mechanism of its

antimicrobial action. In this study, we explored the effects

of net charge and the number of positively charged

residues on the hydrophilic/polar face of L-V13K on its

biological activity (antimicrobial and hemolytic) and

biophysical properties (hydrophobicity, amphipathicity,

helicity, and peptide self-association). The net charge of

V13K analogs at pH 7 varied between �5 and +10 and

the number of positively charged residues varied from 1 to

10. The minimal inhibitory concentrations (MIC)

against six strains of Pseudomonas aeruginosa as well as

other gram-negative and gram-positive bacteria were

determined along with the maximal peptide

concentration that produces no hemolysis of human red

blood cells (MHC). Our results show that the number of

positively charged residues on the polar face and net

charge are both important for both antimicrobial activity

and hemolytic activity. The most dramatic observation is

the sharp transition of hemolytic activity on increasing

one positive charge on the polar face of V13K i.e., the

change from +8 to +9 resulted in greater than 32-fold

increase in hemolytic activity (250 lg/ml to <7.8 lg/ml,

respectively). # 2007 Wiley Periodicals, Inc. Biopolymers
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and insects to birds, animals (including molluscs, crusta-

ceans, amphibians, fish, and mammals), and humans.1–3

Cationic AMPs have unusually broad spectra of ‘‘antimi-

crobial’’ activity, which include an ability to kill or neu-

tralize bacteria (gram-positive and gram-negative), fungi

(including yeasts), parasites (including planaria and nem-

atodes), cancer cells, and even enveloped viruses like HIV

and herpes simplex virus.4

Although the exact mode of action of AMPs has not

been established, it is generally accepted that the cytoplasmic

membrane is the main target of many AMPs, whereby peptide

accumulation in the membrane causes increased permeability

and a loss of barrier function, resulting in the leakage of cyto-

plasmic components and cell death. The development of re-

sistance to membrane active peptides whose sole target is the

cytoplasmic membrane is thought to be considerably reduced

when compared with that of many current antibiotics, which

have more specific molecular targets.3 This prediction has

been substantiated in several studies.5–7 However, the major

barrier for the use of AMPs as antibiotics is their toxicity or

ability to lyse eukaryotic cells, normally expressed as hemolytic

activity (toxicity to human red blood cells). This is the main

reason preventing their applications as injectable therapeutics.

Cationic AMPs of the a-helical class have two unique fea-

tures: a net positive charge of at least +2 and an amphipathic

character, with a nonpolar face and a polar/charged face.8 Fac-

tors believed to be important for antimicrobial activity have

been identified, including peptide hydrophobicity, the pres-

ence of positively charged residues, an amphipathic nature

that segregates basic and hydrophobic residues, and secondary

structure. It has also been shown that linearity of amphipathic

a-helical AMPs is not a prerequisite for lytic activity but rather

affects selectivity between gram-negative and gram-positive

bacteria and between mammalian cells and bacteria.9

To investigate what features of a-helical AMPs could be

changed to control specificity between prokaryotic and

eukaryotic cells, we chose a peptide, V681, which had an

excellent antimicrobial activity but also exhibited high toxic-

ity to human red blood cells as measured by hemolytic activ-

ity.10 We showed that a single valine to lysine substitution in

the center of the nonpolar face dramatically reduced toxicity

and increased the therapeutic index.10 This was the first

report that a single substitution could act as a specificity de-

terminant in a-helical AMPs that controls activity between

eukaryotic and prokaryotic cells. We then showed that the

sole target of this peptide was the membrane by comparing

the L- and D-enantiomers of peptide V13K. These peptides

had equal activities suggesting that the antimicrobial mecha-

nism did not involve a stereoselective interaction with a chi-

ral enzyme, lipid, or protein receptor.11 In addition, the all

D-peptide was resistant to proteolytic enzyme degradation,

which enhances the potential of D-V13K as a clinical thera-

peutic. We subsequently investigated the role of hydropho-

bicity on the nonpolar face and showed that there was an op-

timum hydrophobicity on the nonpolar face required to

obtain the best therapeutic index.12 Increases in hydropho-

bicity beyond the optimum resulted in a dramatic reduction

in antimicrobial activity, which correlated with increase

peptide self-association ability.12 We have now increased the

list of factors important for antimicrobial activity to include:

(1) the importance of lack of secondary structure in benign

medium, but inducible structure in the presence of the

hydrophobic environment of the membrane; (2) the presence

of a positively-charged residue in the center of the nonpolar

face of amphipathic cyclic b-sheet and a-helical peptides
as a determinant of locating the peptides to the interface

region of prokaryotic membranes and decreasing transmem-

brane penetration into eukaryotic membranes; and (3) im-

portance of peptide self-association in an aqueous environ-

ment to the biological activities of these peptides.10–14

In this study, to investigate the effects of net charge and

the number of positively charged residues in the mechanism

of action of a-helical AMPs, we either systematically

decreased or increased the net charge of peptide L-V13K on

the polar face to show that net charge and the number of

positively charged residues have significant effects on the

biological activities in prokaryotic and eukaryotic cells.

EXPERIMENTAL PROCEDURES

Peptide Synthesis and Purification
Synthesis of the peptides was carried out by solid-phase peptide syn-

thesis using t-butyloxycarbonyl chemistry and 4-methylbenzhydryl-

amine resin (0.97 mmol/g) and purification by reversed-phase high-

performance liquid chromatography (RP-HPLC), as described pre-

viously.10–12 Peptide purification was performed on a Zorbax 300

SB-C8 column (250 mm 3 9.4 mm I.D.; 6.5 lm particle size, 300 Å

pore size; Agilent Technologies, Little Falls, DE) with a linear AB

gradient (0.1% acetonitrile/min) at a flow rate of 2 ml/min, where

eluent A was 0.2% aqueous trifluoroacetic acid (TFA), pH 2, and

eluent B was 0.2% TFA in acetonitrile, where the shallow 0.1% ace-

tonitrile/min gradient started 12% below the acetonitrile concentra-

tion required to elute the peptide on injection of analytical sample

using a gradient of 1% acetonitrile/min.15 The purity of the peptides

was verified by analytical RP-HPLC as described later and was fur-

ther characterized by mass spectrometry and amino acid analysis.

Analytical RP-HPLC and Temperature Profiling

of Peptides
Crude and purified peptides were analyzed on an Agilent 1100 series

liquid chromatograph (Little Falls, DE). Runs were performed on a
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Zorbax 300 SB-C8 column (150 mm 3 2.1 mm I.D.; 5 lm particle

size, 300 Å pore size) from Agilent Technologies using a linear AB

gradient (1% acetonitrile/min) and a flow rate of 0.25 ml/min,

where eluent A was 0.2% aqueous TFA, pH 2, and eluent B was

0.2% TFA in acetonitrile. Temperature profiling analyses were per-

formed on the same column in 38C increments, from 5 to 808C
using a linear AB gradient of 0.5% acetonitrile/min, as described

previously.10–13 Peptide �5 (see later) does not dissolve at pH 2;

thus, no retention time (tR) and no self-association parameter (PA)

values could be determined.

Characterization of Helical Structure
The mean residue molar ellipticities of peptides were determined by

circular dichroism (CD) spectroscopy, using a Jasco J-720 spectro-

polarimeter (Easton, MD) at 58C under benign (nondenaturing)

conditions (50 mM NaH2PO4/Na2HPO4/100 mM KCl, pH 7.0),

hereafter referred to as KP buffer, as well as in the presence of an a-
helix inducing solvent, 2,2,2-trifluoroethanol, TFE, (50 mM

NaH2PO4/Na2HPO4/100 mM KC1, pH 7.0 buffer/50% TFE). A 10-

fold dilution of an approximately 500 lM stock solution of the pep-

tide analogs was loaded into a 0.1 cm quartz cell and its ellipticity

scanned from 195 to 250 nm.

Determination of Peptide Amphipathicity
Amphipathicity of peptide analogs was determined by the calcula-

tion of hydrophobic moment16 using the software package Jemboss

version 1.2.1,17 modified to include a hydrophobicity scale deter-

mined in our laboratory. The hydrophobicity scale used in this

study is as follows: Trp, 33.0; Phe, 30.1; Leu, 24.6; Ile, 22.8; Met,

17.3; Tyr, 16.0; Val, 15.0; Pro, 10.4; Cys, 9.1; His, 4.7; Ala, 4.1; Arg,

4.1; Thr, 4.1; Gln, 1.6; Ser, 1.2; Asn, 1.0; Gly, 0.0; Glu, �0.4; Asp,

�0.8; and Lys, �2.0.18 These hydrophobicity coefficients were deter-

mined from RP-HPLC at pH 7 (10 mM Na2HPO4 buffer containing

50 mM NaCl) of a model random coil 10-residue peptide sequence,

Ac-X-G-A-K-G-A-G-V-G-L-amide, where position X was substi-

tuted by all 20 naturally occurring amino acids. We propose that

this HPLC-derived scale reflects the relative differences in hydrophi-

licity/hydrophobicity of the 20 amino acid side chains more accu-

rately than previously determined scales.

Pseudomonas aeruginosa Strains Used in this Study
Strain PAO1 was isolated from a human wound in 1955 in Aus-

tralia19; strain WR5 was isolated from a burn patient at Walter Reed

Army Hospital, Washington, DC, in 1976 and is a natural toxA mu-

tant isolate but is virulent in experimental mouse models20,21; strain

PAKwas originally isolated at Memorial University, St. John’s, New-

foundland, Canada, and is widely used in the analysis of pili22,23;

strain PA14 was originally isolated as a clinical isolate in 1995 at the

Massachusetts General Hospital, Boston, and is virulent in a variety

of plant and animal models of infection24; strain M2 was originally

isolated in 1975 from the gastrointestinal tract of a healthy CF1

mouse, University of Cincinnati College of Medicine, and Shriners

Burns Institute, Cincinnati, OH, and is virulent in a burn mouse

model of P. aeruginosa infection25; and strain CP204 was isolated

from a cystic fibrosis patient in 1989 at the National Jewish Medical

and Research Center, Denver, CO. All strains have been maintained

at �808C in the laboratory of Michael Vasil.

Measurement of Antimicrobial Activity (MIC)
Minimal inhibitory concentrations (MICs) were determined by a

standard microtiter dilution method in brain heart infusion (BHI)

medium. Briefly, cells were grown overnight at 378C in BHI broth

and were diluted in the same medium. Serial dilutions of the pepti-

des were added to the microtiter plates in a volume of 50 ll, fol-
lowed by the addition of 50 ll of bacteria to give a final inoculum of

5 3 105 colony-forming units (CFU)/ml. The plates were incubated

at 378C for 24 h, and the MICs were determined as the lowest pep-

tide concentration that inhibited growth. However, for MIC deter-

mination of microorganisms other than P. aeruginosa clinical iso-

lates, Mueller Hinton Broth (MHB) medium was used instead of

BHI medium. In addition, serial dilutions of the 103 compound

were added to the microtiter plates in a volume of 10 ll followed by

90 ll of bacteria to give a final inoculum of 53 105 CFU/ml.

Measurement of Hemolytic Activity (MHC)
Peptide samples were added to 1% human erythrocytes in phos-

phate-buffered saline (100 mM NaCl, 80 mM Na2HPO4, 20 mM

NaH2PO4, pH 7.4) and the reaction mixtures were incubated at

378C for 18 h in microtiter plates. Twofold serial dilutions of the

peptide samples were carried out in order to determine the concen-

tration that produced no hemolysis. This determination was made

by withdrawing aliquots from the hemolysis assays and removing

unlysed erythrocytes by centrifugation (800g). Hemoglobin release

was determined spectrophotometrically at 570 nm. The hemolytic

activity was determined as the maximal peptide concentration that

caused no hemolysis of erythrocytes after 18 h. The control for no

release of hemoglobin was a sample of 1% erythrocytes without any

peptide added. Since erythrocytes were in an isotonic medium, no

detectable release (<1% of that released upon complete hemolysis)

of hemoglobin was observed from this control during the course of

the assay.

Calculation of Therapeutic Index (MHC/MIC Ratio)
The therapeutic index is a widely accepted parameter to represent

the specificity of antimicrobial reagents. It is calculated by the ratio

of MHC (hemolytic activity) and MIC (antimicrobial activity);

thus, larger values of therapeutic index indicate greater antimicro-

bial specificity. It should be noted that both the MHC and MIC val-

ues are carried out by serial twofold dilutions; thus, for individual

bacteria and individual peptides, the therapeutic index could vary as

much as fourfold if the peptide is very active in both hemolytic and

antimicrobial activities; of course, if a peptide has poor or

no hemolytic activity, the major variation in the therapeutic index

comes from the variation in the MIC value (as much as twofold).

RESULTS

Peptide Design

Peptide V13K is a 26-residue amphipathic peptide, which

adopts an a-helical conformation in a hydrophobic environ-

ment and contains a hydrophilic positively charged lysine

residue in the center of the nonpolar face (position 13)
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(Figures 1 and 2).10–12 In this study, we used peptide V13K

as a framework to systematically alter net positive charge and

the number of positively charged residues on the polar face

of the helix, while keeping the hydrophobic/nonpolar face

unchanged. The peptide sequences are shown in Table I and

named according to their net charge at pH 7. Figure 2 shows

the peptides analogs represented as helical nets. Decreasing

net charge was achieved by decreasing the number of posi-

tively charged residues or increasing the number of nega-

tively charged residues on the polar face (e.g., peptide �5,

peptide +1, peptide +4S, peptide +4E). Peptide +4S, with

three substitutions in the polar face of V13K, resulted in a

net charge decrease from +7 to +4 when lysine residues were

converted to polar noncharged serine residues. Peptide +4E

also had three substitutions in the polar face of V13K. The

same net charge shift was achieved by substitution of serine

or threonine residues with glutamic acid residues (negatively

charged at pH 7). Similarly, peptide +1 had six glutamic acid

substitutions while maintaining the seven lysine residues to

decrease the net charge to +1. All six lysine residues other

than the lysine at position 13 were replaced by glutamic acid

residues to give a peptide with a net charge of �5. Increasing

the net charge was achieved by increasing the number of pos-

itively charged residues in the V13K sequence by systemati-

cally replacing one, two, and three serine and threonine resi-

dues by lysine residues to generate peptides with a net charge

of +8, +9, and +10 at pH 7. In summary, the net charge of

V13K analogs at pH 7 varied between �5 and +10 and the

number of positively charged residues varied from 1 to 10.

The electrostatic interactions along the helix (i ? i + 3 and

i ? i + 4) varied between 1 and 7 (see Figure 2). It has been

previously shown that intrachain electrostatic attractions and

repulsions can affect folding and stability of monomeric a-
helices.

Secondary Structure of Peptides

Figure 3 shows the CD spectra of the peptide analogs in

different environments, i.e., under benign conditions (in

KP buffer) (Figure 3A) and in KP buffer with 50% TFE

to mimic the hydrophobic environment of the membrane

(Figure 3B). All the peptides exhibited negligible secondary

FIGURE 1 Representation of the lead compound V13K as helical nets/helical wheel showing the

polar/hydrophilic face and nonpolar/hydrophobic face. In the helical wheel, the nonpolar face is

indicated as an open arc and the polar face is shown as a solid arc. In the helical net presentations,

the residues making up the nonpolar face of the amphipathic peptide are circled; residues making

up the polar face are boxed. The lysine residue at position 13 of the sequence is denoted by a trian-

gle. Positively charged residues are colored blue.
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structure in benign buffer (Figure 3A, Table II) but were

fully folded a-helical structures in the presence of 50% TFE

(Figure 3B, Table II): all the peptide analogs showed a typical

a-helix spectrum with double minima at 208 nm and 222

nm. The helicities of the peptides in benign buffer and in

50% TFE relative to that of peptide +10 in 50% TFE were

determined (Table II).

The continuous hydrophobic surface on the nonpolar face

of amphipathic a-helices has been shown to stabilize a-heli-
cal structure in benign conditions. However, all peptides in

this study contain a lysine residue in the center of this hydro-

phobic surface, which would as observed (Table II), disrupt

a-helix formation in benign conditions. The same lysine resi-

due also prevents self-association, as discussed later. In addi-

tion, the peptides that vary in the number of positively

charged residues from 4 to 10 decrease in helicity in benign

conditions as the net charge is increased (Table II) which

could be related to the increase in destabilizing electrostatic

repulsions (see Figure 2).

Peptide Self-Association

Peptide self-association (i.e. the ability to oligomerize/dimer-

ize) in aqueous solution is a very important parameter for

FIGURE 2 Helical net representation of the sequences of lead compound V13K and analogs. The

amino acid residues on the polar faces are boxed. The positively charged residues are colored blue;

the negatively charged residues are colored red. The i ? i + 3 and i ? i + 4 potential electrostatic

interactions along the helix are shown as black bars, � denotes repulsions, + denotes attractions.

The numbers of electrostatic interactions (repulsions and attractions) on the polar face are indi-

cated at the bottom of each helical net. The one-letter code is used for amino acid residues. The

sequences are shown in Table I.
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antimicrobial activity.10–13 It is well accepted that the amphi-

pathicity of AMPs is necessary for their mechanism of action,

because the positively charged polar face will help the mole-

cules to reach the biomembrane through electrostatic attrac-

tion with the negatively charged head groups of phospholi-

pids, and then the nonpolar face of the peptides will allow

insertion into the membrane through hydrophobic interac-

tions, causing increased permeability and loss of barrier

function of target cells.1 If the self-association ability of a

peptide in aqueous media is too strong (e.g., forming stable

folded dimers and burying the nonpolar face), it could

decrease the ability of the peptide to dissociate and pass

through the capsule and cell wall of microorganisms and,

hence, prevent penetration into the cytoplasmic membrane

to kill target cells. The ability of peptides to self-associate was

determined by the technique of RP-HPLC temperature

profiling at pH 2.13,26,27 The reason pH 2 is used to deter-

mine self-association of cationic AMPs is that highly posi-

tively charged peptides are not eluted from reversed-phase

columns at pH 7 because of nonspecific binding to negatively

charged silanols on the column matrix. This is not a problem

at pH 2 since the silanols are protonated and nonspecific

interactions are eliminated. At pH 2 the interactions between

the peptide and the reversed-phase matrix involve ideal

behavior, i.e., only hydrophobic interactions between the

preferred binding domain (nonpolar face) of the amphi-

pathic molecule and the hydrophobic surface of the column

matrix.28 Interestingly, most native amphipathic cationic

peptides (approximately 73%) do contain Asp/Glu residues,

which would be negatively charged at pH 7 and might be

expected to decrease dimerization at pH 7 compared to pH

2. However, the majority of the peptides in this study do not

contain these residues and the dimerization results at pH 2

reflect the conditions at pH 7 where most biological and

other biophysical studies are carried out. Figure 4A shows

the retention behavior of the peptides after normalization to

the retention times at 58C. Control peptide C shows a linear

decrease in the retention behavior with increasing tempera-

ture and is representative of most peptides which have no

ability to self-associate during RP-HPLC. Control peptide C

is a monomeric random coil peptide in both aqueous and

hydrophobic media; thus, its retention behavior within the

temperature range of 5 to 808C represents only the general

effects of temperature on peptide retention behavior, i.e., a

linear decrease in peptide retention time with increasing tem-

perature due to greater solute diffusivity and enhanced mass

transfer between the stationary and mobile phase at higher

temperatures.29 This method has been used with amphi-

pathic cyclic b-sheet peptides13 and amphipathic a-helical
peptides10–12 to measure the ability of peptides to self-associ-

ate. How the method works has been described in detail in

other publications.10,13,26,27 To allow for the general tempera-

ture effects, the data for the control peptide was subtracted

from each temperature profile as shown in Figure 4B. Thus,

the peptide self-association parameter, PA, represents

the maximum change in peptide retention time relative to

the random coil peptide C. Note that the higher the PA value,

the greater the self-association.

In our case, we have a histidine residue at position 18,

which is deprotonated at pH 7 (uncharged), but would be

fully charged at pH 2 and, hence, add an extra positive charge

to the polar face of V13K. Thus, peptides denoted +4S,

V13K, +8, +9, and +10, reflecting their net charge at pH 7,

will have a net charge of +5, +8, +9, +10, and +11, respec-

tively, at pH 2 during temperature profiling. Interestingly,

38% of native amphipathic a-helical AMPs do contain histi-

dine residues.

FIGURE 3 Circular dichroism (CD) spectra of peptide V13K and

its analogs in benign buffer (100 mM KCl, 50 mM NaH2PO4/

Na2HPO4 (A) at pH 7.0, 58C and (B) in the presence of buffer-TFE

(1:1, v/v).
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Peptide self-association dramatically decreases with an

increase in positive charge even though the nonpolar face of

these analogs remained unchanged (Figure 5A, Table II). For

example, an increase in net charge from +5 to +11 decreased

peptide self-association from 4.1 to 1.9. Interestingly, this

decrease directly correlated with the decrease in overall hydro-

phobicity of the analogs (Figure 5B, Table II). This result

shows that overall hydrophobicity decreases with increasing

positive charge on the polar face, which in turn decreases pep-

tide self-association. In contrast, adding glutamic acid resi-

dues to the polar face of V13K increased peptide self-associa-

tion from 2.4 for V13K to 4.1 for peptide +1 (Figure 5C,

Table II). This can be explained by the fact that these residues

are protonated at pH 2 and peptides V13K, +4E, and +1,

which have net charges of +7, +4, and +1, respectively, at pH

7 will all have a net charge of +8 at pH 2. Thus, the increase

in self-association is due to the increase in hydrophobicity of

protonated glutamic acid residues compared to the hydro-

phobicity of serine and threonine residues.18

Amphipathicity

The sequence of our lead compound, V13K, even with a ly-

sine residue in the center of the nonpolar face is still very am-

phipathic with a value of 4.92. To place this value in perspec-

tive, the sequence can be shuffled at all positions other

than lysine 13 to give a amphipathic value of 0.14 (Ac-

SHAVLTLKLKKTKKFSWKSAFKATSI-amide) or a maxi-

mum value of 5.26 while maintaining the nonpolar face of

V13K and shuffling the six positively charged residues on the

polar face (Table I) or a maximum value of 6.74 (Ac-

AWSKLLKSFTKHKKKFAKALTSIVST-amide) when residues

are shuffled to optimized amphipathicity.

There is an increase in amphipathicity as we increase the

net positive charge from +4 (peptide +4S) to +8, +9, and

+10 (Figure 6A). Peptide +4S has an amphipathicity of 4.87

and peptide +10 has an amphipathicity of 5.26 for a change

of 0.39, which is small compared to the change in amphipa-

thicity from a nonamphipathic molecule (see earlier). This

same change in amphipathicity can be observed with +7 pep-

tides where the six positively charged residues are shuffled on

the polar face. Amphipathicity changes from 4.85 for peptide

+7b to 5.26 for peptide +7d (change 0.41) (Table I, Figure

6A). Thus, though there is a linear relationship with amphi-

pathicity and increasing net charge (Figure 6A), neither

amphipathicity nor net charge is linearly related with hemo-

lytic activity (Figure 7B). On the other hand, increasing net

charge, which increases amphipathicity does increase antimi-

crobial activity (Figure 7B).

Amphipathicity increases linearly with increasing number

of negatively charged residues added to the polar face (3 or

6 glutamic acid residues) while maintaining the seven posi-

tively charged residues (peptides denoted V13K, +4E, and

+1, Table I, Figure 6B). This increase in amphipathicity with

the addition of six negatively charged residues is small vary-

ing from 4.92 for V13K (zero negatively charged residues) to

Table II Biophysical Data of V13K Analogs

Peptide

Name

Number of

Positively

Charged

Residues

Number of

Negatively

Charged

Residues

Net

Charge Amphipathicitya
Hydrophobicity

Benignb 50% TFE

PA
ctR

d [h]222
b % Helixe [h]222

b % Helixe

+1 7 6 +1 5.38 85.2 �3250 8 �36,400 94 4.07

+4S 4 0 +4 4.87 83.6 �2100 5 �32,750 85 4.12

+4E 7 3 +4 5.18 85.8 �2400 6 �37,100 96 3.39

V13K 7 0 +7 4.92 77.2 �1600 4 �37,050 96 2.44

+8 8 0 +8 5.11 76.5 �1150 3 �36,600 95 2.37

+9 9 0 +9 5.18 73.2 �1000 3 �37,000 96 1.87

+10 10 0 +10 5.26 71.9 �750 2 �38,550 100 1.91

a Amphipathicity of peptide analogs was determined by calculation of hydrophobic moment using the software package Jemboss version 1.2.1, modified

to include a hydrophobicity scale determined in our laboratory.18

b The mean residue molar ellipticities [h]222 (deg cm2/dmol) at wavelength 222 nm were measured at 58C in benign conditions (100 mM KCl, 50 mM

NaH2PO4/Na2HPO4, pH 7.0) or in benign buffer containing 50% TFE by circular dichroism spectroscopy.
c PA denotes dimerization parameter of each peptide during RP-HPLC temperature profiling, which is the maximal retention time difference of (tR

t � tR
5

for peptide analogs) � (tR
t � tR

5 for control peptide C) within the temperature range; tR
t � tR

5 is the retention time difference of a peptide at a specific tem-

perature (tR
t) compared with that at 58C (tR

5). The sequence of control peptide C is Ac-ELEKGGLEGEKGGKELEK-amide.
d tR denotes retention time in RP-HPLC at pH 2 and room temperature, which is a measure of overall hydrophobicity.
e The helical content (in percentage) of a peptide relative to the molar ellipticity value of peptide +10 in the presence of 50% TFE.
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5.38 for peptide +1 (six negatively charged residues) for a

change of 0.46 in amphipathicity. In this case, the increase in

amphipathicity is directly correlated with a decrease in net

charge from +7 (V13K) to +4 (peptide +4E) to +1. However,

though the decrease in net charge results in a dramatic loss

of antimicrobial activity and hemolytic activity there is no

linear correlation with amphipathicity or net charge and bio-

logical activity (Figure 7A).

Overall, increasing amphipathicity is the outcome of

increasing the number of charged residues on the polar face

or changing the location of the charged residues, but not the

key parameter to explain biological activity. The key parame-

ter seems to be net charge where increasing net charge on the

polar face of an amphipathic a-helix increases biological ac-

tivity, both hemolytic and antimicrobial activity (Figures 7A

and 7B, see discussion later).

Peptide Hemolytic Activity

The hemolytic activities of the peptides against human eryth-

rocytes were determined as a measure of peptide toxicity to-

ward higher eukaryotic cells.30–32 The MHC is the maximal

peptide concentration that produces no hemolysis after 18 h

of incubation at 378C. The lead compound, V13K, exhibited

FIGURE 4 Peptide self-association ability as monitored by RP-

HPLC temperature profiling. In panel (A), the retention time of

peptides are normalized to 58C through the expression (tR
t � tR

5),

where tR
t is the retention time at a specific temperature of an anti-

microbial peptide or control peptide C, and tR
5 is the retention time

at 58C. In panel (B), the retention behavior of the peptides was nor-

malized to that of control peptide C through the expression (tR
t �

tR
5 for V13K analogs) � (tR

t � tR
5 for control peptide C). The maxi-

mum change in retention time from the control peptide C defines

the peptide association parameter, denoted PA.

FIGURE 5 Correlation of the number of positively charged resi-

dues (A), hydrophobicity (B), and number of glutamic acid residues

added to V13K (C) with RP-HPLC association parameter, PA. The

numbers in brackets indicate the net charge on the peptide at pH2.

Calculation of PA is shown in Figure 4.
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very low hemolysis against human red blood cells with a

MHC value of 250 lg/ml after 18 h of incubation at 378C
(Table III), which decreased hemolytic activity more than

32-fold compared to the original peptide, V681 (MHC ¼ 7.8

lg/ml). In Table III, reducing the net charge of V13K to +1

or�5, totally prevented hemolysis as well as eliminated anti-

microbial activity. Comparing peptides +4E, V13K, +8, +9,

and +10, the hemolytic activity was very low (MHC ¼ 250.0

lg/ml) for peptides with a wide range of net charge (from +4

to +8), but peptide +9, and +10, exhibited very high levels of

hemolytic activity (MHC < 7.8 lg/ml). The MHC values

decreased by more than 32-fold from the +8 peptide to the

+9 peptide, which involved a single T19K substitution on the

polar face. Thus, it seems that hemolytic activity is very sen-

sitive to the net charge once the optimum is passed and pos-

sibly to the location of the charged residues on the a-helix.

Peptide Antimicrobial Activity Against Pseudomonas

aeruginosa Strains

Pseudomonas is a genus of gram-negative bacteria with high

intrinsic resistance to traditional antibiotics; thus, it is one of

the most severe threats to human health. Resistance levels

have been steadily increasing in recent years, and P. aerugi-

nosa is also known to produce proteolytic enzymes that make

it even less susceptible to AMPs.33 P. aeruginosa strains used

in this study are a diverse group of clinical isolates from dif-

ferent places in the world (see Experimental Procedures).

Antibiotic susceptibility tests show that these P. aeruginosa

strains share similar susceptibility to most antibiotics except

that there is about a 64-fold difference for the range of cipro-

floxacin susceptibility (Table III). The P. aeruginosa strain

most resistant to ciprofloxacin was CP204, a clinical isolate

from cystic fibrosis patients, was, in contrast, the strain that

was most susceptible to our AMPs. Antimicrobial activities

of peptide analogs against P. aeruginosa strains are shown in

FIGURE 6 Correlation of the number of charged residues and net

charge with amphipathicity. Panel A shows the number of positively

charged residues correlated with amphipathicity. The closed squares

denote peptides used in this study. The open squares show the

amphipathicity of peptide sequence shown in Table I. Panel B shows

the effect of negatively charged residues on amphipathicity.

FIGURE 7 Relationships of number of negatively charged resi-

dues added to V13K or net charge (A), number of positively charged

residues or net charge (B) and antimicrobial activity (MIC, open

symbols), hemolytic activity (MHC, closed symbols).

378 Jiang et al.

Biopolymers (Peptide Science)



T
ab
le
II
I

B
io
lo
g
ic
al

A
ct
iv
it
y
o
f
V
1
3
K
A
n
al
o
g
s
A
g
ai
n
st
P
se
u
d
o
m
o
n
a
s
a
er
u
gi
n
o
sa

S
tr
ai
n
s

P
ep
ti
d
e

N
am

e

N
u
m
b
er

o
f

P
o
si
ti
ve
ly

C
h
ar
ge
d

R
es
id
u
es

N
u
m
b
er

o
f

N
eg
at
iv
el
y

C
h
ar
ge
d

R
es
id
u
es

N
et

C
h
ar
ge

H
em

o
ly
ti
c
A
ct
iv
it
y

A
n
ti
m
ic
ro
b
ia
l
A
ct
iv
it
y

T
h
er
ap
eu
ti
c
In
d
ex

a

M
H
C

(l
g/
m
l)
b

F
o
ld

c

M
IC

(l
g/
m
l)
d

F
o
ld

e
M
H
C
/M

IC
F
o
ld

f
P
A
O
1

P
A
K

C
P
2
0
4

P
A
1
4

W
R
5

M
2

G
M

g

V
6
8
1

6
0

+
6

7
.8

0
.0
3

1
5
.6

3
1
.3

1
5
.6

6
2
.5

6
2
.5

1
5
.6

2
7
.8

1
.8

0
.3

0
.0
6

�5
1

6
�5

>
1
0
0
0
.0

8
.0

>
5
0
0
.0

>
5
0
0
.0

>
5
0
0
.0

>
5
0
0
.0

>
5
0
0
.0

>
5
0
0
.0

1
0
0
0
.0

0
.0
5

2
.0

0
.4

+
1

7
6

+
1

>
1
0
0
0
.0

8
.0

>
5
0
0
.0

>
5
0
0
.0

>
5
0
0
.0

>
5
0
0
.0

>
5
0
0
.0

>
5
0
0
.0

1
0
0
0
.0

0
.0
5

2
.0

0
.4

+
4
S

4
0

+
4

1
2
5
.0

0
.5

>
5
0
0
.0

>
5
0
0
.0

>
5
0
0
.0

>
5
0
0
.0

>
5
0
0
.0

>
5
0
0
.0

1
0
0
0
.0

0
.0
5

0
.1

0
.0
2

+
4
E

7
3

+
4

2
5
0
.0

1
.0

5
0
0
.0

2
5
0
.0

2
5
0
.0

1
2
5
.0

2
5
0
.0

2
5
0
.0

2
5
0
.0

0
.2

1
.0

0
.2

V
1
3
K

7
0

+
7

2
5
0
.0

1
.0

3
1
.3

1
2
5
.0

7
.8

6
2
.5

2
5
0
.0

3
1
.3

4
9
.6

1
.0

5
.0

1
.0

+
8

8
0

+
8

2
5
0
.0

1
.0

3
1
.3

6
2
.5

7
.8

3
1
.3

6
2
.5

3
1
.3

3
1
.3

1
.6

8
.0

1
.6

+
9

9
0

+
9

<
7
.8

0
.0
2

7
.8

3
1
.3

1
5
.6

1
5
.6

6
2
.5

3
1
.3

2
2
.1

2
.2

0
.2

0
.0
4

+
1
0

1
0

0
+
1
0

<
7
.8

0
.0
2

1
5
.6

1
5
.6

7
.8

1
5
.6

3
1
.3

3
1
.3

1
7
.5

2
.8

0
.2

0
.0
4

a
T
h
er
ap
eu
ti
c
in
d
ex

is
th
e
ra
ti
o
o
f
th
e
M
H
C
va
lu
e
(l
g/
m
l)
o
ve
r
th
e
ge
o
m
et
ri
c
m
ea
n
M
IC

va
lu
e
(l
g/
m
l)
.
L
ar
ge

va
lu
es

in
d
ic
at
e
gr
ea
te
r
an
ti
m
ic
ro
b
ia
l
sp
ec
ifi
ci
ty
.

b
M
H
C
is
th
e
m
ax
im

al
p
ep
ti
d
e
co
n
ce
n
tr
at
io
n
th
at

p
ro
d
u
ce
s
n
o
h
em

o
ly
si
s
o
f
h
u
m
an

re
d
b
lo
o
d
ce
ll
s
af
te
r
1
8
h
in

th
e
st
an
d
ar
d
m
ic
ro
ti
te
r
d
il
u
ti
o
n
m
et
h
o
d
.
W
h
en

n
o
d
et
ec
ta
b
le
h
em

o
ly
ti
c
ac
ti
vi
ty

w
as

o
b
se
rv
ed

at
1
0
0
0
lg

/m
l,
a
va
lu
e
o
f
2
0
00

l
g/
m
l
w
as

u
se
d
fo
r
ca
lc
u
la
ti
o
n
o
f
th
e
th
er
ap
eu
ti
c
in
d
ex

an
d
fo
ld

im
p
ro
ve
m
en
t.
W
h
en

h
em

o
ly
ti
c
ac
ti
vi
ty

w
as

st
il
l
o
b
se
rv
ed

at
7
.8
lg

/m
l,
a
va
lu
e
o
f
3
.9
l
g/
m
l
w
as

u
se
d
fo
r
ca
lc
u
la
ti
o
n
o
f
th
e
th
er
ap
eu
ti
c
in
d
ex

an
d
fo
ld

im
p
ro
ve
m
en
t.

c
T
h
e
fo
ld

im
p
ro
ve
m
en
t
in

h
em

o
ly
ti
c
ac
ti
vi
ty

co
m
p
ar
ed

to
th
at
o
f
le
ad

co
m
p
o
u
n
d
,
V
1
3
K
.

d
M
IC

is
m
in
im

al
in
h
ib
it
o
ry

co
n
ce
n
tr
at
io
n
th
at

in
h
ib
it
ed

gr
o
w
th

o
f
si
x
P.
a
er
u
gi
n
os
a
st
ra
in
s
in

b
ra
in

h
ea
rt
in
fu
si
o
n
(B
H
I)
m
ed
iu
m

at
3
7
8C

af
te
r
2
4
h
.
M
IC

is
gi
ve
n
b
as
ed

o
n
th
re
e
se
ts
o
f
d
et
er
m
in
a-

ti
o
n
s.
W
h
en

n
o
d
et
ec
ta
b
le
an
ti
m
ic
ro
b
ia
l
ac
ti
vi
ty

w
as

o
b
se
rv
ed

at
5
0
0
l
g/
m
l,
a
va
lu
e
o
f
1
0
00

lg
/m

l
w
as

u
se
d
fo
r
ca
lc
u
la
ti
o
n
o
f
th
e
th
er
ap
eu
ti
c
in
d
ex

an
d
fo
ld

im
p
ro
ve
m
en
t.
T
h
e
re
la
ti
ve

su
sc
ep
ti
b
il
it
ie
s
o
f

P.
a
er
u
gi
n
os
a
st
ra
in
s
to

ci
p
ro
fl
o
xa
ci
n
,
w
it
h
th
e
n
u
m
b
er

1
d
en
o
ti
n
g
th
e
m
o
st
su
sc
ep
ti
b
le
st
ra
in
,
ar
e
as

fo
ll
o
w
s:
P
A
O
1
,
4
;
W
R
5
,
1
;
P
A
K
,
4
;
P
A
14
,
8
;
M
2
,
8
;
C
P
2
0
4
,
6
4
.

e
T
h
e
fo
ld

im
p
ro
ve
m
en
t
in

an
ti
m
ic
ro
b
ia
l
ac
ti
vi
ty

(g
eo
m
et
ri
c
m
ea
n
d
at
a)

co
m
p
ar
ed

to
th
at
o
f
le
ad

co
m
p
o
u
n
d
,
V
13
K
.

f
T
h
e
fo
ld

im
p
ro
ve
m
en
t
in

th
er
ap
eu
ti
c
in
d
ex

co
m
p
ar
ed

to
th
at
o
f
le
ad

co
m
p
o
u
n
d
,
V
1
3
K
.

g
G
M
,
ge
o
m
et
ri
c
m
ea
n
o
f
th
e
M
IC
s
fo
r
th
e
si
x
P.
a
er
u
gi
n
os
a
cl
in
ic
al
is
o
la
te
s.

Biological Activity of Amphipathic �-Helical Cationic AMPs 379

Biopolymers (Peptide Science)



Table III. The geometric means of MICs for six P. aeruginosa

strains were calculated to provide an overall evaluation of the

antimicrobial activities of the peptides with a different net

charge and a different number of positively charged residues.

The fold improvement was calculated by comparing the geo-

metric mean MIC of each peptide to that of the lead com-

pound, V13K. In general, reducing the net charge to +4 or

less made the peptide analogs inactive (peptide �5, +1, +4S,

+4E); increasing the net charge from +7 to +10 (peptide

V13K, +8, +9, and +10), the antimicrobial activity increased

stepwise (Geometric mean of MIC ¼ 49.6, 31.3, 22.1, 17.5

lg/ml, respectively). Thus, the number of positively charged

residues on the polar face and net charge are both important

for antimicrobial activity and hemolytic activity. Comparison

of peptide +4S and peptide +4E, both with the same net

charge of +4 but a different number of positively charged res-

idues, showed that the number of positively charged residues

on the polar face is also important. Peptide +4E had seven

positively charged residues and had significantly higher anti-

microbial activity than peptide +4S with four positively

charged residues.

Peptide Antimicrobial Activity Against

Other Microorganisms

The antimicrobial activities against four gram-negative bac-

teria strains and three gram-positive bacteria strains are com-

pared in Table IV. Geometric mean of MIC was calculated to

provide an overall view of antimicrobial activity of different

analogs. It is clear that our peptides were effective in killing

the microorganisms tested, while gram-negative bacteria

were more sensitive than gram-positive bacteria. Decreasing

the net charge to +4 significantly reduced antimicrobial ac-

tivity of V13K for both gram-positive and gram-negative

bacteria. Increasing net charge on the polar face of V13K

analogs from +7 to +10 had little effect on antimicrobial ac-

tivity. The most active analog was peptide +8 and the least

active analog was peptide +4S (Table IV). The MIC values

reported for P. aeruginosa PAO1 were different between

Tables III and IV, since the assay procedures used are differ-

ent (see Experimental Procedures).

Peptide Therapeutic Index

The therapeutic index is a widely accepted parameter to char-

acterize the specificity of antimicrobial agents. It is calculated

by the ratio of MHC (hemolytic activity) and MIC (antimi-

crobial activity); thus, larger values of therapeutic index indi-

cate greater antimicrobial specificity. The therapeutic indices

of the peptides for P. aeruginosa clinic isolates are shown in

Table III. An increase of one positive charge from +8 to +9

dramatically increased hemolytic activity more than 32-fold

(250 lg/ml to <7.8 lg/ml) and decreased the therapeutic

index by 40-fold (Table III), 74-fold for gram-negative bacte-

ria (Table IVA), and 124-fold for gram-positive bacteria

(Table IVB). Our overall conclusion is that there are an opti-

mum number of positively charged residues of seven on the

polar face (net charge +8) for an optimum therapeutic index.

Reducing the net charge decreased antimicrobial activity,

while increasing the net charge increased both antimicrobial

activity and hemolytic activity.

DISCUSSION
We previously proposed a ‘‘membrane discrimination’’ mech-

anism10–12 of action for AMPs whose sole target is the cyto-

plasmic membrane to explain the peptide specificity between

prokaryotic and eukaryotic membranes based on a ‘‘barrel-

stave’’ mechanism34 in eukaryotic cells and a ‘‘carpet’’ mecha-

nism35 in prokaryotic cells. This specificity is based upon a

compositional difference in the lipids between the two types

of membranes. Eukaryotic cell membranes are generally

characterized as zwitterionic phospholipids, a relatively large

amount of cholesterol and sphingomyelin, while prokaryotic

membrane are composed negatively charged phospholipids.

Hemolysis of eukaryotic cells requires the peptides to insert

into the hydrophobic core of the membrane, perpendicular

to the membrane surface, and interaction of the nonpolar

face of the amphipathic a-helix with the hydrophobic lipid

core of the bilayer. The peptide may thus form transmem-

brane channels/pores and the hydrophilic surfaces point

inward, producing an aqueous pore (‘‘barrel-stave’’ mecha-

nism).34 Antimicrobial activity in prokaryotic cells, while

maintaining specificity, requires the peptide to lie at the

membrane interface parallel with the membrane surface and

interaction of the nonpolar face of the amphipathic a-helix
with the hydrophobic component of the lipid and interaction

of the positively charged residues with the negatively charged

head groups of the phospholipid, described as detergent-like

manner (‘‘carpet’’ mechanism).35

The cell wall of the microorganisms is another factor that

may affect antimicrobial activity. We have proposed that pep-

tides without secondary structure will behave as unstructured

random-coil monomers and can more easily pass through

the cell wall of microorganisms. In contrast, amphipathic a-
helical peptides can dimerize in benign conditions and the

folded structure will hinder the molecule from reaching the

cytoplasmic membrane.12 In the presence of a hydrophobic

environment of the bilayer the unstructured monomeric

peptides will be induced into a-helix, which is essential for

antimicrobial activity. In this study, all our peptides have a
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lysine residue in the center of the nonpolar face as a specific-

ity determinant to maintain the peptides as unstructured

monomers in benign conditions, but still allow the peptides

to be fully induced into a-helix in the hydrophobic environ-

ment of the bilayer (see Figure 3).

To date, almost 300 a-helical AMPs have been reported

(Antimicrobial Sequences Database, http://www.bbcm.

units.it/~tossi/pag2.htm), which vary markedly in positive

charge. For example, the peptide ovispirin-1 (KNLRRIIRKII-

HIIKKYG) has the highest charge density of any amphipathic

a-helical antimicrobial peptide with positively charged resi-

dues representing 7/18 or 38.9% and hydrophobes represent-

ing 8/18 or 44.4% at pH 7.36 However, this peptide is highly

cytotoxic. The majority of native AMPs have a net charge

ranging form +4 to +6,37 which may represent an optimal

charge for activity.38 According to Han and Kang, two posi-

tively charged amino acids (at pH7) lysine and arginine were

composed of approximately 20% of the first 20 residues of a-
helical AMPs among 221 representative peptides; while the

frequencies of two negatively charged amino acids (at pH 7)

glutamic acid and aspartic acid were both below 2.3%.39

Various studies on individual cationic a-helical AMPs

have shown that net charge can modulate the antimicrobial

specificity and efficacy of these peptides.38 However, regres-

sion analyses40 showed that there were no apparent general

correlations between net charge and MICs (P > 0.05). For

example, Giangaspero et al. used an artificial lead AMP to

show that decreasing the net charge reduced antimicrobial

activity and increasing the net charge increased antimicrobial

activity.37 Dathe et al. showed that increased net charge of

magainin 2 from +4 to +5 increased antimicrobial activity;

further increase to +7 did not alter the maximal activity

observed at +5, however, the hemolytic activity increased.41

Scott et al. modulated the charge of cecropin/melittin hybrids

from +5 to +9, and found no statistically significant correla-

tion between net charge and the MIC.42 Moreover, some

studies further suggested that differences between the local-

ization of positive charge on arginine and lysine side-chains,

may be linked to membrane lipid selectivity and thereby con-

tribute to differences in the antimicrobial action of cationic

a-helical AMPs.43

In this study, we have clearly shown that net charge and

positively charged residues on polar face significantly affects

a-helical AMPs’ antimicrobial activity and hemolytic activity.

Decreasing the net charge to a lower level (<+4) made V13K

analogs totally inactive, both antimicrobial activity and

hemolytic activity. Systematically increasing the net charge

from +4 to +8 made V13K analogs more active for antimi-

crobial activity, and maintained low level hemolytic activity

(MHC ¼ 250 lg/ml). However, though an increase in net

charge to +9 and +10 further improved antimicrobial activity

it had a dramatic affect on increasing unwanted hemolytic

activity. These results suggest that there is a critical limit to

the net positive charge or positive charge density on a given

a-helical antimicrobial peptide. In our peptides, the maxi-

mum allowed charge density of +8 per 26-residues (30.8%

positively charged residues) provides the best therapeutic

index while increasing the charge density to +9 per 26-resi-

dues (34.6% positively charged residues) dramatically

increases hemolytic activity and thus decrease the therapeutic

index. Comparing therapeutic indices to different microor-

ganisms, peptide +8 is the best choice for maintaining anti-

microbial activity without affecting hemolytic activity.

The dramatic increase in hemolytic activity on increasing

the net charge from +8 to +9 (250 lg/ml to <7.8 lg/ml,

respectively) can be explained by the increase in net charge

favoring the formation of transmembrane channels/pores in

eukaryotic cells. In other words, the placement of a lysine res-

idue in the center of nonpolar face destabilizes transmem-

brane helix formation in human red blood cells. However,

the effect of this specificity determinant can be overridden in

two ways: (1) increasing the hydrophobicity on the nonpolar

face of our lead compound V13K allows transmembrane

penetration of the helix by stabilizing pore/channel forma-

tion by increase hydrophobic interactions of the hydrophobic

surface of the pore/channel with the hydrophobic lipid (see

our previous publication12); (2) increasing the net positive

charge beyond +8 could stabilize the pore/channel by

increasing hydrophilicity of the pore. It seems reasonable to

propose that both surfaces of a transmembrane pore/channel

could contribute to formation and stability of the such a

pore/channel.
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