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Preface
The ability to directly interrogate protein interactions in a high-throughput format
provides an unprecedented opportunity to dissect the complex molecular architectures
of living systems. Traditional molecular biology techniques provide valuable information on the expression, structure, and function of proteins; nonetheless, these methods
are unable to provide the massively parallel analysis capacity which is essential to map an
entire proteome or to accomplish the present-day drug discovery programs. Parallel
sensing using arrayed systems has proved to be successful in genomic research where
DNA microarrays are widely used for large-scale analysis of gene expression. However,
the protein equivalent of the DNA microarrays poses a more difficult challenge,
especially in the identification of suitable high-affinity capture ligands, which retain
their specificity and functionality following immobilization on the arrayed sensor
substrate. Synthetic peptides have some very interesting features as capture ligands in
microarray experiments: they are easy to synthesize and manipulate, highly stable, and
inexpensive. More importantly, since peptide ligands can be modeled to act as a binding
site for almost any target structure of the proteome, they can mimic biological activities
of proteins and provide a straightforward analytical approach in a variety of applications.
Beyond their initial utility in protease profiling, researchers are adopting peptide
microarrays for the comparative screening of many different classes of enzymes and
proteins for the study of complex biological matrices and even living cells. The peptides
on the arrays may serve to sense protein activity (as substrates) or act as small molecule
ligands (for potential therapeutic leads) in profiling, detection or diagnostic applications. Due to these developments, along with the diminishing costs of library synthesis
and the growing of commercial support, peptide microarrays will no longer remain just
a research tool but also a versatile and powerful platform to be harnessed for wider drug
discovery and point-of-care applications.
Peptide Microarrays: Methods and Protocols is a view on the peptide array technology,
on its applications and technical issues. The book is divided into four sections:
i) The Introduction comprises four review chapters aimed at giving to the readers the
broadest view of how peptides can characterize proteins and clarify, at the amino
acid level, the molecular recognition events in which they are involved.
ii) Section II is dedicated to several practical applications of peptide arrays: to their
production and use for enzyme and binding motifs characterization, epitope mapping and diagnostics.
iii) Section III is devoted to new technological advancements that can improve the
state-of-the-art of peptide microarray methodologies and even pose the way toward
new concepts in parallel analysis.
iv) Section IV is dedicated to software and Web tools for the design of peptide arrays
and for the analysis of output data.
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Preface

We hope that readers will take advantage of the unique insights and the novel solutions
in peptide arrays technology offered by each chapter of this book.
We thank all the authors of this Volume for their valuable contributions and for their
willingness in sharing their experience and knowledge. We thank Prof. John Walker for
continuous support and editorial help and the staff of Humana Press for their
professionalism.
Finally, we wish to express gratitude to the members of our group and to all the
colleagues and friends who, despite the difficulties, stay beside us.
Marina Cretich
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Section I
Introduction

Chapter 1
Exploring and Profiling Protein Function with Peptide Arrays
Victor E. Tapia, Bernhard Ay, and Rudolf Volkmer
Abstract
Development of array technologies started in the late 1980s and was first extensively applied to DNA arrays
especially in the genomic field. Today this technique has become a powerful tool for high-throughput
approaches in biology and chemistry. Progresses were mainly driven by the human genome project and were
associated with the development of several new technologies, which led to the onset of additional ‘‘omic’’ topics
like proteomics, glycomics, antibodyomics or lipidomics. The main characteristics of the array technology are (i)
spatially addressable immobilization of a huge number of different capture molecules; (ii) probing the array in a
simultaneous and highly parallel manner with a biological sample; (iii) tendency towards miniaturization of the
arrays; and (iv) software-supported read-out and data analysis. We review some general concepts about peptide
arrays on planar supports and point out technical aspects concerning the generation of peptide microarrays.
Finally, we discuss recent applications by describing relevant literature.
Key words: Peptide microarray, high-throughput screening, kinase activity, fluorescence-based
detection, native chemical ligation, immobilization, binding assay.

1. Introduction
Peptide arrays are high-throughput devices for binding assays.
The array format refers to the spatially addressable presentation of peptide probes immobilized to discrete areas of a
support surface. This principle has been extensively and fruitfully applied to RNA hybridization experiments using cDNA
microarray devices (1–3). Development in this area has led to
the establishment of advanced technical aspects with respect to
immobilization chemistries, industrialization of dedicated
equipment and tailor-made bioinformatics. Current aims to
globally analyse cellular behaviour relying in cDNA capture
molecules include mutation and polymorphism analysis, determination of clinically predictive genes, as well as relating
expression profiles with cellular states.
Marina Cretich, Marcella Chiari (eds.), Peptide Microarrays, Methods in Molecular Biology 570,
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However, distribution of cellular labour between DNA and protein structures may render measurements of genetic change insufficient
to explain emergent phenotypes (4) involved in normal or pathological
cellular behaviour. Situations in which this point cannot be overseen are
the intricate balance between promiscuity and selectivity of protein
interactions as well as the regulation of enzyme activity. Here, assays
at the protein level are required to point out gene function at the level of
the phenotype. Moreover, in pragmatic terms, RNA levels do not
correlate with protein abundance (5–7) and proteins, rather than
genes, are the immediate causative agents of cellular function.
Several technologies aim to bridge this causative gap and are
coined under the research field of proteomics. Rudely stated, their
object of study is the proteome, originally defined as ‘‘the entire
complement of proteins expressed by a genome, cell, tissue or
organism’’ (8). Advanced protein science is characteristic of the
field, and it is dedicated to satisfy the original expectations of
functional genomics to globally analyse cellular organization. Just
as genomics has reached an endpoint in gene discovery, namely the
sequencing of the human genome, an equivalent ambition to discover the human proteome is borne by protein science (9, 10).
Protein arrays are predestined to support proteomic research.
Due to their structural and functional complexities, proteins are
highly informative systems and well suited to investigate protein
interactions occurring over extensive complementary surfaces.
However, several critical factors such as stability, native folding
or activity of the immobilized proteins pose stringent demands on
production, storage and experimental conditions. Due to that, it is
not amazing that the first reports on protein arrays came just in
time for the new millennium (11–13).
Peptides, on the contrary, are chemically quite resistant and
have more modest dynamics to achieve their active conformations.
In general, peptides retain partial aspects of protein function and,
thus, peptide arrays are suitable to support proteomic research in a
more reductionist approach. Not surprisingly, peptides paved the
way for array technologies: in 1991 two techniques for the preparation of peptide arrays were published.
First, Frank et al. presented the SPOT technique – a stepwise
synthesis of peptides on filter paper (14). Second, Fodor et al.
reported the concept of light-directed spatially addressable chemical synthesis (15). Both these techniques are milestones in the
advancement of the peptide array technology, but the former has
found a wider spread use as preparative source of peptides for
varied biological applications and for binding assays carried out
in situ. We review some general concepts about peptide arrays on
planar supports and point out technical aspects concerning the
generation of peptide microarrays. Finally, we discuss recent applications by describing relevant literature but without the pretension to be extensive.
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2. Advancement
of Peptide Arrays
The technological advancement of the peptide arrays can
roughly be reviewed by focusing (at least) on three milestones
of stepwise peptide synthesis. The development of solid-phase
peptide synthesis (SPPS) by Merrifield (16, 17) and adaptions
of this procedure (18) set the chemical ground for innovative
technologies to follow. The development of the ‘‘Pin’’ method
by Geysen (19) introduces the array format to peptide synthesis. Definitive establishment of peptide arrays came along
with the development of the SPOT synthesis by Frank (20,
21) which simplified chemical synthesis of peptide arrays to
the addressable deposition of reagents on a cellulose sheet.
Moreover, chemical synthesis allows incorporation of non-natural building blocks, preparation of branched and cyclic structures and labelling with chromophores. Modern peptide
synthesis approaches and molecular biology make peptides
accessible in a high degree of structural diversity. The two
greatest drawbacks of synthetic peptide arrays are peptide
length, with a quality threshold between 30 and 50 amino
acids, as well as the restriction to linear motives, since the
mimicry of nonlinear motives with linear peptide constructs
is still under development (22).
Peptide arrays also present a milestone in the advancement of
analytical binding assay systems. Since the 1990s, a major aspect of
development to achieve the required sensitivities to analyse biological samples has been the miniaturization of analytical devices
(23). It is important to note that miniaturization is not only a
matter of high throughput and economy. Miniaturization is an
essential factor that should provide saturation of binding sites
under low analyte concentrations without significantly altering
its bulk (or ambient) concentration upon capturing (24–27). In
this sense, the first application of a peptide microarray device in
1991, anticipating even the application of cDNA arrays, achieved
already the impressive feature density of about 1024 peptides in
1.6 cm2 by means of in situ light-directed parallel synthesis (15).
The several methods available to generate peptide arrays on planar
solid surfaces offer a range between 16 peptides per cm2, in the
case of SPOT macroarrays (28, 29) and 2000–4000 peptides in
1.5 cm2, in the case of microarrays generated by digital photolithography (30–33).
In order to support synthesis, planar materials have to fulfil several
requirements including stability towards solvent and reagent deposition. The functional groups on the surface must also be biochemically
accessible for chemical derivatization. Furthermore, upon solid-phase
binding assay, generated peptides must be functionally displayed to
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allow molecular recognition with a binding partner in the solution
phase. In particular, non-specific interactions should be ruled out.
Flexible porous supports such as cellulose (34, 35), cotton (36, 37) or
membranes (38–40) are preferentially used for peptide array generation. Rigid, non-porous materials such as glass (41), gold films
(42–44) or silicon (15, 33) have also been used for in situ synthesis
but are much more technically demanding. On the other side, rigid
materials have a number of advantages over porous supports for
functional display of molecules. Impermeability and smooth two
dimensionality of the material do not limit diffusion of the binding
partner and lead to more accurate kinetics of recognition events.
Finally, the flatness and transparency of glass improve image acquisition and simplifies the use of fluorescence dyes for the read-out
process. In some cases, assembled 3D structure on a non-porous
surface could be a fruitful approach. Several techniques for coherent
surface modifications are described over the past 20 years in the
literature. For a comparative overview on this field, we refer to articles
dedicated to the peptide and protein array technologies (40, 45–52).

3. Preparation
of Peptide Arrays
3.1. In Situ Peptide
Synthesis

The SPOT technique consists of the stepwise synthesis of
peptides on planar supports, such as amino-functionalized cellulose membranes or aminated polypropylene (20, 21, 28, 40,
53–58). The basic principle involves the positionally addressed
delivery of small volumes of activated amino acid solutions
directly onto a coherent membrane sheet. The areas wet by
the resulting droplets can be considered as microreactors,
provided a non-volatile solvent system is used. The functional
groups fixed on the membrane surface react with the pipetted
reagents as in a conventional solid-phase synthesis. The physical properties of the membrane surface, the solvent system and
the applied volumes define the size of the resulting spots.
Peptide arrays prepared by the SPOT technique became
popular tools for studying numerous aspects of molecular
recognition. Recent developments such as new linker and
cleavage strategies (59–62) as well as the fully automated
synthesis achieved by the MultiPep SPOT-robot (INTAVIS
Bioanalytical Instruments AG) have increased the spreading
of the technique. The new linker and cleavage strategies,
especially, open up the opportunity to use the SPOT technology as a highly parallel synthesis method for the preparation of
a huge number of small amounts of soluble peptides
(50–100 nmol/peptide). Although quantitative assays based
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on this technology suffer from lack of precision and accuracy,
achievements in the quantification of measurements (63, 64)
and its application to analyse the affinity and specificity of
PDZ protein binding domains have been reported (65, 66).
Other in situ technologies for peptide synthesis permit
extreme miniaturization of peptide array formats. Addressable
peptide arrays have been generated by using lithographic masks
and photodeprotection (15, 67). The synthesis involves different
masks for each amino acid type at each coupling step, light irradiation through the mask to remove photo-labile protecting groups
and subsequent addition of the amino acid type required at the
deprotected site. Although promising for high-density microarrays, the process has its limitations because production of photomasks is time consuming and expensive and requires a high-grade
clean-room environment. Furthermore, the applied photochemistry is less efficient than conventional Boc and Fmoc chemistry.
This results in a poor yield per step, reduces the quality of the
surface-bound peptides and limits their sequence length. As a
consequence, higher rates of false-positive and false-negative measurements are expected upon the screening assay. An interesting
alternative is the use of a novel photogenerated reagent chemistry
combined with standard Boc chemistry (31–33). It is based on an
addressable maskless photogenerated acid formation using digital
photolithography. The generated acid deprotects the t-Boc group
of the growing peptide chain and releases the amino-terminus
which is then amidated by an activated amino acid. Up to 4,000
features in a 1.5 cm2 area have been synthesized with this method
(31).
3.2. Immobilization
of Pre-synthesized
Peptides

Whenever sample economy, length of peptides and probe
replicas are critical factors, immobilization of pre-synthesized
peptides to a suitable display platform may be more provident.
The solid-phase peptide synthesis (SPPS) and, specially, SPOT
technology are viable preparative methods. The latter enables
the parallel synthesis of up to 2,000 peptides in a very short
time (1 week) and at amounts of approximately 50–100 nmol
of cleaved material. Once cleaved from the preparative substrate, pre-synthesized peptides can be analysed and purified
prior to immobilization. Thus, a quality control may be carried out at this key step of the manufacturing process.
A further advantage is the possibility to expand and redistribute the original peptide probes from the preparative substrate to
numerous replicas in tailor-made array designs over one or more
display platforms. The deposition of sub-nanolitre volumes of
prepared peptides in printing buffers is assisted by contact or
non-contact microdispensing robots. In general, contact methods
work best for dispensing numerous different peptide probes to a
small number of platforms, while non-contact methods work best
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for dispensing to many platforms with feature replicas (68). Printing buffers may contribute essentially to coupling efficiency, spot
morphology and the extent of array miniaturization. Buffer agents
like sodium acetate and sodium chloride may enhance coupling
efficiency, though crystallization may affect the functionality of
attached peptides or signal-to-noise ratio upon fluorescence detection. The use of hygroscopic reagents, such as DMSO and glycerol, is also a conflictive affair: they reduce the surface tension of
deposited peptide probes and, thus, generate more uniform feature morphology but may considerably compromise array quality
in an ambient with even light changing air humidity. It has been
recommended to consider the use of commercially available optimized printing buffers and to relegate printing devices to small
rooms with reduced traffic (68). If buffers contain hygroscopic
reagents, then the arrayer should be sealed off and equipped with a
humidity controlling set at 60–70% relative humidity (69).
Several commercial products are available which offer immobilization platforms coated with sorptive films or silane modified
with varied chemical functions. Protein immobilization to such
platforms has profit from many basic principles established for
DNA microarrays and has been extensively reviewed (10, 26, 27,
70–72). Perhaps with the exception of some methods for the
functional immobilization of antibodies, the protocols described
there are not applicable to the immobilization of peptides.
Although helpful for allowing the adoption of enzyme-linked
detection schemes, sorptive attachment fails to assure an oriented
display of peptide probes. Due to the shorter length of peptides,
the loss of residues essential for molecular recognition will be more
hardly compensated as upon the sorptive attachment of proteins
may be the case. Similarly, immobilization methods adapted from
DNA microarrays and bioconjugation protocols may be crossreactive to nucleophile side-chain residual functions essential for
molecular recognition. These unspecific attachment mechanisms
render a heterogeneous efficiency, which is strongly dependent on
the amino acid sequence of peptide probes.
An additional problem with these immobilization strategies is
that blocking is strongly recommended to avoid unspecific capturing
of protein analyte to the surface. Standard blocking solutions, e.g.
casein or BSA-based buffers, may compromise the accessibility of
analyte to peptide probes. A solution to this point is to chemically
quench reactive surface groups that remain after printing of peptides.
Alternatively, MacBeath and Schreiber, first attached a BSA layer to a
surface aldehyde function and then activated lysine, aspartate and
glutamate residues on BSA with N,N 0 -disuccinimidyl carbonate to
yield BSA-N-hydroxysuccinimide (BSA-NHS) (11). Subsequently,
the NHS function is made to react with amines on printed peptides
forming covalent urea or amide linkages. Remaining NHS functions
were finally quenched with glycine. This approach allows an accessible
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display of peptide probes on a protein monolayer; however, crossreaction with side-chain nucleophiles remains a source of failed orientation as described above.
The oriented immobilization of unprotected peptide products
faces a similar problem as the chemoselective ligation of peptide
fragments to assemble proteins (73). Thus, many of these ligation
techniques have been adapted for the immobilization of peptides
to final display supports. Reactions leading to the formation of
thioester (74, 75), thioether (76–79) and oxime have been specially instructive in early reports of chemoselective immobilization
approaches (41, 80, 81). Additionally, the use of a Diels–Alders
reaction (42, 82) and semicarbamide chemistry have been
described. Also here, pioneer work from MacBeath et al. set up a
protocol for immobilization of small molecules and peptides (83).
The method relies on the Michael Addition. Glass slides were
functionalized with maleimide groups that are expected to form
a thioether linkage to thiol moieties contained in printed molecules. Unspecific binding of protein analyte to remaining surface
maleimide functions was not observed. As for peptide probes,
oriented covalent immobilization can only be expected when
exclusively one (N-terminal) cysteine residue is present in the
sequence. Another advanced approach is the derivatization of
aminosilane coatings by coupling acetal-protected glyoxylic acid
and deprotecting with dilute HCl to obtain a surface-bound
glyoxylyl function with a free aldehyde (41). Immobilization can
be achieved through formation of oxime bonds with N-terminal
oxy-amine functions and thiazolidine rings with N-terminal
cysteines. Quenching can be carried out with hydroxylamine
derivates.
By adapting reactions originally described for the native chemical ligation (84, 85), Yao and co-workers have shown that
derivatization of aminosilane slides to thioester functions allows
the chemoselective reaction with 1,2-aminothiols of N-terminal
cysteines (80, 81). The sulphydryl moiety of N-terminal cysteinecontaining peptides is first captured by thioester bond formation
and, subsequently, bond stability is achieved by spontaneous rearrangement leading to a native amide bond and regenerating the
free sulphydryl on cysteine.
A complete different mechanism for oriented chemoselective
immobilization applies affinity/avidity binding between biotinylated peptides and avidin-coated surfaces. The non-covalent interaction, with an approximate KD of 1015 M, is stronger than most
maturated antibody/antigen reactions and very stable under normal assay conditions (ca. neutrally buffered solutions with low
ionic strength). The avidin coat provides a protein layer preventing
nonspecific binding to the glass surface, eliminates the need of
blocking with casein or BSA-based buffers and, thus, releases
peptide probes from eventual masking effects (80, 81, 86–88).
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4. Applications
of Peptide Arrays
The first instance of decision for array content often depends on
which of two kinds of analysis should be carried out. The dedicated
analytical devices for each case have been referred to as functional
or analytical arrays (10). Although this distinction may help to plan
an experiment or to link entries in databanks, the use of these
concepts is very ambiguous. A functional assay analyses the chemical activity between sample and probes, i.e. molecular binding
or substrate modifications. The sample is usually a purified analyte
which is challenged with relevant peptide probes defined by some
systematic collection of peptides, e.g. the targets of a consensus on
a sequence data bank or frame and length versions of a protein
sequence. Generally, previous knowledge of the assayed activities
in terms of affinity or turnover is not required and densitometric
measurements are reliable when qualitative.
Analytical assays, on the contrary, rely on quantitative densitometric measurements. In these assays, immobilized probes are
usually chosen to have a (known) high affinity and specificity for
the assayed samples. The analysed activity refers mostly to the
concentration of one or multiple analytes in a biological sample
like cell extracts, sera or CSF. Samples from different biological
states may be compared on separate devices or by challenging one
device with separately labelled samples. Depending on the number
of different analytes assayed and the analyte–peptide specificities,
the amount of different peptide features required to differentiate
between biological states is not as extensive as in explorative functional assays. Preliminary work has shown the potential of peptide
arrays for applications like protein expression level, affinity profiling and, eventually, clinical diagnostics. Nevertheless, especially in
the later case, further development is required.
Functional peptide assays have found a wide range of applications: mapping antibody epitopes, protein domain-based molecular
interactions, as well as investigation of enzyme–substrate–inhibitor
interactions especially for kinases, proteases phosphatases, methylase and isomerases (20, 21, 28, 40, 53–58). The explorative
approach demands an extensive representation of protein function
and diversity. The sequence content of peptide arrays may be
flexibly designed to screen the functions of protein analytes and
collect the diversity of potential interaction partners. Three array
designs may be considered as standards: combinatorial libraries,
frame-shifted arrays and proteomic arrays.
Combinatorial libraries define each feature of a peptide array
by a consensus sequence similar to X1X2B3B4X5X6 having one or
more defined amino acid positions (symbolized Bn) and a number
of randomized positions (symbolized Xn) (89). Only one amino
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acid is introduced at the defined positions, while a mixture of
amino acids is introduced at the randomized position. This results
in a sub-library of different sequences in each single array feature.
The B positions vary from feature to feature of the array. The
drawback of this approach is the intensive effort required to deconvolute positive library features in order to unambiguously identify
the epitope or substrate sequence.
The use of peptide arrays dedicated to identify linear epitopes
of antibody samples is well reported (19, 55, 87, 90–93). This
approach consists in the generation of peptide probes by shifting a
short sequence frame (usually 8–15 amino acids in length) along
the complete antigen sequence. In a similar fashion, the binding
motives of a protein interaction domain may be identified by
shifting short frames along the complete sequence of a validated
interaction partner (94). This type of arrays is generally referred to
as epitope or ligand mapping, respectively. Although this approach
can only display continuous sequences, some of the functionality
of discontinuous motives may be retained by continuous fragments of it. Recently, Tessier and Lindquist (95) synthesized
large libraries of overlapping peptides derived from the sequence
of the N-terminal and middle regions of the yeast Sup35 prion
protein. Labelled Sup35 protein was captured by a very small set of
peptides. These recognition elements selectively promoted the
assembly of amyloid fibrils in a species-specific fashion.
Analogous to proteomic arrays, where the complete set of proteins coded by ORFs of the yeast or other organisms is immobilized,
exploration of the epitope, ligand or substrate sequence space may
be defined by targets of a consensus across annotated proteins in a
sequence database (96–99). Thousands of peptide probes may be
required to cover such space, eventually compromising the recommended use of probe repeats. In some cases, further restrictions may
be required to display the concerned sequence diversity on one
platform. Technological innovation, especially concerning miniaturization, is required to improve these limitations.
On the belief that advancing applications will rely on analytical
approaches, we point out two selected applications which emphasize the quantitative potential of peptide array technologies. First,
we price the systems biology approach to place proteins in a larger
context of function, specially the construction of binary protein
interaction networks. A quantitative protein interaction network
of a human proteomic set of SH2 and PTB domains with phosphorylated peptides from ErbB receptor tyrosine kinases has been
reported (100). The network is able to describe the selectivity of
recruitment of proteins to the receptor at various affinity thresholds or in authors’ words, ‘‘[the network] reveals [that] receptor
tyrosine kinases [. . .] differ in the extent to which they become
more promiscuous when overexpressed’’. This and an associated
publication (101) show the importance of applying different
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analyte concentrations to obtain saturation curves from which
essential experimental parameters, such as estimates of the amount
of active probes on the surface, can be calculated. The mentioned
parameter is not biologically relevant, but still a determinant of
signal intensity which must be taken into account in highthroughput quantitative approaches (101, 102).
Although this point is essential to allow reliable diagnostic and
predictive applications, as well as to reveal the organization of cells
and organisms at a systems level, to our best knowledge, only a few
reports analyse the performance of peptide array-based assays to
deliver accurate and precise measurements in high-throughput
fashion (101–103). Nevertheless, several works have demonstrated that synthetic peptides are informative molecular probes
to draw profiles of immunoreactivities (86, 90, 91, 93, 104–106).
The basic thought behind these applications is that the immunological experience of an individual determines the propensity of its
antibody repertoire for resistance or susceptibility to autoimmune
and pathogen diseases (107, 108). Under this paradigm, Quintana
et al. challenged the IgG antibody repertoire of cyclophosphamide-accelerated diabetes (CAD) mice, before and after CAD
induction, with 266 different antigen probes including proteins,
synthetic peptides, nucleotides and phospholipids (19 mice with
bleeding samples 1 day before and 1 month after injection) (109).
Serum samples from all mice were analysed by superparamagnetic
clustering (SPC) as an inherent mechanism for robust and stable
two-way clustering of reactivities. Of special interest is the result
that the sets of most informative probes for diagnosis and prediction were very different, suggesting that informative probes may
challenge IgG antibodies that are not direct causative agents of the
analysed disease. Synthetic peptides derived from heat-shock proteins behaved specially well as probes – being the only probe type
which was informative for both diagnosis and prediction.
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Chapter 2
Peptide Arrays for Enzyme Profiling
Alexandra Thiele, Johannes Zerweck, and Mike Schutkowski
Abstract
Enzymes are key molecules in signal transduction pathways. However, only a small fraction of more than
500 predicted human kinases, 250 proteases and 250 phosphatases is characterized so far. Peptide
microarray-based technologies for extremely efficient profiling of enzyme substrate specificity emerged
in the last years. Additionally, patterns of enzymatic activities could be used to fingerprint the status of cells
or organisms. This technology reduces set-up time for HTS assays and allows the identification of downstream targets. Moreover, peptide microarrays enable optimization of enzyme substrates. A comprehensive
overview regarding enzyme profiling using peptide microarrays is presented with special focus on assay
principles.
Key words: Enzyme, substrate specificity, kinase, protease, phosphatase, peptide microarray, spot
synthesis.

1. Introduction
Phosphorylation of proteins by protein kinases plays an essential
role in the regulation of cellular processes such as signal transduction, cell proliferation and viability, differentiation, apoptosis and
metabolism. Information about substrate proteins and peptides is
necessary to integrate kinases into their biological networks. This
can provide the basis for understanding molecular origins of diseases and for potentially developing tools for therapeutic intervention. The discovery of more than 500 members of these enzymes
in the human genome stimulated a growing interest in protein
kinases. Consequently, high-throughput technologies for determining kinase substrates have become a prerequisite for elucidating the huge number of potential phosphorylation events
triggered by these kinases. This demand can be perfectly matched
by peptide (micro)arrays, which have proved to be powerful tools
Marina Cretich, Marcella Chiari (eds.), Peptide Microarrays, Methods in Molecular Biology 570,
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for the rapid delineation of molecular recognition events. In this
review we describe the application of peptide arrays for enzyme
profiling with focus on kinase, phosphatase and protease research.
The scope of this review is peptide (micro)arrays on planar supports. Thus, we exclude the following topics from the considerations:
peptide synthesis on polymeric pins, surfaces modified with only one
peptide rather than a peptide collection as often applied in material
sciences, read-out methods like surface-enhanced laser desorption/
ionization time-of-flight mass spectrometry (SELDI-TOF-MS) with
peptides immobilized on the surface and surface plasmon resonance
with immobilized peptides in standard configurations as well as small
molecule and protein (micro)arrays.

2. Chemistry
of Peptide Array
Preparation

There are two main principles for the preparation of peptide arrays:
in situ synthesis directly on the array surface and immobilization
of pre-synthesized peptide derivatives. In general, in situ synthesis
has a number of advantages compared to immobilization of presynthesized peptides. Normally, yields of peptides synthesized on
surfaces are high and consistent over the entire support surface
from one array region to another. It also permits combinatorial
strategies for constructing large arrays of peptides in a few coupling
steps. In 1991 two different technologies for the in situ preparation
of peptide arrays were published. Light-directed, spatially addressable parallel chemical synthesis (1) is a synthesis technology permitting extreme miniaturization of array formats; however, it involves
sophisticated and rather tedious synthesis cycles. A major problem is
the novel set of chemistries. If these chemistries are not optimized,
final quality of the surface-bound peptides will give false-positive (if
an impurity is active) and/or false-negative results (if the target
peptide sequence was not synthesized). An interesting alternative
to circumvent this limitation is the use of photo-generated acids in
combination with standard Boc-chemistry (2–4). Nevertheless, the
use of photolithographic masks combined with solid-phase peptide
synthesis is relatively labour intensive.
Alternatively, the SPOT synthesis concept developed by Frank is
the stepwise synthesis of peptides on planar supports, such as functionalized cellulose membranes, applying standard Fmoc-based
peptide chemistry (5, 6). SPOT synthesis is technically very simple
and flexible and does not require any expensive laboratory automation or synthesis hardware. Nevertheless, the degree of miniaturization is significantly lower as compared to light-directed,
spatially addressable parallel chemical synthesis. SPOT synthesis
is very flexible and economic relative to other techniques and was
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transformed from a semi-automatic procedure (7) into a fully
automated system (www.jpt.com). The basic principle involves
the spatially addressed deposition of defined volumes of activated
amino acid derivatives directly onto a planar surface such as functionalized cellulose, aminated polypropylene (8) or aminopropylsilylated glass slides (9). The areas contacted by the droplets
represent individual micro-reactors allowing the formation of a
covalent bond between the amino acid derivative and the surface
function. The resulting spot size is defined by the dispensed
volume as well as the physical properties of the surface used. This
SPOT synthesis has been reviewed extensively (8, 10–20).
A very elegant form of spatially addressed compound deposition makes use of modified colour laser printers. The cartridges are
filled with a solvent/amino acid derivative mixture (the high melting point of the solvent yields a toner-like powder) resulting in an
activated amino acid solution during the laser-induced melting
process (21, 22). Analogous ink-jet delivery of activated amino
acids to appropriate functionalized surfaces, such as membranes,
microscope slides (23) or spinning surfaces in a CD-format (24)
for automated synthesis of peptides, have been developed by a
number of companies, but is not yet commercially available.
When large numbers of peptide arrays with the same
sequences are required, immobilization of pre-synthesized peptides is more economical than in situ synthesis. Immobilization is
also the method of choice for long peptide sequences, which
normally have to be purified to obtain high-quality products.
Chemoselective immobilization reactions are of particular interest
in the preparation of peptide arrays because they allow control over
both the orientation and the density of the attached peptides.
One intrinsic advantage of using chemoselective reactions via
N-terminal reactivity tags is the introduced reactivity purification
step. The resulting target peptide derivative is contaminated by
acetylated truncated sequences only if the chemical moiety mediating the chemoselective reaction with the appropriately modified
surface is attached to the N-terminus of target peptide and the
peptide synthesis protocol is modified by introduction of capping
steps subsequent to each coupling reaction. Deposition of this
mixture results in formation of a covalent bond exclusively between
the full-length target peptide derivative and the surface. The chemically ‘‘inert’’ truncated (and acetylated) sequences can be simply
removed during subsequent washing steps. Thus, chemoselective
reactions allow the generation of peptide arrays displaying purified
peptides that are free of truncated sequences (see Fig. 2.1).
Different chemoselective reactions were used for peptide
microarray preparation in connection with enzyme profiling experiments. An aldehyde function at the surface of glass slides in combination with amino-oxy-acetyl moieties in the peptides (15, 25–29)
or cysteinyl residues (25, 30, 31) was used for the preparation of
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Fig. 2.1. Purification of Peptides During Chemoselective Immobilization. (A) Deposition of peptides mixtures and
chemoselective immobilization of crude peptides which contain truncated sequences resulting from introduced acetylation
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peptide microarrays on glass slides. The reaction between cysteine
residues and surface-bound maleimide groups was used for preparation of peptide microarrays for kinase (32–37) and protease
profiling (38). It could be demonstrated that native chemical ligation, introduced by Dawson et al. (39), is well suited for effective
attachment of kinase substrate peptides containing an N-terminal
cysteine residue to thioester-modified glass slides (40–42). A more
sophisticated reaction for oriented immobilization of peptide derivatives was introduced by Houseman et al. (43). A Diels–Alder
reaction between benzoquinone groups on self-assembled monolayers and cyclopentadiene–peptide conjugates led to efficient covalent attachment of kinase substrate peptides that were efficiently
phosphorylated by c-Src kinase (43). Formation of amide bonds by
Staudinger ligation between azide-modified phosphopeptides and
appropriately phosphin-displaying glass surfaces was used for preparation of phosphopeptide microarrays enabling profiling of protein tyrosine phosphatase activities (44). Regioselective
immobilization of poly(desoxythymidin)-modified kinase substrates onto differently coated glass slides was reported for PKA
and c-Src (45). Photocleavable acrylamide labelled cysteine-containing kinase substrates were incorporated into peptide–acylamide
copolymer hydrogel surfaces, and v-Abl- or c-Abl-mediated phosphorylation was detected by MALDI-TOF/TOF subsequent to
laser-induced cleavage at the ß-(2-nitrophenyl)-ß-alanine residue
(46). There are several additional chemistries used for the chemoselective immobilization of peptides onto different surfaces (comprehensively reviewed in (19)) like formation of covalent bonds by
reaction of salicylhydroxamic acids with 1,3-phenydiboronic acid
derivatives (47–49) or semicarbazides with aldehydes (50–54), but
no applications for enzyme profiling have been described so far.
The surface-bound peptide’s accessibility to the proteins or
enzymes used in screening has also been identified as a critical factor.
Insertion of a spacer between the peptide and the surface is an
effective way to circumvent this potential problem. Generally, all
linker molecules introduced to transform a given surface function
into a functional group suitable for amino acid or peptide attachment can be considered as spacers. Such spacers can improve the
efficiency of enzyme/substrate or antibody/peptide interactions on
surfaces, as demonstrated with FLAG epitope peptides recognized
by the monoclonal anti-FLAG M2 antibody (55). Additionally, for
protein tyrosine kinase p60c-src only incorporation of the long and
hydrophilic 1-amino-4,7,10-trioxa-13-tridecanamine succinimic
acid building block spacer allowed effective phosphorylation of the
glass surface-bound peptides (25). Similar linker structure was used
Fig. 2.1. (continued) steps subsequent to every coupling reaction. Truncated and acetylated peptides are non-reactive in
contrast to the full-length target peptide equipped with the reactivity tag. (B) Washing steps subsequent to chemoselective
immobilization yield purified covalently immobilized target peptide.
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to space apart peptide nucleic acid (PNA) tags from potential protease substrates (56) or protein tyrosine kinase substrates (57).
Inamori et al. described that insertion of a PEG spacer between
chemoselective attachment point and the kinase substrate sequence
improved phosphorylation efficiency by c-Src but not by PKA (32).
Moreover, insertion of hydrophilic dextran structures between the
surface and the presented peptides was described as necessary for
efficient kinase substrate interaction (58).
An interesting alternative to spacers is the use of proteins
decorated with peptides. MacBeath and Schreiber used covalently
attached bovine serum albumin as a spacer molecule to present
kinases with p42MAPK, PKA and CKII peptide substrates covalently attached to amino acid side chains of the albumin protein
(59). Alternatively, substrate peptides fused genetically to the Cterminus of human leptin were immobilized onto aldehyde-modified glass slides (60). Using this method sensitivity was increased
by three orders of magnitude compared to other microarray
approaches with PKA and leptin–kemptide fusions. Another
method is the decoration of streptavidin with biotinylated peptides
or phosphopeptides (61). Sun et al. were able to demonstrate that
biotinylated phosphopeptides immobilized onto streptavidincoated glass surfaces could be efficiently dephosphorylated by phosphatases or isomerized by peptidyl-prolyl-cis/trans-isomerases (61).
Nevertheless, Kimura et al. could not find detectable phosphorylation of streptavidin-bound biotinylated PKA substrates by PKA
using fluorescently labelled anti-phosphopeptide antibodies but
were able to demonstrate phosphorylation of the same substrates if
regioselectively immobilized via polythymine–deoxyribonucleoside tag onto aminosilane- or polycarbodiimide-coated glass surfaces (45).

3. Library Types
A considerable number of different library types have been used
for enzyme profiling and substrate identification with peptide
arrays. One can define two general types of libraries: knowledge-based libraries comprising peptides with sequences that
are derived from naturally occurring proteins, and libraries that
are designed de novo, i.e. either consisting of randomly generated single peptides or peptide mixtures based on combinatorial
principles.
The first type of knowledge-based library is of particular interest when the protein target for the enzyme is known. Identification
of the actual phospho-acceptor residue or cleavage site is achieved
by scans of overlapping peptides (‘‘peptide scans’’) derived from
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the protein’s sequence (see Fig. 2.2A) (29). Alternatively, libraries
of peptides only covering the sequence around each potential
phospho-acceptor residue or protease cleavage site have been
used (62, 63). The availability of high-density peptide microarrays
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Fig. 2.2. Different Library Types. (A) The amino acid sequence of the protein under investigation is used to generate short
linear overlapping 8-mer peptides shifted by three amino acids (peptide scan). (B) Peptide mixtures with defined positions
B and randomized positions X. (C) Amino acid substitution scan (alanine scan) of a hexameric peptide. (D) Truncation
library with N-terminal, C-terminal and bi-directional stepwise truncations. (E) Complete substitutional analysis of a
3-meric peptide.
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enabled the systematic extension of this approach in a ‘‘proteomics-like manner’’, where addressing groups of proteins comprising all human peptidyl-prolyl-cis/trans-isomerases in the form of
overlapping peptides resulting in more than 3250 peptides or
covering the complete proteome of human cytomegalovirus
(17,181 overlapping peptides) immobilized onto one standard
industry glass slide in duplicates. Incubation of these high-content
peptide microarrays with kinases and fluorescence scanning subsequent to treatment with phosphospecific dye yielded proteomewide detection of phosphorylation sites (64). In a similar
approach, the sequences of experimentally identified phosphorylation sites taken from databases (i.e. Swissprot (65); Phosphobase
(66)) and the literature were comprehensively evaluated on peptide arrays (15, 26, 27, 29, 35, 36, 67–76). The use of such
peptides increases the probability of finding substrates for a given
kinase since each peptide’s sequence is known to be phosphorylated by a kinase at least in the context of the natively folded
protein. One problem associated with knowledge-based libraries
is the uncertainty of determination which residue is phosphorylated when multiple phospho-acceptor sites occur in one individual peptide. When using overlapping peptide scans, this
information can be extracted from increasing and decreasing signal
intensities appearing along consecutive peptides. This is illustrated
by scanning myelin basic protein phosphorylated by cAMP-dependent kinase, as shown in Fig. 2.3. Statistical analysis and alignment
of the sequences proved to be useful in the case of collections of
annotated phosphorylation sites (27). Identification and alignment of key residues in the different substrate peptides allow a
reliable assignment of the actual phospho-acceptor residue(s).
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Fig. 2.3. Determination of Phosphorylation Sites Using Overlapping Peptide Scans.
Section of the phosphorimage of a peptide microarray displaying a scan of overlapping peptides derived from myelin basic protein MBP (13-mers overlapping by
11 amino acids) after phosphorylation with protein kinase A in the presence of
[g-32P]-ATP. Serine residues shown to be phosphorylated in the native MBP (143)
are written in bold and underlined. The key residue arginine is shown in bold. The
strongest signal is observed when both phosphorylation sites are in the central
region of the substrate. When the respective phosphorylation site is positioned at
one of the peptide termini, phosphorylation is not effective.
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An extension of the knowledge-based libraries concept is the
introduction of post-translational modifications, e.g. phosphorylation, methylation or acetylation, within the substrate sequences.
This more adequately mimics the natural environment in which
phosphorylation occurs, allowing the detection of peptides that
become substrates only after an initial priming modification event.
Such modifications can be introduced on-chip enzymatically after
chemical synthesis of the unmodified peptides (29) or chemically by
either ‘‘off-chip’’ using modified building blocks during the course
of peptide synthesis synthesis (29) or by on-chip-chemistry using
chemoselective chemical reactions as demonstrated by selective
acetylation of lysine side chains in microarray-bound peptides (77).
Another type of knowledge-based libraries allows the mapping
of protein interactions involving two discontinuous components
that are far apart in the primary polypeptide structure but form a
composite phosphorylation/dephosphorylation site in the
natively folded protein. Two separate peptides are synthesized
independently by a double peptide synthesis method on a single
spot allowing the detection of synergistic pairs of peptides for
protein tyrosine phosphatase 1B and for serine/threonine kinase
Erk2 (78).
For de novo detection of kinase substrates, both combinatorial
approaches and randomly generated libraries of single peptides
proved to be useful. Combinatorial libraries have one or more
defined amino acid positions and a number of randomized or
degenerated positions (41, 58, 79–83). Only one particular
amino acid is introduced at the defined positions while a mixture
of amino acids is introduced at the randomized positions, resulting
in a sub-library of different sequences in each single spot (see
Fig. 2.2B). The number of individual sequences per spot depends
on the number of randomized positions and the number of different building blocks used for these positions. A very high diversity
can be achieved due to the huge number of different peptides.
Once the amino acids that are productive for phosphorylation by a
given kinase have been identified at the defined positions, the
remaining randomized positions must be deconvoluted using follow-up libraries. Combinatorial libraries were successfully used
with cellulose membranes as the solid support. However, representation of each single sequence of a peptide mixture is not
guaranteed when using peptide microarrays with a low concentration of peptide per spot on planar surfaces (41).
The tremendous miniaturization of peptide libraries possible
on planar surfaces such as glass slides enables the application of
randomly generated libraries of single peptides that cover a significant, although not complete part of the potential sequence
space. Such randomly generated libraries for kinase substrate identification and kinase profiling have a defined phospho-acceptor
residue and random sequences in the flanking areas (28). In
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contrast to combinatorial libraries, each spot represents one single
sequence. If information on the consensus sequence for the substrates of a kinase is available, the random libraries can be biased by
introducing defined positions derived from the consensus
sequences. Randomly generated libraries show higher sequence
diversity compared to knowledge-based libraries that are biased
towards known kinase substrates. This can be an advantage in
searching for selective substrates for closely related enzymes.
Substrate characteristics, i.e. key interaction residues, can be
deduced from all these library types using statistical analysis, provided that the number of identified substrates is high enough (27,
28, 80–84). Alternatively, different library types based on single
substrate sequences, such as alanine scans (see Fig. 2.2C), deletion
(see Fig. 2.2D) (41) and substitutional libraries (see Fig. 2.2E)
(26, 67, 85, 86), permit comprehensive substrate characterization.

4. Assays
and Detection
Measuring the activity of enzymes that modify peptides on
microarrays involves either addition of chemical moieties to displayed peptides (kinases, acetyl transferases, glycosyltransferases,
ADP-ribosyl transferases, etc.) or release of a part of the immobilized peptide derivative (proteases, phosphatases, demethylases,
etc.). In principle, all enzyme-modifying peptides or proteins can
be applied to screen peptide arrays. However, so far only studies
with kinases, phosphatases, proteases, (see Table 2.1), lysine
methyltransferases (87, 88), isomerases (89, 90), glycosyltransferases (91, 92), ADP-ribosyltransferases (93), hydrolases (94),
esterases (95) and SUMO ligases (96) have been described using
peptide arrays or peptide microarrays. Following chapter will
review application of peptide arrays for kinase, phosphatase and
protease research in more detail.
There are three general assay principles applied to detect
phosphorylated peptides on peptide arrays. One way is to incorporate a radioactive label during the phosphorylation reaction
using [g-32/33P]-ATP (see Fig. 2.4A). Subsequently, quantification of incorporated radioactivity is achieved using either a phosphorimager (27–29) or X-ray films, or alternatively photographic
emulsions that deposit silver grains directly onto the glass surface
(59). This procedure has a low limit of detection and is only
influenced by the selectivity of the kinase. Incubation protocols
have been described for peptide arrays prepared by SPOT synthesis
(97, 98) and peptide microarrays (27–29, 71, 99). However, for
reasons of operational safety, ease of handling and waste disposal,
radioactive detection methods are increasingly avoided.
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Table 2.1
Bibliography of applications using peptide (micro)arrays for enzyme profiling and
substrate identification. The table lists screening molecules, library types, array
preparation technologies and each publication citation
Screening molecule

Library

Technology

Reference

Protein kinase A (PKA);
cytoplasmic (kinase) domains of
transforming growth factor ß
(TGFß) type I and II receptors;
g32P-ATP

Several combinatorial libraries with
fixed amino acids and
randomized positions (17 amino
acids excluding Cys, Ser, Thr) at
different positions

SODA

(58)

Protein tyrosine kinase Lyn, antiphospho-tyrosine antibody and
POD-labelled second antibody
for detection

Panel of 23 PKCd-derived 15-mer
peptides

SPOT

(62)

Catalytic subunit of protein kinase
A or cGMP activated protein
kinase G and g32P-ATP

Combinatorial library of the type
XXXO1O2XXX and iterative
deconvolution libraries

SPOT

(83)

– Anti-porcine tubulin-tyrosine
ligase (TTL) mab 1D3

– Substitutional and truncation
analysis of a TTL-derived
peptide; combinatorial library
(XXB1B2XX) and
deconvolution libraries
– Combinatorial library
(XXB1B2XX) and
deconvolution libraries
– Combinatorial library
(XXB1B2XX) and
deconvolution libraries

SPOT

(145)

– Casein kinase I (CKI) or II
(CKII) or protein kinase C
(PKC) or catalytic subunit of
protein kinase A (PKA) and
g32P-ATP
– Potato acid phosphatase

– Peptides derived from the
phosphorylation sites
RRASVA, QKRPSQRAKYL,
DDDDEESITRR,
DDDSDDDAAAA
– RRASS*VA, QKRPS*QRAKYL,
DDDDEES*ITRR,
DDDS*DDDAAAA (S* =
phospho-serine)

SPOT

(146)

Protein kinase A (PKA), protein
kinase C (PKC), casein kinase I
(CKI), casein kinase II (CKII)
and g32P-ATP

Panel of human phosphorylation
sites

SPOT

(67)

–125I-Calmodulin

– phosphorylated and
unphosphorylated peptides
derived from cell–cell adhesion

SPOT

(63)

Kinases and Phosphatases

– Streptavidin-alkaline phosphatase

– cAMP-dependent protein kinase

(continued)
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Table 2.1(continued)
Screening molecule

Library

Technology

Reference

– Porcine protein kinase C b and g
32
P-ATP

molecule (C-CAM) isoforms S
and L and single site
substitution analogs
– Partial peptide scans of the
C-CAM isoforms S and L

Androgen receptor protein kinase
and g32P-ATP

Panel of kinase substrates known
from literature

SPOT

(135)

Enzyme I of bacterial sugar
phosphotransferase system and
32
P-phosphoenolpyruvate

Combinatorial library of the type
XXXXXO1HO2XXXXX and
iterative deconvolution libraries

SPOT

(79)

Catalytic subunit of protein kinase
A or cGMP activated protein
kinase G and g32P-ATP

Combinatorial libraries of the type
XXXO1O2XXX and
XXXRRO1O2X

SPOT

(97)

Catalytic subunit of protein kinase
A or cGMP activated protein
kinase G and g32P-ATP

Combinatorial libraries of the
type O1KARKKSNO2,
O1O2TQAKRKKSLA,
O1O2KATQAKRKKSLA,
TQAKRKKSLAO1O2 and
TQAKRKKSLAMAO1O2

SPOT

(80)

Catalytic subunit of protein kinase
A or cGMP activated protein
kinase G and g32P-ATP

Combinatorial library of the type
XXXO1O2XXX and
deconvolution libraries:
XXXRKO1O2X, XRKKKO1O2X,
O1RKKKKKO2,
LRKKKKKHO1O2 and
O1O2LRKKKKKH

SPOT

(84)

GST-Dyrk1A-(500-763) and
g32P-ATP

Partial substitutional analysis of
RRRFRPASPLRGPPK

SPOT

(85)

Maize Ca2+-dependent protein
kinase (CDPK-1) and g32P-ATP

Partial substitutional analysis of
LARLHSVRER

SPOT

(86)

Protein kinase A (PKA), casein
kinase II (CKII), p42-MAP
kinase (Erk2) and g32P-ATP

Kinase substrates Kemptide and
Elk1; protein kinase inhibitor 2

DIPP

(59)

– p60c-src Protein tyrosine kinase
and g32P-ATP
– Strepavidin-Cy3 conjugate;
avidin-Cy5 conjugate
– Anti-human insulin mab HB125
and anti-mouse IgG-Cy5
conjugate
– WEHI-231 cells and negative
control cells

– Ttds-EEIYGEFF

DIPP

(25)

Cyclic GMP-dependent protein
kinase (phosphorylation g32PATP)

– XXXRKB1B2X (deconvolution
libraries described but data not
shown)

SPOT

(81)

– biotin, HPYPP and WSHPQFEK
– Biotin, wGeyidvk, pqrGstG,
WSHPQFEK and YGGFL
– wGeyidvk

(continued)
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Table 2.1(continued)
Screening molecule

Library

Technology

Reference

32

– B1RKKKKKB2 (preceeding
libraries described but data not
shown)
– 15-mer phospho-tyrosinecontaining peptides derived
from human insulin receptor;
degenerate SPOT library of
general structure
AABX1ZX2BAA (Z =
phospho-tyrosine, B = mixture
of 20 natural amino acids, X
defined amino acids) and
peptides derived from human
STAT 5A containing both
phospho-tyrosine and
phospho-threonine residues
– 15-mer phospho-tyrosinecontaining peptides derived
from human Tie2 receptor
containing additional
phospho-serine or phosphothreonine residues
– 15-mer phospho-tyrosinecontaining peptides derived
from human insulin receptor;
degenerate SPOT library of
general structure
AABX1ZX2BAAA (Z =
phospho-tyrosine, B = mixture
of 20 natural amino acids, X
defined amino acids),
progressive alanine
substitution of MTRDIYETD
YZRKGG ( Z = phosphotyrosine), alanine scan of
TRDIYETDYZ RKGGKGL,
substitutional analysis for X in
MTRDIYETDXZRKGG ( Z =
phospho-tyrosine)

SPOT

(116)

c-Src and g32P-ATP or antiphospho-tyrosine antibody

Panel of known kinase substrates

DIPP

(43)

c-Src and g32P-ATP

c-Src substrate

DIPP

(147)

p60 and FITC-labelled antiphospho-tyrosine antibody

YIYGSFK, ALRRASLG,
KGTGYIKTG and
monophosphorylated derivatives

DIPP

(30)

PKA or p60 and FITC-labelled
anti-phospho-tyrosine or antiphospho-serine antibody

YIYGSFK, ALRRASLG, YIYGSFK
and monophosphorylated
derivatives

DIPP

(40)

P-labelled cyclic GMPdependent protein kinase
(binding)

– GST-protein tyrosine
phosphatase 1B; mixture of
anti-phospho-tyrosine
antibodies, POD-conjugated
anti-mouse antibody

– GST-protein tyrosine
phosphatase ß; mixture of
anti-phospho-tyrosine
antibodies, POD-conjugated
anti-mouse antibody
– GST-fusion protein of substrate
trapping mutant of protein
tyrosine phosphatase 1B
(D181A), radioactively
labelled by incubation with
protein kinase A in the
presence of g32P-ATP

(continued)
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Table 2.1(continued)
Screening molecule

Library

Technology

Reference

NEK6 kinase and g32P-ATP

Human annotated phosphorylation
sites and mutational analysis of
GLAKSFGSPNRAY

DIPP

(26)

Protein tyrosine kinase Abl and
g32P-ATP or FITC-labelled
anti-phospho-tyrosine antibody

Collection of 720 peptides (13mer) derived from human
annotated phosphorylation sites
(databases Swiss-Prot and
Phosphobase)

DIPP

(15)

– GST-ERK2 or GST-MEK-EE,
anti-phospho-Elk-1 antibody,
POD labelled anti-rabbit
antibody

– Double peptide synthesis of
ELK1-substrate peptide
FWSTLSPIAPR, D-loop
peptide KGRKPRDLELP
and control peptide
MNGGAANGRIL
– Double peptide synthesized
SPOTs containing the PTP-1B
substrate IYETDYZRKGG
(Z = phospho-tyrosine) and on
the second site a scan of
11-mer overlapping peptides
derived from the cytoplasmic
domain of insulin receptor
– Double peptide synthesis
of insulin receptor
derived substrate peptide
IYETDYZRKGG (Z =
phospho-tyrosine) and binding
motif for YAP WW1 domain
and p53 binding protein-2,
respectively (YPPYPPPPYPS)

SPOT

(78)

PKA and Abl; Pro-Q Diamond
phosphospecific stain or FITClabelled anti-phospho-tyrosine
antibody for detection

Kemptide, p60 c-Src (521–533),
delta sleep inducing peptide
(DSIP), phosphoDSIP,
CamKII peptide (GS1-10),
different proteins

DIPP

(100)

GST-proteins of substrate
trapping mutants of tyrosine
phosphatases (PTP-H1, SAP-1,
TC-PTP, PTP-1B) radioactively
labelled by incubation with
protein kinase A in the presence
of g32P-ATP

7 Peptides (14-mers) derived from
human GHR together with the
appropriate phospho-tyrosinecontaining derivatives

SPOT

(117)

Tyrosine kinase p60 c-Scr and
FITC-labelled anti-phosphotyrosine antibody

Deletion-, alanine-scanning, positional
scanning- and full combinatorial
mixture libraries of CGG-YIYGSFK
(p60 c-src substrate)

DIPP

(41)

– GST-fusion protein-protein
tyrosine phosphatase 1B;antiphospho-tyrosine antibody,
POD-conjugated anti-mouse
antibody

– GST-fusion protein of substrate
trapping mutant of protein
tyrosine phosphatase 1B
(D181A), radioactively
labelled by incubation with
protein kinase A in the
presence of g32P-ATP

(continued)
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Table 2.1(continued)
Screening molecule

Library

Technology

Reference

PKA or tyrosine kinase p60 c-Scr
and FITC-labelled antiphospho-serine or antiphosphotyrosine antibody,respectively

Peptides YIYGSFK and
ALRRASLG N-terminally either
biotinylated or cysteine-modified

DIPP

(42)

Protein kinase A and tyrosine
kinase Abl and Cy5-labelled
antibodies

Kemptide–leptin fusion protein and
Abl-peptide–leptin fusion protein

DIPP

(60)

– Phosphospecific antibodies
MPM2, 3F3/2, PY20

– Complete L-amino acid
substitutional analysis of
AXXXX[pS/pT]XXXXA and
AXXXX[pYT]XXXXA
– Complete L-amino acid
substitutional analysis of
AXXXX[pYT]XXXXA
– Complete L-amino acid
substitutional analysis of
AX1X1X1X1[S/T]X1X1X1X1A;
X = L-amino acids exept for
Cys, X1 = L-amino acids except
for Cys, Ser, Thr

SPOT

(82)

Tyrosine kinase Abl and CKII
together with FITC-labelled
anti-phospho-tyrosine antibody
and g32P-ATP, respectively
FITC-labelled anti-phosphotyrosine antibody

Collection of more than 13,000
peptides (13-mer) derived from
human proteins

DIPP

(27)

Tyrosine kinase Abl and g32P-ATP

1433 Randomly generated 15meric peptides

DIPP

(28)

Kinases PDK1, Tie2, CKII, PKA,
GSK3 and g32P-ATP

Peptide scans trough MBP and
Tie2, 720 human annotated
phosphorylation sites (13-mer),
2923 phospho-peptides (13mer) derived from human
proteins, 1394 peptides derived
from activation loops of human
kinases

DIPP

(29)

Kinases c-Src, PKA, PKG,
CaMKII, CKI, Abl, Erk

7 Peptides each of it is a known
specific substrate for one of the
kinases

DIPP

(112)

Kinases and phosphatases
contained in lysates of IL1stimulated HeLa cells

Peptide scan through p65 NF-B,
selected peptides from the scan
and controls with systematic
mutation of Ser, Thr, Tyr
to non-phospho-acceptor
residues

SPOT

(148)

– GST fusions of GRB-SH2,
SHP2-CSH2, GRB7-SH2,
GRB 10-SH2
– Protein kinase A (PKA), Cdc 15

2923 Phospho-peptides (13-mer)
derived from human proteins

(continued)
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Table 2.1(continued)
Screening molecule

Library

Technology

Reference

Purified PKA or cell lysates from
human peripheral blood
mononuclear cells before and
after stimulation with
lipopolysaccharide in the
presence of radioisotopically
labelled g33P-ATP followed by
phosphorimaging

192 Nonapeptides providing
consensus sequences across the
mammalian kinome including
eight rhodamine-labelled
irrelevant control peptides

DIPP

(73)

Protein kinase A and Biotin-ATP
(adenosine 5́-triphosphate gbiotinyl-3,6,9trioxaundecanediamine)
followed by avidin-stabilized
gold nanoparticles and signal
amplification by silver
deposition, detection by
resonance light scattering of
nanoparticles

Kemptide derivative LRRASLG and
negative control peptide
LRRAGLG chemoselectively
attached via N-terminal amino
function

DIPP

(109)

Protein kinase A and tyrosine
kinase c-Src, readout either
radioisotopically labelled g33PATP or by biotinylated zinc(II)
chelate phosphate sensor N-(5(2-(+)-biotin
aminoethylcarbamoyl)pyridine2-ylmethyl)-N,Ń,Ǹtris(pyridine-2-ylmethyl)-1,3diaminopropan-2-ol (Phos-tag
biotin) and readout using
surface plasmon resonace
subsequent to incubation with
streptavidin and antistreptavidin antibody

Model substrates for PKA
(Kemptide derivative) and c-Src
(IYGEFKKK) together with
replacements of phosphorylation
site by either phosphoamino acid
or by alanine and phenylalanine,
respectively; chemoselective
immobilization via N-terminal
cysteine residue

DIPP

(32)

Protein kinase A and tyrosine
kinase c-Src; readout either
radioisotopically labelled g33PATP or generic antiphosphoamino acid antibodies
or by biotinylated zinc(II)
chelate phosphate sensor N-(5(2-(+)-biotin
aminoethylcarbamoyl)pyridine2-ylmethyl)-N,Ń,Ǹtris(pyridine-2-ylmethyl)-1,3diaminopropan-2-ol (Phos-tag
biotin) and readout using
surface plasmon resonance
subsequent to incubation with
streptavidin

Model substrates for PKA
(Kemptide derivative) and c-Src
(IYGEFKKK) together with
replacements of phosphorylation
site by either phosphoamino acid
or by alanine and phenylalanine,
respectively; chemoselective
immobilization via N-terminal
cysteine residues

DIPP

(33)

(continued)
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Table 2.1(continued)
Screening molecule

Library

Technology

Reference

Protein kinase A, protein kinase
C, tyrosine kinase c-Src; or
forskolin/H-89 stimulated
MCF-7 cell lysates; readout
fluorescence imaging
subsequent to incubation
with biotinylated zinc(II)
chelate phosphate
sensor N-(5-(2-(+)-biotin
aminoethylcarbamoyl)pyridine2-ylmethyl)-N,Ń,Ǹtris(pyridine-2-ylmethyl)-1,3diaminopropan-2-ol (Phos-tag
biotin) and Cy5-labelled
streptavidin

Derivatives of substrates for PKA
(Kemptide derivatives), PKC
(LRVQNSLRRRR) and c-Src
(IYGEFKKK) together with
replacements of phosphorylation
site by either phosphoamino acid
or by alanine and phenylalanine,
respectively; chemoselective
immobilization via N-terminal
cysteine residues

DIPP

(34)

Casein kinase 2 and
radioisotopically labelled g32PATP followed by
autoradiography

10-mer peptides derived from
human high-mobility group
protein SSRP1 together with
derivatives where potential
phosphorylation site was replaced
by alanine residue

SPOT

(149)

Protein kinase A and fluorescent
phosphospecific stain Pro-Q
Diamond

Sequences derived from R(R/
K)XSLG (X = 20 natural amino
acids) together with synthetically
phosphorylated and
phosphorylation negative analogs

LDPS

(101)

GST-fusions of kinases SRPK4 and
MPK3 or subcellular fractions
(cytosolic or nuclear extracts)
and lysates of H2O2 treated
Arabidopsis cells in the presence
of radioisotopically labelled
g33P-ATP followed by
phosphorimaging

47 Peptides (11-mers) derived from
in vivo Arabidopsis
phosphorylation sites detected by
mass spectrometry

DIPP

(150)

Purified protein tyrosine kinases
Yes and Fyn or de-yolked
zebrafish embryos lysed at 24
hour post fertilization or
zebrafish lysates of morpholinomediated knock down of Fyn,
Yes, Wnt1 and Nacre. Kinetics
of kinase mediated phosphate
transfer were recorded by semicontinuous CCD imaging of
fluorescence caused by bound
fluoresceine labelled, coincubated PY20 anti-phosphotyrosine antibody

144 Peptide derivatives containing
13-meric sequences derived from
annotated human tyrosine
phosphorylation sites

DIPP

(35)

(continued)
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Table 2.1(continued)
Screening molecule

Library

Technology

Reference

Zebrafish embryos lysed at 3 or 5
days post fertilization; kinetics of
kinase mediated phosphate
transfer to microarray bound
substrate peptides were
recorded by semi-continuous
CCD imaging of fluorescence
caused by bound fluoresceine
labelled, co-incubated PY20
anti-phospho-tyrosine antibody

144 Peptide derivatives containing
13-meric sequences derived from
annotated human tyrosine
phosphorylation sites

DIPP

(36)

Lysates of tissue samples (either
frozen or fresh) of 30 Barrett́s
oesophagus patients in the
presence of radioisotopically
labelled g33P-ATP followed by
phosphorimaging, control
incubations in the presence of
-33P-ATP showed no
incorporation of
radioisotopically labelled
phosphate demonstrating that
no unspecific binding of ATP or
ATP-protein complexes to
displayed peptides takes place.

1164 Peptides derived from human
phosphorylation/consensus sites
including 12 control sequences in
duplicates

DIPP

(74)

PKA, PKC , Erk2, PKCd, JAK1,
CamKII or tyrosine kinases Abl,
c-Src and insuline receptor
kinase; readout using surface
plasmon resonance either
subsequent to treatment with
biotinylated zinc(II) chelate
phosphate sensor N-(5-(2-(+)biotin
aminoethylcarbamoyl)pyridine2-ylmethyl)-N,Ń,Ǹtris(pyridine-2-ylmethyl)-1,3diaminopropan-2-ol (Phos-tag
biotin) followed by streptavidin
and anti-streptavidin antibody
or subsequent to treatment with
anti-phospho-tyrosine antibody,
respectively.

26 Different potential substrates
with N-terminal cysteine spaced
by two glycine residues from the
peptide sequence, peptide
derivatives were chemoselectively
immobilized onto maleimidemodified self-assembled
monolayers on gold surfaces

DIPP

(37)

Kinases CK1, Plk3, Akt1, SGK1,
PKC, PKC , PKA, AuroraA,
AuroraB, Chk2, CaMK2, MK2,
Chk1, Cdk5, Cdk2, p38, CK2,
Abl, Lck, c-Src, EphB2,
VEGFR2, Kit, Flt3, EGFR and

900 Peptide substrates that targeted
over 50 different human kinases
and 102 controls for monitoring
assay performance

DCSD

(103)

(continued)
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Table 2.1(continued)
Screening molecule

Library

Technology

Reference

Either purified recombinant KPI-2
(Lmr2, CprK) kinase domain or
full-length KPI-2 kinase
(immunoprecipitated from
HEK293T cells by c-Myc tag) in
the presence of radioisotopically
labelled g33P-ATP followed by
phosphorimaging

1164 Peptides derived from human
phosphorylation/consensus sites
including 12 control sequences in
duplicates

DIPP

(151)

Kinases Akt1, PKC, PKA, Cdk5,
p38, CK2, ERK1 in the presence
of radioisotopically labelled
g32P-ATP, readout using
phosphorimaging

95 Peptides (15-mers) derived from
human phosphorylation sites
found with mass spectrometry
including negative controls of
this phosphorylation sites (Ser/
Ala, Thr/Val replacements)

DIPP

(99)

Lysates from P.pastoris,
T.aestivum, C.albicans,
A.thaliana, F.solani, emb. Liver
cells, human B- and T-cells and
murine macrophages in the
presence of radioisotopically
labelled g33P-ATP followed by
phosphorimaging; control
incubations in the presence of
33
P-ATP showed no
incorporation of

1164 Peptides (11-mers) derived
from human phosphorylation/
consensus sites including 12
control sequences in duplicates

DIPP

(72)

Jak2, readout using fluorescence
signal of silica beads decorated
with specific oligonucleotide
sequences and placed in etched
microwells of fiber-optic
bundles. Subsequent to
incubation with DNA-peptide
conjugates all acidic side chains
are chemically blocked followed
by chemical transformation of
phosphate moieties into dyelabelled derivatives. Dyelabelled solution is hybridized to
oligonucleotides attached to
individual beads. Dye is detected
with anti-dye antibody followed
by biotinylated anti-mouse
antibody and Alexa555 labelled
streptavidin using fluorescence
imaging. Additionally, mixtures
of kinases in the presence or
absence of specific inhibitors
were used.

(continued)
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Table 2.1(continued)
Screening molecule

Library

Technology

Reference

Extracts from dexamethason
treated or non-treated human
CD4+ T-cells and insulinstimulated 3T3 adipocytes in the
presence of radioisotopically
labelled g33P-ATP followed by
phosphorimaging

1164 Peptides derived from human
phosphorylation/consensus sites
including 12 control sequences in
duplicates

DIPP

(75)

Extracts from dexamethason
treated or non-treated human
CD4+ T-cells stimulated for
15 min with anti-CD3 and anti
CD28 antibodies in the presence
of radioisotopically labelled
g33P-ATP followed by
phosphorimaging

1164 Peptides derived from human
phosphorylation/consensus sites
including 12 control sequences in
duplicates

DIPP

(76)

Recombinant tomato MAPKs
LeMPK1, LeMPK2 and
LeMPK3 and A.thaliana kinase
MPK4 in the presence of
radioisotopically labelled g33PATP followed by
phosphorimaging

976 Peptides (mostly 11-mers)
derived from human
phosphorylation/consensus sites
including 12 control sequences in
tripicates

DIPP

(68)

Cell lysates from fresh or twoweek-old in vitro grown
Arabidopsis plants and snapfrozen fresh material or frozen
cell lysate in the presence of
radioisotopically labelled g33PATP followed by
phosphorimaging

192 Potential kinase substrates (8or 9-mers)

DIPP

(69)

Lysates from either mouse lung
capillary endothelial cells or
from mouse adult fibroblasts
infected with either empty or
recombinant adenovirus
encoding Cre recombinase to
remove the gene for big
mitogen-activated kinase 1
(BMK1)

1164 Peptides derived from human
phosphorylation/consensus sites
including 12 control sequences in
duplicates

DIPP

(70)

radioisotopically labelled
phosphate demonstrating that
no unspecific binding of ATP or
ATP-protein complexes to
displayed peptides takes place.

(continued)
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Table 2.1(continued)
Screening molecule

Library

Technology

Reference

Kidney lysates from control rats,
Ren2 rats, a model of
angiotensin II-mediated
hypertensive renal damage and
Ren2 rat treated with an ACE
inhibitor to reduce renal fibrosis;
readout using radioisotopically
labelled g33P-ATP followed by
phosphorimaging

1164 Peptides derived from human
phosphorylation/consensus sites
including 12 control sequences in
duplicates

DIPP

(152)

Purified kinases PKA, PKC, PKG,
Erk1,CK1, c-Src, Abl and
phosphatases 2A and alkaline
phosphatase or lysates from
K562 cells overexpressing
oncogenic Bcr-Abl fusion
protein, readout via MALDI MS
imaging

9 Different peptide substrates
including three phosphopeptides
equipped with N-terminal
cysteine residue

DIPP

(113)

S. cerevisiae kinase Dbf1 in complex
with activator Mob1 in the
presence of radioisotopically
labelled g32P-ATP followed by
phosphorimaging

2296 Peptides (15-mer) derived
from annotated human
phosphorylation sites

DIPP

(71)

GST-tagged murine Plk4 or
catalytically inactive mutant in
the presence of radioisotopically
labelled g32P-ATP followed by
phosphorimaging

Substitutional analyses of substrate
peptides MSYYHHHHHH,
RKKKSFYFKKHHH,
KKKCTIYGKICHF,
GHRQTFLDEFDYA and
GTKKSFFYKEVFE plus followup substrates combining found
optimal residues and subsequent
substitutional analyses of
improved substrates resulting in
total of 1240 cellulose-bound
peptides

SPOT

(138)

Protein kinase A and biotin-ATP
(adenosine 5́-triphosphate biotinyl-3,6,9-trioxaundecanediamine) followed by
avidin-stabilized gold
nanoparticles and signal
amplification by silver
deposition, detection by
resonance light scattering of
nanoparticles

Kemptide derivative LRRASLG and
negative control peptide
LRRAGLG chemoselectively
attached via N-terminal amino
function

DIPP

(111)

PKA and substrates entrapped by
sol-gel encapsulation onto
epoxy-modified glass surfaces,
readout by fluorescence imaging

Kemptide derivative LRRASLG and
controls

Diff

(102)

(continued)
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Table 2.1(continued)
Screening molecule

Library

Technology

Reference

Recombinant kinases c-Src kinase,
Raf, KDR, cMet, Flt3, Lyn,
EGFR, PDGFR and Tie2 in the
presence of members of a small
compound library, readout by
fluorescence imaging
subsequent to incubation with
phosphospecific antibodies
followed by AlexaFluor555labelled secondary anti-rabbit or
anti-mouse antibodies.

Biotinylated peptide substrates like
poly-(Glu4-Tyr)10

DIPP &
SPNS

(153)

Recombinant proviral integration
site 1 (Pim1) kinase together
with substrate peptide in the
presence or absence of specific
inhibitor hb1217 was dispensed
acoustically into hanging
droplets of radioisotopically
labelled g32P-ATP in a 10%
glycerol/buffer solution,
readout by phosphorimaging
subsequent to transfer of
droplets to phosphocellulose
paper

S6 kinase/RSK2 substrate peptide 2
(KKRNRTLTK)

SPNS

(154)

Recombinant c-Src kinase or PKA,
readout via fluorescence
imaging subsequent to
incubation with Cy5-labelled
anti-phospho-tyrosine (c-Src) or
anti-phosphoGFAP antibody
(PKA)

Either biotinylated or
poly(desoxythymidin)-modified
substrate peptides IYGEFKKK
(c-Src substrate) and
RRRVTSAARRS (PKA
substrate) together with
phosphorylated forms (positive
control) and with negative
controls (Tyr/Phe (for c-Scr) or
Ser/Ala (for PKA) substitutions)

DIPP

(45)

More than 30 different
recombinant human kinases
including PDK1, HMK1, PKC,
PKA, Grk2, Grk5, LRRK2, Abl
and CKII in the presence of
radioisotopically labelled g33PATP followed by
phosphorimaging (for the
Isomerase-Chip) or human

Either overlapping peptides
representing all human peptidylprolyl-cis/trans-isomerases
(isomerase-chip; 3280 peptides)
or overlapping peptides
representing complete proteome
of human cytomegalovirus
(CMV-Chip; 17,181 peptides)

DIPP

(64)

of bound fluorescent
phosphospecific stain Pro-Q
Diamond

(continued)
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Table 2.1(continued)
Screening molecule

Library

Technology

Reference

Recombinant protein tyrosine
kinases Abl, Her2 and VEGFR2,
readout using fluorescence
imaging subsequent to
hybridization to DNA
microarray, treatment with
monoclonal anti-phosphotyrosine antibody PY-20
followed by Cy3-labelled antimouse IgG antibody

10,000 PNA-encoded split and mix
peptide library of following
structure: fluoresceine-Ttds-PheGln-Xaa4-Xaa3-Tyr-Xaa2-Xaa1Ile-Lys-Ttds-Lys(PNA)-amide
with fluoresceine = normalization
fluorophore; Ttds = PEG-basedlinker moiety, Xaa1, Xaa2 and
Xaa4 = Ile,Val, Phe, Pro, Arg,
Glu, Lys, Ser, D-Pro, D-Val and
Xaa3 = Ile, Val, Ala, Pro, Arg,
Glu, Lys, D-Ala, Ser)

DCSD

(57)

Phospho-tyrosine phosphatases
PTP1B and PTPm; readout by
fluorescence imaging
subsequent to Cy5-labelled antiphospho-tyrosine antibody

One tetra-, one hexa- and 46 pentaphosphopeptide derivative(s)
covering different amino acid
residues in different positions
relative to the phospho-tyrosine
residue were immobilized
chemoselectively via C-terminal
azide residue

DIPP

(114)

GST-tagged PTP-1B followed by
mixture of anti-phosphotyrosine antibodies (4G10
[1:2000], PY20 [1:1000], PY69
[1:1000] and P-Tyr-100
[1:2000]) and ECL detection

Insulin receptor derived
phosphopeptides (Z = phosphotyrosine residue)
MTRDIZETDYYRKGG,
MTRDIYETDZYRKGG,
MTRDIYETDYZRKGG and
non-phosphorylated control
peptide MTRDIYETDYYRKGG

SPOT

(115)

Alkaline phosphatase, lambda
phosphatase or Ser/Thr
phosphatases PP1, PP2B,
PP2A and PP2A in
combination with of human
peptidyl-prolyl-cis/transisomerase Pin1 followed by
staining with fluorescent
phosphospecific stain Pro-Q
diamond (signal decrease after
dephosphorylation)

87 Biotinylated, putative peptide
substrates of Ser/Thr
phosphatases each containing 11
residues with a centrally located
phosphoSer/Thr-Pro moiety
which is flanked by four or five
residues N- or C-terminally,
respectively. Sequences were
derived from known substrates of
human peptidyl-prolyl-cis/transisomerase Pin1

DIPP

(61)

kinases CKII; Abl or Grk5 and
fluorescence imaging
subsequent to treatment with
phosphospecific stain Pro-Q
Diamond (CMV-Chip)

Proteases
(continued)
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Table 2.1(continued)
Screening molecule

Library

Technology

Reference

Chymotrysin, papain

Combinatorial dipeptide libraries
(400 spots) for substrate
identification

SPOT

(118)

Trypsin

Substitution libraries GGRBG and
GGKBG (B = 20 amino acids)

SPOT

(126)

Trypsin

Internally quenched libraries of the
type XXBXX and XXB1B2XX for
substrate identification

SPOT

(124)

Porcine pancreatic elastase

Substitutional analyses and
truncation analyses of a peptide
derived from the third domain of
turkey ovomucoid inhibitor
(inhibitor identification)

SPOT

(155)

Trypsin; Escherichia coli outer
membrane protease T (OmpT)

Internally quenched substitution
analog libraries of known
substrates (substrate specificity
mapping)

SPOT

(125)

Porcine pancreatic elastase

Combinatorial library of all 400
dipeptide combinations (Nterminally labelled with FITC)
from the genetically encoded
amino acids

SPOT

(156)

Caspase-3

Complete L-amino acid
substitutional analysis of the
caspase-3 substrate AbzVDQMDGW (Abz = amino
benzoic acid)

SPOT

(121)

Caspase-3

Substitutional analysis of a known
substrate; protein sequence
derived, combinatorial,
positional scanning and randomly
generated peptide libraries (data
not shown) for substrate
identification

SPOT

(122)

Cathepsin C and cathepsin L

Peptidic cathepsin inhibitors
tethered to fluorescence-labelled
peptide nucleic acids

DCSD

(131)

Elastase, cathepsin G

Partial peptide scan and substitution
analogs of the transferrin receptor
stalk

SPOT

(123)

Caspase 3, granzyme B, Jurkat cell
lysates or granzyme B activated
apoptotic Jurkat cell lysates

Peptide derivatives tethered to
fluoresceine-labelled peptide
nucleic acids

DCSD

(130)

(continued)
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Table 2.1(continued)
Screening molecule

Library

Technology

Reference

Lysyl-endopeptidase (LEP),
chymotrypsin, V8 protease; BSA
and ConA as negative controls;
TLCK and Boc-Glu as inhibitors

3 Substrate peptides with LEP,
chymotrypsin, or V8 protease
specificity

Diff

(129)

Serine proteases (protein C, plasma
kallikrein, factor VIIa, factor
Ixaß, factor XIa, factor
alphaXIIa, complement-C1s, C1r, -D, tryptase, trypsin,
subtilisin Calsberg, cathepsin G)
and papain-like cysteine
proteases (cathepsin B, H, K, L,
S, V, rhodesain, papain,
chymopapain, ficin, stem
bromelain) followed by
fluorescence scanning using
CCD-based imager

361 Individual peptide derivatives
of general structure Ac-Ala-P3P2-Arg/Lys-fluorophore with
fluorophore = 7-amino-4carbamoylmethylcoumarin and
P3/P2 = all proteinogenic amino
acids except Cys

SPNS

(157)

Purified human proteases factor
Xa, thrombin, plasmin,
urokinase plasminogen activator
and bovine or salmon thrombin
followed by fluorescence
scanning

361 Individual peptide derivatives
of general structure Ac-Ala-P3P2-Arg/Lys-fluorophore with
fluorophore = 7-amino-4carbamoylmethylcoumarin and
P3/P2 = all proteinogenic amino
acids except Cys

SPNS

(158)

Recombinant human caspase 3
followed by either twodimensional surface plasmon
resonance or fluorescent
readout

Gluthationylated gold chip treated
with caspase 3 substrate sequence
DEVD flanked by GST and
EGFP

DIPP

(159)

10 different plasma proteases
(kallikrein, factors XIIa, XIa,
IXa, VIIa, Xa, thrombin,
activated protein C, plasmin and
mPA)

361 Individual peptide derivatives
of general structure Ac-Ala-P3P2-Arg/Lys-fluorophore with
fluorophore = 7-amino-4carbamoylmethylcoumarin and
P3/P2 = all proteinogenic amino
acids except Cys

SPNS

(160)

Recombinant caspases 2, 4 and 6
and human thrombin, human
plasmin, alpha-chymotrypsin
from bovine pancreas; readout
using fluorescence microscope
equipped with either 4́6diamino-2-phenylindole-,
FITC- and TRITCepifluorescence cubes and CCD
camera

Caspase substrates Ac-YVAD-Mca,
Ac-VDVAD-Mca, Ac-DEVDMca, Ac-VEID-Mca, Ac-IETDMca, Ac-LEHD-Mca in the
presence of respective peptide
aldehyde inhibitors or of 352
different compounds as potential
inhibitors

SPNS

(161)

(continued)
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Table 2.1(continued)
Screening molecule

Library

Technology

Reference

Boc-VPR-Mca, (Z-FR)2-R110 and
different quenched BODIPYlabelled casein substrates for
thrombin, human plasmin and
chymotrypsin, respectively
Chymopapain and subtilisin
followed by dual colour
fluorescence imaging
subsequent to hybridization to
DNA microarray

Peptide nucleic acid (PNA) encoded
split and mix FRET based peptide
library of following structure:
TAMRA-ßAla-Ser-Xaa4-Xaa3Xaa2-Xaa1-Ala-Lys(FAM)-TtdsLys(PNA)-amide with TAMRA =
quencher/normalization
fluorophor; FAM = fluorophor,
Ttds = PEG-based-linker moiety,
Xaa = random positions with
amino acid residues Ala, Asp,
Phe, Lys, Leu, Asn, Pro, Ser, Val,
Tyr

DCSD

(56)

Purified DegP protease (HtrA,
protease Do) from E. coli,
readout of fluorescence in
aliquots of supernatant caused
by aminobenzoic carboxamide
(Abz) moiety of proteolytic
fragments released from
cellulose-bound Abz-labelled
peptides

Overlapping peptides representing
complete P pillin subunit in form
of either 7-meric peptides
overlapping by four amino acid
residues or 12-meric peptides
overlapping by nine residues

SPOT

(144)

Caspases 3, 6 and 8 or lysates from
staurosporin stimulated CHO
cells; readout using surface
plasmon resonance imaging
subsequent to treatment with
protease followed by
streptavidin

Caspase substrates DEVD, VEID,
IETD and negative controls
EVEE, VIEE, TIEE, respectively,
flanked by cysteinyl-PEG-linker
N-terminally and by
GGSK(biotinyl)-amide Cterminally

DIPP

(31)

Purified caspase 3 or lysates of
CHO cells treated with
staurosporin followed by
fluorescence imaging

N-terminally cysteine-tagged
caspase 3 substrate ADEVDA and
negative control AEVEEA
flanked by Cy3 fluorophore and
QSY-quencher moiety. Positive
control without quencher
included

DIPP

(38)

Trypsin or human glandular
kallikrein 2; readout of
fluorescence in aliquots of
supernatant caused by
aminobenzoic carboxamide
(Abz) moiety of proteolytic

Cleavage sites derived from human
seminal proteins including
alanine scans, substitutions of key
residues and incorporation of Damino acids

SPOT

(120)

(continued)
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Table 2.1(continued)
Screening molecule

Library

Technology

Reference

Eight peptides (10-mer) derived
from myelin basic protein
cleavage site YGSLP-QKAQG

SPOT

(119)

-Chymotrypsin followed by
fluorescence imaging
subsequent to treatment with
Cy5-labelled streptavidin

Biotinylated peptides of general
structure biotin-GA-P1-G-linker
with P1= A, F, G, I, L, P, V, W

SPOT

(9)

Caspase-3, thrombin, plasmin or
lysates from Jurkat cell treated
with or without fas-activating
antibody CH-11 or frozen
plasma samples from pooled
normal individuals and
individuals on warfarin therapy;
readout by fluorescence imaging
subsequent to hybridization to
DNA microarray

192 Member PNA-encoded
rhodamine peptide conjugate
library of general structure (AcXaa1-Xaa2-Xaa3-Xaa4)2rhodamine derivative-Lys(PEGspacer-PNA-tag)-amide with
Xaa1= Asp,Arg,Leu; Xaa2=
Phe,Val,Thr,Pro, Xaa3=
Asp,Arg,Thr,Pro and Xaa4=
Asp,Arg,Nle,Pro

DCSD

(133)

Trypsin, thrombin and granzyme B
followed by fluorescence
imaging

Thrombin substrates Ac-Leu-GlyPro-Lys-ACC-linker, Ac-NleThr-Pro-Lys-ACC-linker and
granzyme B substrate Ac-IleGlu-Pro-Asp-ACC-linker (with
ACC= 7-amino-4carbamoylmethyl coumarin and
Nle=norleucine) or 361-member
library of general structure AcAla-Xaa1-Xaa2-Lys-ACC-linker
with Xaa1=Xaa2= all
proteinogenic anino acid residues
without cysteine)

DIPP

(128)

Recombinant proteases trypsin,
chymotrypsin, endoproteinase
AspN, endoproteinase Lys-C,

More than 1000 DNA encoded
biotinylated peptides derivatives
with penta histidine tag,

DCSD

(127)

fragments released from
cellulose-bound Abz-labelled
peptides
Recombinant and purified soluble
ADAM8 protease containing
pro- and metalloprotease
domain in the absence and
presence of EDTA, readout of
fluorescence in aliquots of
supernatant caused by
aminobenzoic carboxamide
(Abz) moiety of proteolytic
fragments released from
cellulose-bound Abz-labelled
peptides

(continued)
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Table 2.1(continued)
Screening molecule
endoproteinase Glu-C,
endoproteinase Arg-C,
thrombin, factor Xa, HRV1,
different caspases and matrix
metallo proteinases,
enterokinase and tobacco etch
virus protease, or biological
samples like cell extracts from
apoptotic Jurkat cells or Jurkat
cell lines overexpressing
oncogen Bcl2

Library

Technology

Reference

sequences represent either
cleavage sites taken from data
base MEROPS or synthetical
libraries generated by
randomization of residues critical
within consensus sequences for
known proteases

Diverse Enzymes
Protein lysine methyltransferase
G9a and radioisotopically
labelled [methyl-3H]-Sadenosyl-L-methionine

Substitutional analysis of Nterminal 21-meric peptide
derived from human histone H3
including derivatives mimicking
post-translationally modified
variants like Arg8 methylation
and Thr3, Thr6, Ser10, or Thr11
phosphorylation

SPOT

(87)

Histone lysine methyltransferase
Dim-5 and D209A, D209S,
E227A, E227S mutants and
radioisotopically labelled
[methyl-3H]-S-adenosyl-Lmethionine

Substitutional analysis of Nterminal 21-meric peptide
derived from human histone H3

SPOT

(88)

Isoform T2 of UDP-N-acetyl- -Dgalactosamine:polypeptide:Nacetylgalactosaminyltransferase
family

10 Peptides derived from known
substrates of O-GlcNAc
transferase including truncated
versions and threonine/serine
replacements chemoselectively
immobilized via amino group of
lysine side chain

DIPP

(162)

Pertussis toxin (Bordetella
pertussis) and ATP + 32P-NADADP ribosylation

5- to 25-mer C-terminal peptides of
the G-Protein -subunits of Gi3,
Gi, Gs, Go1, Go2, GoX1, Trod, Gz,
Gq/11 and Gh, partial
substitutional analysis of the
16-mer C-terminal peptide of the
Gi3 -subunit

SPOT

(93)

Trigger factor (TF) (Escherichia
coli) and TF-fragments

Peptide scans of E. coli proteins: EFTu (elongation factor Tu), MetE
(methionine biosynthesis

SPOT

(163)

(continued)
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Table 2.1(continued)
Screening molecule

Library

Technology

Reference

enzyme), ICDH (isocitrate
dehydrogenase) GlnRS
(glutamine-tRNA-synthetase),
alkaline phosphatase, bgalactosidase, FtsZ (involved in
cell division), GBP (galactose
binding protein), L2 (a ribosomal
protein), lambda cI, pro OmpA
(pro-outer membrane protein A),
sigma 32, SecA (involved in
secretion and murine DHFR
(dehydrofolate reductase), yeast
cytochrome B2, F1b- and Su9ATPase subunits, Photinus pyralis
luciferase, RNaseT1 from
Aspergillus oryzae and human PrP
(prion protein)
Human peptidyl-prolyl-cis/transisomerase Pin1, sequential
electro-blotting to PVDFmembranes, incubation of
PVDV-membranes with antiPin1 antibody followed by
secondary antibody

Peptide scan of human Cdc25C
including phosphorylated S/T-P
moieties

SPOT

(89)

Catalytic domain of human
peptidyl-prolyl-cis/transisomerase Pin1, sequential
electro-blotting to PVDFmembranes, incubation of
PVDV-membranes with antiPin1 antibody followed by
secondary antibody

1000 Phospho-threoninecontaining (pThr) pentapeptides
of general structure Ac-XaapThr-Yaa-Zaa-Gln(linker)COOH with Xaa and Zaa = 10
non-proteinogenic aromatic
amino acids and Zaa = 10 proline
derivatives resulting in 10  10
 10 = 1000 individual
phosphopeptide derivatives

SPOT

(90)

Readout using anti-SUMO-1
antibody subsequent to
incubation with enzymes E1 and
E2 necessary for efficient
SUMO transfer in the presence
of SUMO-1. Optical density was
measured using CCD camera
system after treatment with
biotinylated anti-mouse IgG
followed by HRP labelled

10 RanGAP1 derived peptides
(9–15mers containing SUMO
consensus sequence LKSE and
derivatives with Lys to Ala
exchange) and 15 peptides
derived from known
SUMOylation sites

DIPP &
Diff

(96)

(continued)
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Table 2.1(continued)
Screening molecule

Library

Technology

Reference

Trigger factor and DnaK from E.
coli

Peptides derived from trigger factor
and DnaK substrate proteins

SPOT

(164)

Peptide detection by MALDITOF MS
– Concanavalin A (lectin binding)
– b-1,4-Galactosyltransferase
– galactosidase

Ac-IYAAPKKKC-NH2

DIPP

(165)

Rhodococcus rhodochrous epoxide
hydrolase, Electrophorus
electricus acetylcholine esterase,
bovine pancreas trypsin, bovine
intestinal mucosa alkaline
phosphatase

5 substrates for the 4 hydrolases
among them being 2 peptidic
substrates for trypsin and caspases

DIPP

(94)

streptavidin and 2,2́-azinobis(3-ethylbenzthiazoline-6sulphonic acid-dependent
formation of green colour

– -Mannose
– N-acetylglucosamine
– N-acetyllactosamine

SPOT = spot synthesis of peptides
LDPS = light directed peptide synthesis
DIPP = directed immobilization of pre-synthesized peptides
DCSD = DNA/PNA chips as sorting device
SPNS = solution phase and nano spray
SODA = synthesis on defined areas
CLPP = cross-linking of pre-synthesized peptides
Diff. = different technologies

Alternatively, phospho-peptides can be detected using either
phosphospecific antibodies (see Fig. 2.4B,C) or phosphospecific
chelators (Fig. 2.4D,E) that are labelled with a detection moiety.
The detection moiety can be a fluorescent label such as fluoresceine (27, 30, 40) or an enzyme, for example horseradish peroxidase generating a chemiluminescent signal in combination with
an appropriate substrate (78). The detection moiety can be
coupled either directly to the anti-phosphoamino acid antibody
(see Fig. 2.4B) (15, 27, 41) or to a secondary antibody (see
Fig. 2.4B) (43, 78). Quality of anti-phosphoamino acid antibodies as detection tools was compared to the radioactive detection
method generally recognized as the golden standard with respect
to reliability. Here, the different detection procedures were
applied to peptide microarrays on glass slides with 694 peptides
derived from annotated phosphorylation sites from human
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P

A
P

B

P
C

D

P

E

P
= immobilized peptide with
phosphorylation site

Fig. 2.4. Assay Principles for the Detection of Peptide Phosphorylation on Peptide Arrays.
(A) The array is incubated with the kinase of interest in the presence of [g-32P or g-33P]ATP and detection is performed by autoradiography. Alternatively, phosphorylation is
measured with a generic anti-phosphoamino acid antibody in combination with a
labelled secondary antibody (B) or with a directly fluorescently or chemoluminescently
labelled anti-phosphoamino acid antibody (C). (D) Phospho-peptide detection using
fluorescently labelled phosphoamino acid chelator. (E) Phospho-peptide detection
using biotinylated phosphoamino acid chelator followed by fluorescently labelled
streptavidin.

proteins together with all their possible 2234 monophosphorylated derivatives (27). Monoclonal anti-phospho-tyrosine antibodies only showed reliable results with no detectable binding to
non-phosphorylated amino acids. Additionally, such antibodies
have a limited false-negative rate and low cross-reactivity to phospho-serine or phospho-threonine residues. Anti-phospho-serine
antibodies, however, had an extremely high false-negative rate, while
anti-phospho-threonine antibodies showed significant cross-reactivities for peptides with phospho-tyrosine. Similar results were described
using peptide microarrays displaying more than 6000 phospho-tyrosine peptides derived from human phosphorylation sites in triplicates

50

Thiele, Zerweck, and Schutkowski

(77). In conclusion, the detection of phospho-peptides using
antibodies seems to be limited to the detection of phosphotyrosine residues, at least until suitable anti-phospho-serine
and anti-phospho-threonine antibodies are available.
Additionally, phosphoamino acid chelators coupled to a
detection moiety can be used (see Fig. 2.4D). Martin et al.
described the Pro-Q Diamond phospho-sensor dye which recognizes phospho-peptides with remarkably little cross-reactivity and
a low false-negative rate (100). It was demonstrated that this dye
could be applied to kinase profiling (77, 101, 102) and phosphatase profiling (61) using high-density peptide microarrays. A very
similar approach was reported using biotinylated zinc(II) chelate
phosphate sensor N-(5-(2-(+)-biotin aminoethylcarbamoyl)pyridine-2-ylmethyl)-N,Ń,Ǹ-tris(pyridine-2-ylmethyl)-1,3-diaminopropan-2-ol (Phos-tag biotin, see Fig. 2.4E) (32–34, 37).
Finally, phosphopeptides could be transformed either enzymatically or chemically with high selectivity into labelled (phospho)peptides. Shults et al. reported carbodiimide-mediated,
selective formation of a covalent bond between a fluorescent
dye derivative and the phosphate moiety of phosphopeptides
generated by incubation with kinases (103). Alternatively, Akita
et al. used ß-elimination to transformed cellulose-surface bound
phosphopeptides generated by protein kinase A selectively into
dehydroalanine-containing peptides which could be labelled
with fluorescence dye derivatives (104). Enzymatic transformation of the phosphate moiety could be performed using derivatives of ATP substituted at the g-phosphate residue (105, 106).
Kerman and Kraatz used g-thio-derivative of ATP to detect
transfer of thio-phosphate to surface-bound peptides electrochemically using gold nanoparticles (107). It could be demonstrated that electrochemical detection of kinase-mediated
transfer of modified phosphate residues is more efficient if
electro-active adenosine-5́-[g-ferrocene] triphosphate is used as
co-substrate for protein kinase C (108). ATP derivatives biotinylated at the g-phosphate residue were used to detect
PKA-mediated generation of surface-bound biotinylated phosphopeptides using avidin-stabilized gold nanoparticles amplified
by silver deposition (109). Use of biotinylated ATP derivatives
in kinase assays seems to be an interesting alternative to existing
technologies (110).
In principle, many other detection principles such as surface
plasmon resonance and mass spectrometry, which are comprehensively described in a recent review (19), are possible. Examples
have been described for the detection of phosphorylation at peptide microarrays using resonance light scattering (109, 111), surface plasmon resonance (32, 33, 37, 43) and MALDI-TOF mass
spectrometry (112, 113).

Peptide Arrays for Enzyme Profiling

51

Generally, each assay suitable for kinase profiling on peptide
(micro)arrays could be used for analysis of phosphatase-mediated
release of phosphate moieties from phosphopeptides, too. Starting
surface-bound phosphopeptides could be generated either enzymatically (78) or chemically (61, 78, 114–117). Detection of phosphatase
action on (micro)array bound phosphopeptides by signal decrease
subsequent to treatment with anti-phospho-tyrosine antibodies
(78, 115, 116) or using phosphospecific dyes (61) was demonstrated.
Several different assay principles have been developed to measure protease activity on peptide arrays. Optimal assays lead to
increased signal intensity upon substrate cleavage either by reading
generated signal in released proteolytic fragment (see Fig. 2.5) or
in still surface-bound peptide fragment (see Fig. 2.6). Several
assays of this type have been described: (1) the first assay was
developed by Duan and Laursen and is based upon peptide arrays
prepared on polyaminoethylmethacrylamide membranes by the
SPOT method (see Fig. 2.5A) (118). The array comprised all
signal
increase
protease

A

B

C

Fig. 2.5. Detection of Proteolytic Cleavage on Peptide Arrays Reading Released Fragment. (A) N-terminally labelled
immobilized peptides in the 96-well plate format, cleavage yields fluorescently labelled fragment released into the well of
the microtitre plate; membrane disc with bound peptide fragment is released before fluorescence imaging (118). (B)
Alternative assay with N-terminally labelled immobilized peptides in the 96-well plate format, membrane disc with bound
peptide or peptide fragment will stay in the well of the microtitre plate but released fragment is separated from membrane
by transfer of aliquots of reaction solution from supernatant to other microtitre plate which yields fluorescence signals for
cleaved peptides after fluorescence imaging (119, 120, 123, 144), and (C) indirect detection of peptide cleavage
subsequent to electrotransfer of the released N-terminal peptide fragment containing antibody epitope (126).
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B

C

Fig. 2.6. Detection of Proteolytic Cleavage on Peptide Arrays Reading Surface-Bound Fragment. (A) Internally fluorescence quenched peptides on arrays, subsequent to cleavage peptide fragment containing quenching moiety is washed
away yielding fluorescence increase for cleaved peptides (56, 123, 125). (B) Peptides having a fluorogenic group Cterminal to the scissile bond which increases fluorescence subsequent to cleavage (128, 133), and (C) peptides with a
fluorescence dye at the free terminus for array-based assays with decreasing fluorescence signal upon cleavage.

400 possible dipeptides derived from genetically encoded amino
acids with an N-terminally coupled fluoresceinyl thiocarbamyl
moiety. These peptides were punched out and attached to pins in
a microtitre plate lid. Subsequently, they were suspended in wells
of a 96-well microtitre plate filled with protease solution. After
specified reaction times, the spots were removed in order to quantify the fluorescence dye coupled to the cleaved-off N-terminal
peptide fragment. This method was evaluated using chymotrypsin
and papain. (2) To avoid laborious pin attachment, a modified
assay involves immersing substrate spots (amino benzoic acid as
fluorescence dye) in wells filled with the protease solution
(Fig. 2.5B) (119, 120). At various times small aliquots are
pipetted into new wells and cleavage is quantified using a fluorescence microtitre plate reader. This assay was employed to identify
and characterize caspase-3 substrates using substitutional analyses
of a known peptide substrate, a peptide scan, combinatorial
libraries and randomly generated sets of peptides (121–123).
The major disadvantage of these two assay principles is that the
peptide array has to be dissected, essentially abandoning the benefits of array technologies. (3) This led to the introduction of
peptide arrays with internally quenched peptides (see Fig. 2.6A).
Compartmentalization of the cleavage reaction is not necessary
and increasing signal intensity is observed. This technique was
evaluated using combinatorial peptide libraries and substitutional
analyses of substrate peptides incubated with trypsin (124, 125)
and subsequently employed to determine the substrate specificity
of the integral membrane protease OmpT of Escherichia coli (125).
(4) A sophisticated but rather tedious procedure involves peptides
coupled to cellulose membranes by their C-terminus and having
an antibody epitope tag with a biotinylated lysine residue at the Nterminus (see Fig. 2.5C). Cleavage releases the N-terminal part of
a substrate peptide including the epitope tag and the biotin moiety. This fragment is affinity-blotted onto a streptavidin-coated
PVDF membrane and detected via an enzyme-conjugated
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antibody (126). A similar procedure was used by Kozlov et al. in
combination with DNA-encoded substrates and DNA microarrays
as sorting device. Potential cleavage site peptides flanked by biotin
on one side and penta histidine tag/DNA tag on the other side
were incubated with different proteases or cell lysates. Streptavidin-coated magnetic beads were used to remove non-cleaved peptides and biotinylated cleavage fragments. Remaining members of
the library represent His-tagged DNA-encoded fragments of
cleaved substrates only which could be detected and deconvoluted
using anti-penta histidine antibody and fluorescence imaging subsequent to hybridization onto appropriate DNA microarrays
(127). (5) Peptide derivatives containing a substituted fluorogenic
group C-terminal to the scissile bond are immobilized on glass
slides resulting in peptide microarrays (see Fig. 2.6B). In a proofof-concept study it was demonstrated that the protease trypsin
cleaved the amino acyl–fluorophore bond (94). A very similar
assay principle using longer peptides successfully determined the
substrate specificities of trypsin, granzyme B and thrombin employing peptide microarrays on glass slides generated by chemoselective
peptide immobilization (128). (6) Peptides with a fluorescence dye
at the free terminus are applied for array-based protease assays with a
decreasing signal upon cleavage (see Fig. 2.6C).
Recently, a novel principle was described for profiling proteolytic activities using semi-wet peptide microarrays and differences
in the partition coefficients of peptide substrates and released
fluorophores (129). Lysyl endopeptidase treatment released an
environmentally sensitive fluorophore resulting in a blue shift of
the emission maximum from 540 to 508 nm, along with two-fold
higher fluorescence intensity.
In a very elegant experiment, peptidic inhibitors tethered to
fluorescence-tagged peptide nucleic acids (PNA) were used to
profile inhibitor specificity against different cysteine proteases
(130, 131). The peptide nucleic acid tag encodes the structure of
the attached peptide derivative and, therefore, allows spatially
addressed deconvolution after hybridization to Affymetrix GenFlex oligonucleotide microarray. This approach was extended to
the profiling of enzymatic activities of proteases (56, 127, 132,
133) and kinases (57, 103) using PNA/DNA-encoding. Use of
oligonucleotides and in particular peptide nucleic acids (PNAs) to
encode libraries was reviewed comprehensively (134).

5. Substrate
Identification
Different scenarios for the identification of kinase substrates are
possible. Combinatorial and randomly generated libraries can be
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applied if no information about potential protein substrates is
available. Pioneering work in this field was carried out using lowdensity peptide arrays on cellulose membranes. In this format
combinatorial libraries were used to identify substrates for PKA
(see Fig. 2.2B) (58, 82–84, 97), PKG (81, 83, 97) and the budding yeast kinase CDC15 (82). This approach was also successful
using peptide microarrays for p60c-src (41). A randomly generated library of 1433 tyrosine-containing single peptides on a peptide microarray was used to identify new substrates for c-Abl (28).
While these approaches are suitable for identifying kinase substrate peptides de novo, a demanding question in biology is the
identification of in vivo protein substrates for kinases in order to
integrate novel kinases into their biological context and signal
transduction networks. The data generated from combinatorial
or random libraries are of limited use for answering such questions.
The resulting substrate sequences are usually not found in nature
and natural substrates can only be deduced by looking for similar
naturally occurring sequences. Knowledge-based libraries are used
to overcome this problem.
In cases where a protein substrate of a certain kinase is
known, and the aim is to identify the actual site of phosphorylation within the target protein, two straightforward
approaches are to use a selection of peptides containing the
potential phospho-acceptor residues of the target protein, or a
peptide scan of the target protein. For example, three peptides
could be identified as substrates for Lyn kinase by using
libraries of 15-mer peptides generated from the sequence
around each tyrosine residue in PKC (62). Decapeptide
sequences derived from the cytoplasmic domains of C-CAM
revealed a single specific phosphorylation site for PKC (63).
Overlapping peptide scans were used to determine PKA phosphorylation sites in myelin basic protein (Fig. 2.2), and the
autophosphorylation sites as well as sites for CK2-mediated
phosphorylation in the tyrosine kinase Tie2 (29).
Even though initial proof-of-concept experiments with 18
cellulose membrane bound peptides derived from protein
sequences phosphorylated by PKC in vivo (67), plus later studies,
were successful (135), the full power of the knowledge-based
approach emerged when applied to high-density, high-content
peptide microarrays.
Peptide microarrays displaying the sequences of 710 human
annotated phosphorylation sites revealed peptide substrates for
NEK6 (26), Abl (27) and PKA/CK2/GSK3 (29). More
advanced libraries were used for PDK1, HMK and Plk1 (see
Fig. 2.7) or CK2 (11,096 peptides from cytoplasmic domains
of human membrane proteins and 2304 human annotated
phosphorylation sites) (27, 71), PDK1 (1394 peptides derived
from the activation loops of human kinases) (29) and CK2 or
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Fig. 2.7. Profiling of Four Different Kinases. Peptide microarrays display 2304 annotated human phosphorylation site
derived peptides immobilized chemoselectively via N-terminal end in triplicates. Phosphorimages of one subarray
obtained after incubation with the respective kinase in the presence of [g-32P]-ATP are shown. (A) PDK1 in the presence
of 50 mM activator PIFtide. (B) Hydrophobic motif kinase (HMK). (C) Proline-directed kinase KIS. (D) Polo-like kinase 1.

Gsk3 (17,181 peptides representing overlapping peptides covering complete proteome of cytomegalovirus) (64). Peptide substrates identified in the microarray experiments were superior to
known peptide substrates for PDK1 and NEK6, as demonstrated by determination of catalytic constants in solution
phase experiments (26, 29).
An additional application of these microarrays is the detection of priming phosphorylation events. In such processes substrates for certain kinases are generated upon previous
phosphorylation with another kinase on different phosphoacceptor amino acids of the substrate. This was shown for the
system CK2 as priming kinase and GSK3 as second kinase with a
library of 694 annotated human phosphorylation-site peptides
where all corresponding CK2 monophosphorylated derivatives
were produced by incorporating phosphoamino acid building
blocks during synthesis (29).
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6. Substrate
Optimization
From the beginning, the use of peptide arrays in kinase research
focused on kinase substrate optimization in terms of substrate efficiency and selectivity. Using cAMP- and cGMP-dependent protein
kinases (PKA and PKG) as model enzymes, Tegge et al. (83) applied
peptide arrays on cellulose membranes to identify substrates from
combinatorial libraries with the format Ac-XXXO1O2XXX. X represents mixtures of all 20 proteinogenic amino acids, while O1 and O2
represent individual amino acids defined for one spot but varying
between different spots in a library. Applying all 20 naturally encoded
amino acids at these defined positions will result in 20  20 = 400
spots or peptide mixtures. After a first screening round of this initial
library, the best two amino acids at positions 1 and 2 are retained
throughout the optimization cycles and two new positions are
defined. This procedure is iteratively repeated until each position is
refined and one single peptide sequence per spot is obtained. This
strategy led to the identification of a new, very efficient peptide
substrate for PKG, and selected a PKA substrate with properties
very similar to the known kemptide peptide (136). Extending this
approach to 12- and 14-meric peptides yielded substrates highly
specific for PKG (80). Substituting the phospho-acceptor residue
by alanine resulted in specific inhibitory peptides. Analysis of these
results revealed a central role for PKG in the modulation of vascular
contractility (84, 81).
Different combinatorial libraries led to the deconvolution of
substrate sequences for PKA and type I and II TGF- receptor
kinases using porous polyethylene discs as the solid support (58).
Toomik and Ek (67) used the SPOT technology to synthesize
an optimization library for PKC substrates, with the flanking
residues of a known substrate substituted by different amino
acids, leading to specific and efficient PKC substrates. Similar
experiments led to optimized substrate sequences for the calcium-dependent kinase from maize seedlings (86).
A different approach that proved to be very powerful for
mapping antibody epitopes is a complete substitutional analysis
(137) (for review see (19)). For example, substitutional analysis of a
histone H3-derived peptide on cellulose membranes led to the
discovery of DYRKtide, which is a very efficient peptide substrate
for DYRK1a (85). These strategies applied to peptide microarrays
were also used to determine the substrate requirements of NEK6
(26) and p60c-src (41). Moreover, iterative substitutional analyses
lead to optimized substrates for murine Plk4 (138).
However, when a good database of substrates and non-substrates is available from peptide array experiments the generation of
weight matrices is a valuable alternative for kinase specificity analysis.

Peptide Arrays for Enzyme Profiling

57

Weight matrices are a representation of the probability of each
amino acid occurring at a certain position relative to the phosphoacceptor residue based on statistical evaluation of peptide microarray data. Phosphorylation of a library comprising 1433 randomly
generated peptides by Abl resulted in a weight matrix that was
successfully used to predict bona fide kinase substrates (28).

7. Miscellaneous
A new high-throughput tool connecting solution-phase kinase
activity assays with immobilized format analysis via biotin–streptavidin interaction and phosphorimaging was introduced by Panse et
al. (27). Following casein kinase II reactions in 384-well microtitre
plates in the presence of [g-32P]-ATP, aliquots of reaction solution
were transferred to a streptavidin-coated membrane to create a
peptide array composed of 720 different 13-mer peptides derived
from human phosphorylation sites. Biotinylated substrate peptides
were radioactively labelled due to the incorporated phosphate
moiety and could be easily detected by phosphorimaging of the
membrane after washing steps (27). A similar approach was used in
combination with positional scanning libraries for deciphering
substrate specificity of plant protein kinases (139), S. cerevisiae
kinases Ime2 and Cdk1 (140) and eight different human protein
serine/threonine kinases (141).
Zhu et al. described comprehensive analysis of yeast kinases
using elastomer sheets with imprinted microwells mounted onto
microscope slides (142). The microwells were loaded with 17
different known substrate proteins using the cross-linker 3-glycidoxypropyltrimethylsilane and incubated with 119 different yeast
kinase-GST fusion proteins in the presence of radioisotope
labelled ATP. Subsequent to phosphorimaging, it could be
demonstrated that this technology permits the identification of
novel kinase activities. Generally, each protein microarray could be
used for the analysis of kinase activities. Nevertheless, the correct
alignment of identified phosphorylation events to a given peptide
sequence is impaired by the number of potential phospho-acceptor residues within a protein. Additionally, signal quantification is
difficult due to possible multiple phosphorylations within one
protein.
Another approach is the immobilization of kinase substrates
on the bottom of a microtitre plate well, perfectly combining both
formats. Electrochemiluminescence detection can be used for signal readout, subsequent to incubation of the patterned peptide
array inside the well with kinases and appropriately labelled phosphospecific antibodies.
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An extension of the microarray approach is the determination
of Ki values directly on microarrays. Houseman et al. demonstrated efficient concentration-dependent inhibition of c-Src activity for c-Src inhibitors quercetin, tyrphostin and PP1 by applying
different kinase/inhibitor mixtures to a substrate-coated slide
under a layer of mineral oil. Droplets formed due to the oil layer
reaction, allowing their spatial resolution (43). Additionally, the
authors were able to demonstrate that their peptide microarrays on
monolayers of alkanethiolates self-assembled on gold are fully
compatible with surface plasmon resonance spectroscopy. This
MALDI MS imaging was extended to six different single kinases
or two phosphatases, kinase mixtures and K562 cell lysates in the
absence and presence of inhibitors in combination with microfluidic devices (113).
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1999, p. 670–671.
125. Dekker, N., R. C. Cox, R. A. Kramer & M.
R. Egmond (2001) Substrate specificity of
the integral membrane protease OmpT
determined by spatially addressed peptide
libraries. Biochemistry, 40, 1694–701.
126. Kramer, A., R. Affelt & J. Schneider-Mergener
(1999a). Peptides 1998: Proceedings of the
Twenty-Fifth European Peptide Symposium
(Ed. Bajusz, S., Hudecz, F.) Akadèmiai
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Chapter 3
Using Peptide Array to Identify Binding Motifs and Interaction
Networks for Modular Domains
Shawn S.-C. Li and Chenggang Wu
Abstract
Specific protein–protein interactions underlie all essential biological processes and form the basis of cellular
signal transduction. The recognition of a short, linear peptide sequence in one protein by a modular
domain in another represents a common theme of macromolecular recognition in cells, and the importance of this mode of protein–protein interaction is highlighted by the large number of peptide-binding
domains encoded by the human genome. This phenomenon also provides a unique opportunity to identify
protein–protein binding events using peptide arrays and complementary biochemical assays. Accordingly,
high-density peptide array has emerged as a useful tool by which to map domain-mediated protein–protein
interaction networks at the proteome level. Using the Src-homology 2 (SH2) and 3 (SH3) domains as
examples, we describe the application of oriented peptide array libraries in uncovering specific motifs
recognized by an SH2 domain and the use of high-density peptide arrays in identifying interaction
networks mediated by the SH3 domain. Methods reviewed here could also be applied to other modular
domains, including catalytic domains, that recognize linear peptide sequences.
Key words: Peptide arrays, oriented peptide array library (or OPAL), SPOT, celluspots, domains, srchomology 2 (or SH2), src-homology 3 (SH3), specificity, linear motif, protein–protein interaction
(or PPI), interaction network.

1. Introduction
Since it was first introduced by Merrifield (1) in 1963, solid-phase
peptide synthesis (SPPS) has become the method of choice for
peptide synthesis. In contrast to the conventional approach which
involves the synthesis, purification of intermediates and the assembly of fragments into the final product in solution, SPPS allows for
a peptide chain to ‘‘grow’’ on a solid support through cycles of
decoupling, neutralization and coupling that are usually carried
out in a fully automated fashion. This yields a peptide of
Marina Cretich, Marcella Chiari (eds.), Peptide Microarrays, Methods in Molecular Biology 570,
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predetermined sequence with purity comparable or superior to
that produced by a solution-based method. More importantly,
SPPS makes it feasible to carry out parallel synthesis of multiple
peptides in a single run, a versatility conferred only by the solidphase approach. Although the same chemistry used in a
conventional synthesis is employed in a parallel peptide synthesis,
the latter features increased throughput ability and is therefore
compatible to contemporary proteomic strategies. Parallel peptide
synthesis can be carried out either on resins or on functionalized
cellulose membranes. Current technology allows for hundreds of
peptides to be synthesized on resins from a single run, while
thousands of peptides can be prepared on a nitrocellulose
membrane. Peptides produced from either the resin- or the
membrane-based approach can be respotted or printed onto a
glass slide in low density (as in macroarray) or in high density (as
in microarray). More recently, oriented peptide libraries and the
corresponding sub-libraries were synthesized on nitrocellulose
membranes or on soluble membranes for reprinting. The possibility of synthesizing multiple peptides in an efficient and
cost-effective manner and the concurrent development of
approaches for peptide array production have opened up new
avenues for the application of peptides in biomedical and pharmaceutical research. For example, peptides synthesized in a
microarray format have become a powerful tool for high throughput screening of antibody epitopes (2, 3) and for determining
protein binding sites (4). Arrayed peptide libraries have been
employed to uncover peptide motifs selectively bound by modular
interaction domains or recognized by protein kinases or phosphatases (5, 6). As often dictated by the particular application, peptide
arrays may be either synthesized in situ on a cellulose membrane or
prepared by immobilization of pre-synthesized peptides to a solid
support.

2. In Situ Synthesis
of Peptide Arrays
The in situ parallel synthesis approach has the primary benefits of
consuming small amount of reagents and eliminating the steps
associated with purification and subsequent immobilization of
the peptides. Since peptides are directly synthesized on a
functionalized cellulose membrane, the purity of the peptides on
an array is undefined. However, for short peptides (<20 residues),
the purity is usually greater than 80%, sufficient for most functional
assays. Assuming a 99% coupling efficiency for each residue in a
peptide, the purity of the final product would fall under 80% once
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the peptide length reaches 23 residues. Peptide purity may also
become a real concern when it contains one or more Cys and Met
residues or multiple hydrophobic residues in a row. A variety of
methods have been developed for in situ synthesis of peptide
arrays, of which the SPOT approach has found the widest use.
The SPOT method was described first by Frank et al. in 1992
(7). An SPOT peptide array is synthesized in a stepwise manner by
sequentially spotting small volumes (sub-microlitres to microlitres) of activated amino acids to a flat solid substrate such as a
functionalized cellulose or a polypropylene membrane or a glass
slide. The standard 9-fluorenylmethoxycarbonyl (Fmoc)-based
peptide chemistry is used in conjunction with the t-butyloxycarbonyl (Boc)-based sidechain protection strategy to allow sidechain
deprotection under mild acidic conditions. The general steps for
SPOT synthesis and their application in binding assays are illustrated in Fig. 3.1. These include the following: (a) the selection
of a suitable solid support that meets the chemical and biological
requirements of the application; (b) the functionalization of the
solid support (often a cellulose membrane) for attachment of the
first activated amino acid. A linker or spacer sequence is usually
inserted between the membrane support and the first residue to
allow maximal accessibility and conformational flexibility of the
peptide; (c) the growth of the peptide chain by performing cycles
of coupling and deprotection; (d) the deprotection of sidechains

SPOT synthesis
derivatized membrane
with spacer/linker

peptide array

TFA cleavable membrane

re-spotting
peptide-cellulose
conjugate

protein
label

side chain
deprotection

solid phase
bioassay

nitrocellulose membrane

Fig. 3.1. Schematic representation of the SPOT and CelluSpot synthesis and their application in binding assays.
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upon the completion of peptide chain assembly. At this step, the
peptide array is ready for subsequent biochemical assays. For
peptides synthesized on a trifluoroacetic acid (TFA) soluble
cellulose membrane, they can be dissolved in organic solvent
and respotted at a desired density on another solid support; and
(e) the screening of the peptide array for a desired property by
performing the corresponding biochemical or binding assays
(Fig. 3.1).
Besides the SPOT approach, which is suitable for the
synthesis of low- to medium-density peptide arrays, a
combinatorial synthesis method was recently developed for
the production of high-density peptide arrays featuring up to
40,000 peptide spots per cm2 on a microchip (8). Using
digital photolithography and photogenerated acid at the
deprotection step, Pellois et al. (9) reported a novel approach
by which to perform individually addressable parallel synthesis
of peptides on microchips. A unique feature of this strategy is
the use of photogenerated acid (PGA) for the removal of acidlabile sidechain protection groups upon light irradiation,
which makes it possible, in principle, to synthesize high-density peptide microchips for a variety of pharmaceutical and
proteomic applications (10).

3. Immobilization
of Pre-made
Peptides

An alternative method to produce a peptide array is by immobilization of peptides that have been synthesized and purified or by
respotting peptide–cellulose conjugates prepared by the SPOT
approach. This strategy is more efficient and cost-effective than
in situ synthesis when only a small number of peptides are represented in the array or when multiple copies of the same peptide
array are needed.
There are many strategies by which to immobilize a
peptide. These include the use of a terminal cysteine residue
for attachment to a glyoxylyl glass surface (11) or a surface
bearing the maleimide group (12) or disulphide (3), the use
of an alkoxyamine-terminated peptide for immobilization to an
aldehyde-derivatized surface (13) and the use of biotinylated
peptides for immobilization to avidin/streptavidin-coated glass
slides (14). Besides these covalent immobilization strategies in
which the peptides are covalently attached to a functionalized
surface, CelluSpotsTM, developed by Intavis AG, exploits hydrophobic interaction for non-covalent peptide immobilization (see
Chapter 8).
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4. Applications
Over the past decade, peptide arrays have been used both in conventional biochemical and enzymatic analysis and in high throughput binding or epitope-mapping assays. A variety of molecular
binding events, including protein–protein interactions (6, 15–21),
peptide–enzyme interactions (11, 14), peptide–DNA interactions
(22) and peptide–cell interactions (11), can be interrogated by
peptide arrays. Peptide arrays have been found to be particularly
amenable to identifying or characterizing protein–protein interactions. A number of signalling proteins and interaction domains,
such as the tumour necrosis factor receptor-associated factors
(TRAFs) (18), the PDZ domains (15), SH3 domains (16, 19,
21), PTB domains (20) and SH2 domains (6), have been studied
by peptide arrays. Compared to DNA microarrays, peptide arrays
are highly versatile and can be probed for binding to either macromolecules (such as DNA, RNA, protein or lipid) or small organic
compounds.
4.1. Peptide Walking

In this application, a series of peptides of overlapping
sequences are synthesized in an array to cover a part or the
full sequence of a protein. This strategy is akin to ‘‘walking’’
through the protein sequence from the N- to the C-terminus.
Depending on the application, peptides in an array can be
synthesized at a specific length and with a given size of
‘‘overhanging’’ sequence. This strategy has been used to map
the epitope of an antibody or the recognition sequence of an
MHC molecule (3, 23). Peptide walking arrays are also useful
tools by which to uncover the binding sites of one protein on
another (17) and for revealing novel sequence motifs recognized by an interaction domain or by a protein kinase or
phosphatase (4, 24–26).

4.2. Oriented Peptide
Array Library

Much of our current knowledge on the specificity of protein
interaction domains have been gleaned through the use of purified domains to screen peptide libraries that have been synthesized chemically or prepared using phage display (27–30).
Songyang and Cantley pioneered the use of the oriented peptide library approach for the determination of binding specificity for a group of SH2 domains (29, 31). This method was
subsequently extended to identify consensus motifs recognized
by other protein interaction domains and to map the preferred
substrates for protein kinases and phosphatases (29, 31). More
recently, oriented peptide array libraries (OPAL) synthesized or
respotted on a solid support have been used for charting domain or
kinase specificity (5, 6, 32).

72

Li and Wu

The SH2 domain is known to recognize short peptide
sequences containing a phosphotyrosine (pY) residue and the specificity of an SH2 domain is governed by 3–5 residues C-terminal to
the pY (33–39). In a typical OPAL designed for SH2 domainbinding, the pTyr residue, which acts as an anchoring site to allow
for basal level binding to an SH2 domain, is held constant in the
library (Fig. 3.2). This pTyr is flanked at both the N- and C-termini
by amino acids to create a peptide suitable for SH2-binding. When a
residue in the peptide sequence is replaced by a mixture ‘‘X’’ of all
naturally occurring amino acids (except for Cys which makes a
peptide prone to dimerization) during the synthesis, this will generate a peptide library containing 19 peptides. If ‘‘n’’ residues in a
peptide are replaced by X, this will generate a library containing 19n
peptides. To generate a peptide array library, each X in the parent
library is scanned with individual amino acids (Fig. 3.2A).
The OPAL approach was employed recently to systematically
chart the specificity of human SH2 domains (6, 40). This method
adopted CelluSpots technology to produce hundreds of identical
OPALs with the degenerated sequence of X-2X1pY0X1X2X3X4 for
the parent library (Fig. 3.2). The selectivity of each residue at a
position –2 to +4 relative to the pTyr for SH2-binding is determined by replacing the X with a given amino acid during synthesis.
As shown in Fig. 3.2, the substitution of the X at position –2 by a

(A)

K R H D E N Q S T A G P I L V M F Y W

K–2X[pY]XXXX
XK–1[pY]XXXX

P-2
P-1
P+1
P+2
P+3
P+4

XR–1[pY]XXXX
pTyr-oriented parent peptide library sequence:
X–2X–1[pY0]X+1X+2X+3X+4

(B)

K R H D E N Q S T A G P I L V M F Y W
P–2
P–1
P+1
P+2
P+3
P+4
Selected motif: [N/P][Y/F][pY][E/D/Y][N/E/T/M][I/L/V/P][D/E]

Fig. 3.2. (A) Schematic of a pTyr-oriented peptide array library (OPAL). The OPAL is
derived from a library with the degenerated sequence XX[pY]XXXX, where X denotes a
mixture of all naturally occurring amino acids except Cys, and pY denotes phosphotyrosine. (B) Probing of a pY-OPAL by an SH2 domain (from the protein FYN). A dark spot
suggests a positive selection for the substituted residue at a given position of the
peptide. The motif selected by the SH2 domain is indicated at the bottom of the OPAL
membrane.
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Lys (K) generates a sub-library spot containing the degenerated
sequence of K 2X 1pY0X1X2X3X4. Thus, a permutation scanning
of the X’s in the parent library would generate an array of 19  6 =
114 sub-libraries. In the subsequent binding study, if a given
substitution produced a stronger than average binding signal,
then the corresponding residue was considered favoured by the
SH2 domain under concern (Fig. 3.2). As shown in Fig. 3.2B,
the FYN SH2 domain selected the motif [N/P][Y/F][pY][E/D/
Y][N/E/T/M][I/L/V/P][D/E] from an OPAL screen.
4.3. Peptide Array
Target Screen (PATS)

The PATS approach is similar to the WISE method developed by
Landgraf et al. (19) for identifying a protein interaction network in
yeast. It is particularly suitable for identifying proteins bound by an
interaction domain such as SH2, SH3, PTB, PDZ, etc. (41). When
the consensus sequence for an interaction domain is available, this
consensus motif can be used to search a protein database in order
to retrieve peptides containing the motif. These potential binding
targets are then represented on a peptide array and probed for
binding to the domain of concern (Fig. 3.3A). The signals from
the binding assay indicate which peptides (and the corresponding
proteins) could be potential targets for the domain (and the

(A)

(B)
Peptide-binding Domain
Peptide Library or OPAL
Consensus Motif
Protein Database Search

(C)

Targeted Peptide Array
Probing Array with Domain
Graded Ligand Pool
Validation of Interaction
PPI Database

Fig. 3.3. (A) Flowchart of the targeted peptide array screening (or PATS) approach for systematic mapping of protein-toprotein interactions based on the principle of domain–linear motif recognition. PPI, protein-to-protein interaction. (B)
Binding profile of the ABL1 SH3 domain to a 1536 peptide array. Bright (fluorescent) dots indicate positive binding. (C) An
SH3 domain–protein interaction network identified by the PATS approach. For details, see Jia et al., Proteomics. 2007; 7:
1775–85.
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corresponding protein) (Fig. 3.3B). We employed PATS in systematically identifying protein interactions mediated by a group of
12 human SH3 domains (Fig. 3.3C) (21).

5. Perspectives
Peptide array is gaining widespread usage in the post-genome era
and has become a powerful tool in uncovering the molecular basis
of protein–protein interactions. With the availability of the human
genome sequence and by extension, the unmodified human proteome, it is now possible, in principle, to represent all proteins on a
microarray. Because protein array often suffers from difficulty in
protein expression and purification and from protein instability,
peptide array provides an alternative to represent protein fragments on a solid support in a systematic manner. Another notable
advantage of peptide array is that post-translational modifications
(PTM) can be readily recapitulated by peptide synthesis. This
advantage makes peptide array particularly amenable for studying
interactions involving PTMs. We expect peptide array to play an
important part in the large-scale identification and characterization of protein–protein interactions and in the elucidation of
enzyme–substrate relationships.
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Chapter 4
Molecular Simulations of Peptides: A Useful Tool for the
Development of New Drugs and for the Study of Molecular
Recognition
Massimiliano Meli and Giorgio Colombo
Abstract
The study of the molecular recognition and self-organization properties of peptides has emerged in recent
years as a very active and diverse field of research, ranging from biomedicine to biotechnology and even to
material sciences.
In the case of biomedicine, peptides can be used as ligands of biological receptors to gain insights into
the structural, dynamical, and chemical determinants underlying the formation of complexes and identify
new effectors of biological processes of interest. In the case of biotechnology and material science, short
sequences have been used to understand the sequence determinants of the formation of ordered supramolecular structures of nanoscale dimensions.
In this work, we will describe our research activities in these two areas of modern chemical biology. In
the first part, we will describe the development of a new, specific, potent, and selective anticancer peptide
and its use to obtain the information needed to identify a non-peptidic small molecular lead to be used as an
inhibitor of cancer growth. In the second part, we will describe the introduction of a new method for the
description of the self-organization process at the basis of the growth of ordered supra-molecular structures held together by weak, non-covalent, yet specific interactions.
Key words: Drug design, peptides, self-organization, molecular recognition.

1. Introduction
With the growth in computer power, the role of molecular modeling in bio-molecular studies has been gaining increasing strength
over the last few years. Due to the dimensions of the molecules
implicated in biological processes, pure quantum chemistry is not
the most suitable method for these studies. In contrast, molecular
mechanics or mixed methods as QM–MM (quantum mechanics–
molecular mechanics) can answer the modeling demands for these
systems. Moreover, with the completion of a number of genomes,
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and the subsequent extraction of genes and hence protein sequences,
attention has been focused on the prediction and determination of
the 3D structure of proteins. Dynamics is the next logical step in the
chain that leads up to bio-molecular function and understanding of
biological processes at the supra-molecular level.
Proteins are important targets for drug design and this is greatly
facilitated if the 3D structure is known. A molecular modeling study of
a bio-system provides a lot of information that often complements
experimental data. In many cases a molecular modeling study can
provide structural or other data in conditions not accessible for an
experiment, i.e. extreme or dangerous experimental conditions, properties on time-scales too short for any experiment. From the point of
view of the theory of dynamical systems, bio-molecules are probably
among the most complex subjects of study as they not only involve
many thousands of degrees of freedom for a given molecule, in
addition to the need to model the solvating water environment, but
they also span a huge hierarchy of functionally significant time-scales,
from nanoseconds to milliseconds and beyond. Although quantum
mechanics governs the interactions between the electrons of the atoms
and molecules as well as the motions of light particles such as protons,
the non-bonded interactions can be very well described by a classical
potential-energy function or force field as part of a classical Hamiltonian of the system of interest. As already mentioned, we mainly
consider atomic and molecular degrees of freedom with the corresponding classical force fields and classical Newtonian dynamics to
sample the degrees of freedom. System sizes, which can be considered,
range up to 105 or 106 atoms or particles. Classical simulations
represent the theoretical framework of this chapter and discussion.
They can be applied to the general problem of molecular recognition
with the final goal to improve our design capabilities and our understanding of biological self-organization phenomena.

2. Overview
The study of the molecular recognition and self-organization
properties of peptides has emerged in recent years as a very active
and diverse field of research, ranging from biomedicine to
biotechnology and even to material sciences (1).
In the case of biomedicine, peptides can be used as ligands of
biological receptors to gain insights into the structural, dynamical,
and chemical determinants underlying the formation of complexes
and identify new effectors of biological processes of interest. In the
case of biotechnology and material science, short sequences have
been used to understand the sequence determinants of the formation of ordered supra-molecular structures of nanoscale dimensions.
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In this work, we will describe our research activities in these
two areas of modern chemical biology. In the first part, we will
describe the development of a new, specific, potent, and selective
anticancer peptide and its use to obtain the information needed to
identify a non-peptidic small molecular lead to be used as an
inhibitor of cancer growth. In the second part, we will describe
new approaches for the description of the self-organization process
at the basis of the growth of ordered supra-molecular structures
held together by weak, non-covalent, yet specific interactions.
Development of a new anticancer lead: from a peptide to a new
non-peptidic molecule. Anticancer agents that selectively kill tumor
cells and spare normal tissues are urgently needed. In this work, we
describe the engineering of a cell-permeable peptidomimetic, shepherdin (2), modeled on the binding interface between the molecular
chaperone heat shock protein 90 (Hsp90) and the anti-apoptotic and
mitotic regulator survivin. Hsp90 is a molecular chaperone that is
involved in multiple signaling pathways for cell proliferation, survival,
and cellular adaptation. It is highly and selectively overexpressed in
cancer cells and is at the crossroad of a peculiar network of biological
pathways. These characteristics indicate that Hsp90 can bet a good
candidate for anticancer therapies. The active inhibitor of Hsp90 was
identified by peptide scanning of the sequence of survivin, a client
protein strongly interacting with the chaperone, followed by affinity
studies. This allowed defining the sequence stretch of survivin covering residues 79–87 as the most active peptide. The retroinverso
analog of this sequence was synthesized and further characterized as
an active and stable inhibitor of Hsp90, and named shepherdin (3–5).
In our work, we first investigated the dominant conformations of
shepherdin in solution through all-atom, explicit solvent molecular
dynamics (MD) simulations for a total time span of 400 ns(6). Statistical cluster analysis showed that shepherdin displays one main
conformation, characterized by the presence of a turn involving
residues G83–S84 and an overall hairpin geometry. The remaining
clusters were mainly extended conformations, with the peptide backbone groups involved in hydrogen bonding with water.
The most populated conformation was subjected to multiple
blind docking experiments on Hsp90 using the Autodock program (7). In all cases, the peptide was predicted to bind within the
ATP binding site of Hsp90. Statistical analysis of the blind docking
results showed that low energy poses are all highly correlated to
one another, with a root mean square deviation (RMSD) from the
global minimum structure lower than 2.5 Å. Control docking
experiments were conducted with the extended structures
representative of other clusters, but in those cases it was not
possible to univocally identify any particular binding site on
Hsp90. The free-energy minimum structure of the Hsp90/shepherdin complex was then subjected to two long, 54 and 73 ns, allatom MD simulations. Analysis of the statistical and time-
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dependent distribution of the interactions between functional
groups of the ligand and of Hsp90 allowed to identify the most
important residues in the stabilization of the bimolecular complex.
These structural predictions were first verified by targeted mutations on the Hsp90 binding site. Individual substitutions at the
predicted positions decreased binding by 20–60% (2).
These data were also used to define the minimal peptide
sequence of shepherdin necessary for Hsp90 binding: through
this procedure, we could identify shepherdin [79–83] as a novel
variant able to inhibit Hsp90. This hypochapter was tested experimentally by measuring the levels of expression of Hsp90 client
proteins, tumor cell viability, and apoptosis in cells where shepherdin [79–83] was administrated (8).
Finally, the structure and dynamics information on the interaction
between the chaperone and the inhibiting peptidomimetic was used to
develop pharmacophore models, keeping into account the motional
and flexibility properties of both the ligand and the receptor. This
computational design strategy proved able to identify the non-peptidic
small molecule 5-aminoimidazole-4-carboxamide-1-b-D-ribofuranoside as a structurally novel inhibitor of heat shock protein 90 (Hsp90)
(9) (Fig. 4.1). Experimental tests show that the compound binds the
Hsp90 N-domain, destabilizes multiple Hsp90 client proteins in
vivo, including survivin, and exhibits antiproliferative and proapoptotic activity in multiple tumor cell lines, while not affecting
proliferation of normal human fibroblasts. More in general, we
suggest that our all-atom MD-based methodology can be a valuable tool for the rational design of new small molecules, keeping
structural and dynamical properties into account.
Study of the dynamics of peptide self-organization. Self-assembly is
the process by which nature builds complex 3D multicomponent
structures with well-defined functions starting from simple building
blocks such as nucleotides, lipids, or aminoacids. In many cases,
however, the self-assembly of peptides or proteins into fibrillar structures is the cause of degenerative diseases such as Alzheimer’s,
Most relevant
binding interactions

Experimental
Testing: Hsp90 mutants

D93
S52

D102
N106

S113

Fig. 4.1. On the right, the most relevant binding interactions between shepherdin-RV and the N-terminal domain of HPS90.
On the left, the experimental test of the contacts identified with our docking-molecular dynamics study, from (2).
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Parkinson’s, type II diabetes, and so on (10). Because protein aggregation is very complex, involving a high number of degrees of freedom and a variety of oligomeric metastable intermediates, the
detailed aggregation paths and structural characterization of the
intermediates remain to be determined. We focus here on the computational study of the structural and dynamic aspects of the aggregation of a small peptide characterized experimentally as able to form
stable b-sheet rich fibrils. We will present and discuss our approach
that entails an initial coarse-grained Monte Carlo (MC) scheme
followed by all-atom molecular dynamics (MD) simulations in explicit solvent (6). The MC evolution occurs in a simplified free-energy
landscape and allows an efficient selection of marginally compact
structures which are taken as viable initial conformations for the
MD. In the initial coarse-grained part, multiple peptide copies are
represented in a simulation box in random starting orientations. The
coarse-grained MC structural representation is connected to the one
with atomic resolution through a fine-graining reconstruction
algorithm (11, 12). This two-stage strategy is used to select and
follow the dynamics of several different unrelated conformations
of an initial multimolecular aggregate. In several notable cases
the initial aggregates evolve toward final structures rich in b-sheet
content with interesting details in regards to the register,
directionality, and type of interactions among different monomers. The analysis of the various MC–MD trajectories provides
valuable insight into the details of the aggregation and self-organization mechanisms and particularly about the delicate influence
of local and non-local interactions in steering the process (11, 13)
(Fig. 4.2).

Start from MC Structure 1

Final Structure

Principal Cluster

Fig. 4.2. Top Panel: the structure from MC simulation and the evolution of the secondary structure during the molecular
dynamics simulation. Bottom line: the comparison of experimental structure of GNNQQNY peptide crystal and the structure
obtained from our MC–MD procedure.
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3. Simulation
Methods
3.1. Introduction

As it is not possible to observe individual atoms or molecules
directly, various models are used to describe and/or predict
the properties of a system. In this respect the image of an atom
or molecule will strongly depend on the models with which
one has been presented. The sophistication of the model we
choose depends on the property in which we are interested.
Normally it is advisable to choose the simplest representation
that will illustrate the property of interest satisfactorily. Over
the last decade a combination of computer graphics and molecular modeling techniques has resulted in unprecedented
power to create and manipulate 3D models of molecules
using computers.
Nevertheless, one should always be extremely cautious. The
images created on the screen can be very convincing. When
using a program to predict a particular property of the system
it is absolutely fundamental to always be aware that the
underlying model may or may not bear any relationship to
reality.
The general aim of this paragraph is to provide a basic description of all-atom molecular dynamics (MD) simulations of peptides
and proteins.

3.2. General Aspects

Although normally represented as static structures, molecules
such as proteins, lipids, DNA, carbohydrates, water, etc., are in
fact dynamic. Most experimental properties, for example, measure a time average or an ensemble average over the range of
possible configurations the molecule can adopt. One way to
investigate the range of accessible configurations is to simulate
the motions or dynamics of a molecule numerically. This can be
done by computing a trajectory, i.e., a series of molecular configurations as a function of time by the simultaneous integration of
the Newton’s equations of motion. MD simulations enable the
time-dependent behavior of atomic and molecular systems to be
determined, providing a detailed description of the way in which
a system changes from one conformation or configuration to
another. Importantly, simulations can generate ensembles of
representative configurations in such a way that accurate values
of structural and thermodynamic properties can be obtained with
a reasonable and feasible amount of computation. Statistical
analysis is the link between the experimental and simulation
world.
In this paragraph we will discuss some of the concepts and
equations at the basis of molecular dynamics (MD)
simulations.
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Molecular dynamics simulation (MD) is a technique to compute
the equilibrium and transport properties of a classical many-body
system. In this context, the word classical indicates that the
motions of the particles obey the laws of classical mechanics. This
is an excellent approximation for a wide range of materials and
applications where electronic motions and reorganizations are not
involved, ranging from complex bio-molecular systems to material
science to the study of polymers. In molecular dynamics, successive configurations of the system are generated by the application
of Newton’s laws of motion. The end result is a trajectory that
specifies the variation of the positions and velocities of the particles
in time. On this trajectory one calculates the properties of interest
as time or ensemble averages.
The trajectory is generated by solving Newton’s second law
(F ¼ ma) for every atom in the system. Newton’s second law is
actually a differential equation that can be re-written as:
d 2 xi Fxi
¼
dt 2
mi

[1]

From this equation, it is evident that particle iof mass mi moves
along coordinate xi subject to the force Fxi which is due to the
presence and interaction with atom i of all other particles in the
system. The force can be expressed as the negative derivative of a
potential function V(r1, r2, r3,. . .. . .. . .rN) describing the fundamental types of interactions in the system.
Fi ¼ 

@V
@ri

[2]

Roughly speaking, V can be considered as the potential energy of
the system as a function of atomic positions. The equations are
solved simultaneously in small time steps, dt. The system is followed for some time, taking care that the temperature and pressure
remain at the required values, and the coordinates are written to an
output file at regular intervals generating the trajectory.
A typical potential function for all-atom protein simulations is
expressed in the form:
X1
Kb ½b  b0 2
V ðr1 ; r2 ; :::::rN Þ ¼
2
bonds
X1
X
1
K ½  0 2 þ
K ½  0 2
2
2
angles
impropdihedrals
X
[3]
þ
K’ ½1 þ cosðn’  Þ
þ

dihedrals

þ

X h
C12 ði; jÞ=rij12  C6 ði; j Þ=rij6

pairsði;j Þ


þqi qj =ð4p"0 "r rij Þ
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The potential V,expressed through equation [3] is also called Force
Field (see for instance: (16) or (17)). In this chapter we will use
predominantly the GROMOS force field as implemented in the
Gromacs Package (6). Each term describes a pairwise relation,
taking into account the physico-chemical interactions present in
the system. In particular:
X1
Kb ½b  b0 2
2
bonds
describes the vibrations of covalent bonds around their equilibrium positions b0. In a classical framework, the vibration is
simply expressed in the form of the Hook’s law, with a spring
constant Kb.
X1
K ½  0 2
2
angles
describes the angular vibration around the equilibrium position,
and it is basically expressed with the same form as the previous
one.
X
X
1
K ½  0 2 and
K’ ½1 þ cosðn’  Þ
2
impropatopdihedrals
dihedrals
are used to describe dihedral dependencies within the molecule.
The final term in the equation
i
X h
C12 ði; j Þ=rij12  C6 ði; j Þ=rij6 þ qi qj =ð4p"0 "r rij Þ
pairsði;j Þ

describes all non-bonded interactions. The first two terms take
into account van der Waals interactions and decay very fast as a
function of distance, while the third one is basically a formulation
of the classical electrostatic interaction between two charges (the
charge being the formal charge on an atom in a certain environment). Several parameters appear in the Force Field, such as the
equilibrium distances or the force constants or van der Waals and
electrostatic parameters. They have to be determined by either
using experimental data, or by fitting to high level ab initio calculations. Clearly, the parametric nature of the force fields imposes
restrictions to their uses in contexts which are different from the
ones they have been developed for.
3.3.1. Setting Up and
Running a Molecular
Dynamics Simulation

Molecular dynamics simulations are for many aspects very similar to real laboratory experiments. In ‘‘real life’’ an experiment is
performed by preparing the sample we wish to study. We then
connect our sample to some measuring machine (thermometer,
CD spectrometer, NMR, etc.) and we measure the property we
are most interested in over a certain amount of time. If, as in
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most cases, our measurements are subject to statistical noise,
then the higher the number of samples and longer the simulation time, the more accurate our measurements will be. In MD
we follow the same approach. In many cases MD simulations
are actually defined as ‘‘computational experiments.’’ First we
have to prepare a sample. This corresponds to choosing the
appropriate model system for the quantity we want to calculate.
Generally, the model system will consist of N particles which
will interact under the action of the potential and forces defined
in equations [1]–[3]. The system (and the properties of interest) will evolve as a function of time until they reach an equilibrium stage. After the equilibration has been reached, we can
carry out the effective measurement. The choices of the model
system, the equilibration time, and the way the measurement is
carried out are very sensitive points which have to be faced
carefully. Incorrect results or bad artifacts can be generated by
using the wrong model for the phenomenon one wants to
describe, by using too short equilibration/measurement times,
or by not noticing irreversible and chemically meaningless
changes that can occur in the system. For details on the specific
treatment of interatomic forces and alternative simulation methods see (16–53).
3.3.2. Integrating the
Equations of Motion

Now that we have seen how to calculate the forces among the
particles, and the kinds of problems that may arise, we can integrate Newton’s equations of motion, equation [1] in particular.
Algorithms have been developed to do that. As an introduction, let
us consider how to calculate the position of a particle at a certain
time t + t, r(t + t). We first can expand in Taylor series the
coordinate of a particle around time t.
rðt þ tÞ ¼ rðtÞ þ vðtÞt þ

f ðtÞ 2 t 3 :::
r þOðt 4 Þ
t þ
2m
3!

[4]

f ðtÞ 2 t 3 :::
r þOðt 4 Þ
t 
2m
3!

[5]

similarly,

rðt  tÞ ¼ rðtÞ  vðtÞt þ

Summing these two equations, we obtain:
rðt þ tÞ þ rðt  tÞ ¼ 2rðtÞ þ

f ðtÞ 2
t þ Oðt 4 Þ
m

[6]

f ðtÞ 2
t
m

[7]

or
rðt þ tÞ  2rðtÞ  rðt  tÞ þ
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The estimate of the new position contains an error which is of the
order of t4, where t is the time step in out MD scheme, typically
between 1 and 10 fs in the simulation of bio-molecular systems.
The algorithm presented here is the so called Verlet algorithm.
One should note from [7] that velocities are not used to compute
the new position. One can, however, compute the velocity from
the knowledge of the trajectory (just like in normal dynamics
exercises in physics courses) using:
rðt þ tÞ  rðt  tÞ ¼ 2vðtÞt þ Oðt 3 Þ

[8]

or
rðt þ tÞ  rðt  tÞ
þ Oðt 2 Þ
[9]
2t
This expression for the velocity is exact to within an order t2.
However, it is not possible to obtain a better estimate of the
velocities (and hence of the kinetic energy and temperature of
the system) using Verlet-like algorithms.
Once the new positions have been calculated, we can discard
the old ones at t–t. The current positions become the old ones
and the new positions become the current positions. After each
time step, we can compute the current temperature, the potential
energy, and the total energy. The total energy must be conserved,
and a good integration scheme has to ensure that in the very first
place.
Other integration algorithms can be used. In GROMACS, in
particular, the so-called leap-frog algorithm is used for the integration of the equations of motion. The leap-frog algorithm uses
positions rat time t and velocities vat time t-t/2; it updates the
positions and velocities using the force f(t) determined by the
positions at time t:
vðtÞ ¼

t
t
f ðtÞ
Þ ¼ vðt  Þ þ
t
[10]
2
2
m
t
[11]
rðt þ tÞ ¼ rðtÞ þ vðt þ Þt
2
This algorithm can be visualized pictorially (Fig. 4.3).
This completes the basic description of the all-atom molecular
dynamics simulation technique.
vðt þ

Fig. 4.3. Scheme of the leap-frog algorithm.
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3.3.3. Temperature
and Pressure Control

MD simulations are generally performed at constant number of
particles (N), constant volume (V), and constant energy (E) (NVE
ensemble). However, to obtain an easier connection with experiment, it is often desirable to run simulations at constant temperature (T) or pressure (P). The two most common simulation
ensembles are in fact the NVT and NPT. In the following we will
concentrate on how to control the temperature and the pressure in
MD simulations.

3.3.4. Temperature Control

The control of temperature in MD simulations is fundamental for
comparison of results with experimental findings. Moreover, it
might be of interest to investigate the behavior of a system at
different temperatures or to check the temperature-induced
unfolding behavior of a protein, DNA stretch, etc. Simulated
annealing MD protocols, in which the temperature is lowered in
a controlled fashion, are also of interest for NMR or X-ray structure refinements.
Temperature is related to the average kinetic energy:
3
NkB T
[12]
2
From this relation, it is evident that one easy way to control the
temperature would be to scale the kinetic energy of the particles
and hence their velocity.
An alternative way to maintain the temperature close to the
desired value is to couple the system to an external heath bath
that is fixed at the desired temperature. This is the basis of the
Berendsen coupling algorithm. The bath acts as a heat reservoir
which can supply or remove energy from the system. The
velocities are scaled at each time step, such that the rate at
which the temperature changes is proportional to the difference
in temperature between the bath and the system. If T0 is
defined as the reference temperature and Tas the instantaneous
one, we have:
hK iNVT ¼

dT T0  T
¼
[13]
dt

which means that a temperature deviation decays exponentially
with a time constant t. This method of coupling has the advantage
that the strength of coupling can be varied and adapted to the
different situations by just changing the scaling factor t. For
equilibration purposes, for instance, the coupling time can be
taken quite short (e.g., 0.01 ps, which means that velocities will
be rescaled every 0.01 ps), while for equilibrium runs this value can
be much higher (0.5 ps). In this case the influence on the dynamics
is very low. In general, if t is large then the coupling is weak. If t is
small the coupling is strong, and when it equals the time step, we
simply have a velocity rescaling algorithm.
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The main problem with this algorithm is that it does not
generate rigorous canonical averages. Velocity rescaling artificially
prolongs any temperature difference between components of the
system, and in many cases the phenomenon of ‘‘hot’’ solvent–
‘‘cold’’ solute arises. One solution is to couple different components separately to the heath bath, but the problem of unequal
energy distribution among components may still remain.
3.3.5. Pressure Control

Just like one wants to control the temperature, one may also want to
control the pressure in a simulation. This allows checking the behavior of the system to be explored as a function of pressure, enabling
one to study, e.g., conformational changes induced by ultra-high
pressure conditions. These types of studies are being applied for
instance to study enzymatic reactivity for industrial applications, or
in the study of the properties of, e.g., Prion Proteins and their
conformational behavior. Pressure fluctuations are generally much
more pronounced than temperature fluctuations, since the pressure
is related to the virial, which is obtained as the product of the
positions and the derivative of the potential energy function. This
product is much more sensitive to the variations in position than the
internal energy, which brings about bigger pressure fluctuations.
As a pressure control algorithm, we will present the Berendsen
one. It is based on the same philosophy as the temperature control.
This algorithm rescales the coordinates and the box vectors every
step with a matrix , which has the effect of a first-order relaxation
of the pressure toward a given reference pressure P0.
dP P0  P
¼
dt
tP

[14]

The scaling matrix  is given by:
ij ¼ ij 



t
ij P0ij  Pij ðtÞ
3P

[15]

Here  is the isothermal compressibility of the system. In most
cases this will be a diagonal matrix, with equal elements on the
diagonal, the value of which is generally not known. In general, it is
sufficient to consider a rough estimate of the value of  since this
value only affects the non-critical time constant of the pressure
relaxation without affecting the average pressure itself. For water
at 1 atm and 300 K this value is  ¼ 4.6  1010 Pa1 ¼ 4.6 
105 Bar1. The scaling can be done isotropically or anisotropically depending on the type of system being simulated. For
instance for the simulation of a globular protein, when we are
only interested in fluctuations, etc., isotropic scaling is fine. For
system with interfaces or with conformational changes in one
direction mainly, anisotropic scaling is best. In general, in this
type of algorithm, the volume of the simulation box is changed
(scaled) according to the coupling protocol.
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Other methods are being used nowadays for pressure and
temperature coupling, but they will not be discussed herein, as
they are out of the scopes of the paragraph.
3.3.6. Summary

This chapter has introduced the basic concepts of molecular
dynamics simulations, giving a brief description of the basic quantities accessible, the capabilities of the technique, etc. In general,
the algorithms and the concepts used are quite simple and not
particularly mathematically involved (except for Ewald summation
for electrostatics). However, one should always keep in mind that
all-atom MD simulations on realistic systems are extremely computationally intensive and that one should always choose the most
appropriate model for the description of the system under exam.
The wrong choice of initial condition, or of the electrostatic
systems, etc., will certainly have serious consequences on the
final results. One should never use MD simulations as a simple
black box.

3.4. Simplifying the
Conformational Search
Problem. The CoarseGrained Monte Carlo
for Protein and Peptide
Simulations

Several methods and techniques have been developed over the
years to overcome the time limitations of all-atom MD. A widely
used strategy is to renounce to follow the complete conformational pathways in favor of identifying the conformations of lowest
free energy through various optimization techniques including
simulated annealing, multicanonical methods, genetic algorithms,
etc. (20–27). Another commonly employed route is to simplify
not only the description of the solvent but also of the protein
structure itself. Accordingly, several coarse-grained models have
been introduced where the protein is described as a chain of linked
beads which interact through suitable effective potentials. The
drastic structural simplification entailed by these models allows
exploration of a portion of the conformational space vastly larger
than in all-atom MD. However, the limitations of both the structural representations and of the energy functions clearly prevent
reproduction of the finer features of the conformational-recognition processes. Nevertheless they have proved valuable for capturing and analyzing various general aspects such as the calorimetric
co-operativity, the relation between native-state topology and
folding rates, the identification of folding nuclei, and the modeling
of functional motions, etc. (28–39). These observations suggested
the approach we introduced previously for the study of protein
folding, and that we extend here to the problem of peptide selforganization, which combines a coarse-grained Monte Carlo
(MC) search with all-atom molecular dynamics (MD) simulations
in explicit solvent. The effect of the coarse-grained part is to
simplify the protein’s energy landscape so as to identify efficiently
physically meaningful starting conformations for the MD. After
bringing these structures into the realm of all-atom representations, explicit solvent MD is used to introduce back the fine
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chemical details which are ultimately responsible for driving the
evolution toward the native state. The link between the two structural representations is a fine-graining algorithm which allows
reliable reconstruction of the full atomic detail of the protein
using a library of previously generated protein fragments. The
scheme adopted here, therefore, aims at extending the reach of
ordinary MD simulations by using simple physico-chemical criteria
to identify the marginally compact starting conformations in
which partial formation of intermolecular stabilizing interactions
has taken place. Thus, the approach has a different spirit from that
followed in other two-stage approaches, notably the pioneering
work of Vieth et al. (40) and Liwo et al. (41) where the finegraining step was aimed at perturbing or refining the coarsegrained structures which minimized a given energy functional.
3.4.1. The Coarse-Grained
Monte Carlo Method

The preliminary Monte Carlo exploration of the configurational
space is designed to be as efficient as possible. To this end, we
have adopted a simplified representation of peptide conformations (Fig. 4.4). Most of the procedures adopted to coarse
grain the microscopic degrees of freedom of proteins and peptides substitute a whole amino acid with a small number of
effective centroids. We have followed this choice and used
effective C and C centroids for each amino acid (with the
exception of Gly which lacks the C centroid). This choice

Fig. 4.4. An example of the 3D-grid used for MC simulation. In blue are showed the
allowed position for peptide (in bigger balls and sticks) movement.
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brings about a drastic simplification for the structure of the
Hamiltonian which will involve only interactions between the
centroids. In particular we regard the C centroids as the
centers of the effective interactions among contacting residues.
The C ones play, instead, a passive role being used to capture
the steric hindrance of the side chains. In order to minimize the
dimensionality of conformational space only the C degrees of
freedom where considered and the effective Cs were constructed according to the Park and Levitt rule (42).
In the extension of this approach to the case of self-organization of multiple peptide chains, the single peptide chains are represented in their extended structure, with no internal flexibility.
Motions in the 3D space will involve rotations and translations of
chains (Fig. 4.4). The dynamics of multiple chains in configuration
space is carried out using a Monte Carlo technique. At each
attempted Monte Carlo step the current configuration of the system
(C-trace) is distorted by means of rotations and translations of one
or more than one chain on the points of a 3D grid. These types of
moves are employed since they do not alter the separation of consecutive Cs (bond length). The newly generated configuration is
then accepted/rejected according to the standard Metropolis rule.
The system energy function comprises the following terms:
H ¼ Hsteric þ Hpairwise

[16]

The first term, Hsteric is used to enforce some basic steric constraints on the conformations generated with the MC procedure.
These knowledge-based constraints involve mainly two-body terms.
In particular, no two centroids of distinct residues, i and j (be they
C or C) are allowed to come at a distance smaller than 3.0 Å.
The second energy term, Hpairwise is used, instead, to capture
the effective interactions among pairs of sufficiently closed residues. The strength of the contact interaction between two residues
i and j (if only if belonging to different chain) is modulated with a
sigmoidal function, f(ri.j), which depends on the separation of the
corresponding C centroids, ri.j, and has a point of inflection at
6.5 Å,
f ðri;j Þ ¼

1 1
þ tanhð6:5  ri;j Þ
2 2

[17]

Therefore, Hpairwise can be written as:
Hpairwise ¼

X

0"ðSi ; Sj Þf ðri;j Þ

[18]

i;j

where the prime denotes that the summation runs over non-consecutive residues, Si denotes the type of residue at the sequence
position i, and e is the symmetric matrix describing the strength of
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the effective residue–residue interactions, the sum run over only
residues that belong to different chain. Various criteria have been
employed to extract tables of effective potentials. Here we
recoursed to the one developed by Kolinsky, Godzik, and Skolnick
(43), which proved useful to identify the correct fold of short
proteins (44).
The 3D space in which multiple peptide copies move is
discretized by means of a grid representation. The grid is cubic
and its points are separated by 3 Å. This makes the exploration of
the otherwise continuous space separating different copies easier
and more efficient. In particular, at the beginning of each simulation, peptide chains are randomly positioned in a cubic box, such
that peptide–peptide separation is bigger than the length of a
single extended chain. This should avoid biases toward particular
configurations of the system. Randomly selected peptides are then
randomly translated such that the center of mass (CoM) occupies a
new grid point. At the same time single chains are rotated in 3D
space using the algebra of quaternions.
The configurational space sampling is based on a simulated
annealing Metropolis Monte Carlo algorithm. As mentioned
above, all the protein chain configurations generated through
the Monte Carlo procedure have a simplified structural
representation essentially described by the C degrees of freedom.
These coarse-grained structures need to be reconstructed with all
the atomic detail before they can be processed in ordinary all-atom
molecular dynamics schemes. The problem of reconstructing
reliably a protein’s atomic detail starting from a coarse-grained
representation has been addressed previously. Several studies
have appeared which address the problem of reconstructing, with
full atomic detail, a protein’s backbone and/or side chains starting
from very limited structural information (45–50). In the present
study we have used a novel knowledge-based strategy that is simple
and whose accuracy is not inferior to more sophisticated
techniques. This strategy was developed by Micheletti (29, 51).
We now illustrate this reconstruction scheme. For reasons of space
our description will be not complete, but schematic.
The algorithm that reconstructs the full atomic detail of a
given C trace is based on the use of a library of protein
fragments built from about 100 NMR gapless structures
taken from the PDB select list (52, 53). These structures
were parsed into template fragments of four consecutive residues retaining the whole atomic detail of the main chain and
of the side chains of the middle residues. For each set of four
consecutive Cs in the C trace one finds the best superimposable fragment in the library and assigns the central peptide
plane to the protein to be reconstructed after an optimal rototranslation (50) the first and last peptide planes are treated
separately. Finally, the side chain of any given residue, R, is
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obtained by first considering only the set of template fragments
where one of the middle residues, R0 , is of the same type as R.
Next, after aligning (in sequence) R and R0 , the side chain of R is
assigned (again after an optimal roto-translation) from the fragment providing the best superposition with the reconstructed
backbone. Large deviations may be encountered in correspondence of charged residues, whose side chain orientation is heavily
influenced by the local electrostatic (obviously not captured in our
simple reconstruction scheme). This is, however, a minor problem
in this context, since the reconstructed structure is solvated,
energy-minimized, and equilibrated before starting the MD run.
3.5. Molecular Docking

4. Rational
Development
of Shepherdin
4.1. Introduction
Molecular
Determinants
of Cancer
4.1.1. Survivin and Hsp90

In this chapter work, we will make use of molecular docking
programs and algorithms. In molecular docking we attempt to
predict the structure of an intermolecular complex between two
(or more) molecules. In general an algorithm generates an
ensemble of possible structures for the complex which have to be
scored by some type of scoring function. We will make use of the
Autodock suite of programs. A complete description of Autodock
can be found elsewhere (7). It can be summarized as follows: a
2.5 Å spaced grid is positioned around the receptor, and the ligand
is forced to move on the grid points. The interaction energy
between the ligand and the protein is calculated at every grid
point and involves the summation of a 6–12 Lennard–Jones
term, the electrostatic term calculated according to the
Mehler–Solmajer model, and a term accounting for the flexibility
of ligand side chains. The conformational scoring is carried out
using the Lamarckian Genetic Algorithm. More detailed
treatments of docking algorithms, scoring, etc., can be found elsewhere and are not within the scopes of the present work.

Cancer development is associated with the presence of multiple molecular abnormalities and genetic instabilities which may elude the
identification of one single, disease-driving oncogene. As a consequence, pathways that intersect multiple essential functions of tumor
cells may provide wide therapeutic opportunities. Two of these intersecting pathways are the control of cell death (apoptosis) and the
adaptive response to environmental insults and cellular stress stimuli
mediated by the class of proteins named molecular chaperones.
Apoptosis plays an important physiological role in several processes, ranging from embryonic development to maintenance of
adult tissue homeostasis (Fig. 4.5).
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Fig. 4.5. ‘‘Extrinsic’’ and ‘‘intrinsic’’ apoptotic pathways in human cells.

This evolutionary conserved genetic programme of cell death
is characterized by unique biochemical and morphological features
that distinguish it from necrosis (54). Defects in the physiological
pathways for apoptosis contribute to many types of cancers.
Moreover, impairment of apoptotic cell death might negatively
affect the response of cancer cells to chemotherapy and irradiation
and lead to treatment resistance. Thus far, two major pathways of
apoptosis have been identified. The ‘‘extrinsic’’ pathway is
triggered by the binding of ligands to extracellular membrane
receptors (death receptors) which belong to the tumor necrosis
factor-family and leads to activation of caspase-8. Caspases
(cysteine proteases that cleave after aspartic acid) are constitutively
inactive zymogens (pro-caspases) that can trans-process each
other, producing fully active proteases and resulting in a
proteolytic cascade. The intrinsic apoptotic pathway involves
mitochondria, which respond to pro-apoptotic signals by releasing
cytochrome c. Cytochrome c binds and activates the apoptotic
protease activating factor-1 (Apaf-1), causing assembly of a
multiprotein caspase-activating complex (apoptosome) and
leading to activation of caspase-9 and initiation of a protease
cascade (Fig. 4.5).
This pathway is primarily governed by proteins of the Bcl-2
family, which include anti-apoptotic molecules (Bcl-2, Bcl-xl, Mcl1) and pro-apoptotic molecules (Bax, Bak, Bcl-xs, Bad, and Bid)
able to differentially affect mitochondrial homeostasis and
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cytochrome c release. Moreover, other proteins belonging to the
inhibitors of apoptosis protein (IAP) family, including ML-IAP,
XIAP, cIAP1, cIAP2, NIAP, apollon, and survivin, are able to
block a common step downstream of mitochondrial cytochrome
c release by inhibiting terminal effector caspase-3 and caspase-7,
and interfering with caspase-9 activity and processing (4).
Survivin, in particular, has been shown to play a particularly
important role in the inhibition of apoptosis by its high levels of
up-regulation in a wide series of cancer cells. Moreover, up-regulation of survivin has also been noted in other rapidly developing
and differentiating cells, such as embryos. Its levels are however
generally undetectable in normal cells and tissues. With regards to
the precise role of survivin in cell death, it is still controversial
whether this protein inhibits caspases through direct binding,
like other IAPs, or indirectly, via the intervention of other proteins. What is clear in all cases is that in order to carry out its
functions within cells, survivin has to be correctly folded. Correct
folding of survivin to its active structure is attained through
interaction with the chaperone protein heat shock protein 90
(Hsp90). This interaction identifies the crossing point of the
apoptotic pathways with adaptive responses to cellular stresses
and external stimuli.
Following exposure to environmental insults, in fact, the cells
in most tissues dramatically increase the production of a small
group of proteins that are collectively known as ‘‘heat-shock’’ or
stress proteins. Many groups over the past 30 years have shown
that these heat shock proteins (HSPs) and their close,
constitutively expressed relatives are actually molecular
‘‘chaperones’’ that guard against illicit or promiscuous interactions
between other proteins. Their basal levels facilitate normal protein
folding and guard the proteome from the dangers of mis-folding
and aggregation (55).
Their increased expression in tissues that are subjected to
various proteotoxic stressors (including heat, heavy metals,
hypoxia, and acidosis) is an adaptive response that enhances cell
survival. Both functions are needed in tumors. So, the increased
expression of chaperone proteins that is observed in many tumor
types undoubtedly reflects the efforts of malignant cells to
maintain homeostasis in a hostile environment. However, in
addition to facilitating the survival of tumor cells within their
stressful microenvironments, other evidence indicates that chaperone proteins also allow tumor cells to tolerate alterations from
within. Mutations in crucial signaling molecules that would otherwise be lethal are not only tolerated but actually help to drive
oncogenesis (56). In this sense, at the phenotypic level,
chaperones seem to serve as biochemical buffers for the numerous
genetic lesions that are characteristic of most human cancers. As
our understanding of the roles that chaperone proteins have in
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initiating and maintaining transformed phenotypes increases, so
too does our interest in the pharmacological modulation of chaperone function for the treatment of cancer and other diseases (57,
58). Over the past decade, HSP90, an ATPase-directed chaperone,
has been identified as a target for its importance in the development of important proteins: the repertoire of proteins which are
folded by Hsp90 (defined client proteins) is restricted mainly to
growth-regulatory and signaling molecules, especially kinases and
transcription factors, which may contribute to tumor cell
maintenance (59, 60). Several small-molecule drugs that target
the molecular chaperone have been identified as potential anticancer agents. These drugs have the unusual ability of disrupting
the activity of numerous receptors, kinases, and transcription
factors that are known to be involved in oncogenesis.
By realizing that survivin is a Hsp90 client protein with a
critical role in cancer development, we identified the
survivin–Hsp90 complex as a target for the disabling of multiple
intersecting signaling pathways in tumors. Disrupting and preventing the formation of this complex by inhibiting the chaperone
function of Hsp90 may provide wider therapeutic opportunities in
the selective treatment of cancer cells. The activity of Hsp90 has
been inhibited by blocking its ATPase activity by a class of
antibiotics prototypically exemplified by geldanamycin (GA).
Derivatives of GA are now in clinical trials.
In this chapter, we report the computational/theoretical
structure-based design and characterization of shepherdin, a novel
peptidomimetic antagonist of the complex between Hsp90 and
survivin. Using synthetic peptidyl mimicry, we recently identified a
survivin sequence K79–K90, which blocks the interaction between
survivin and Hsp90, in vitro (3). By surface plasmon resonance,
the survivin K79–K90 peptide-bound Hsp90 with high affinity
(KD – SEM ¼ 8.38  108 – 3.59 M) at increasing ligand
concentrations (0.1–10 mM). Conversely, a mutant C84!A peptide (see below) did not bind Hsp90, and exhibited a 10-fold
increased off-rate as compared with the wild-type sequence, as
shown by surface plasmon resonance. To narrow the minimal
interacting region in K79–K90, we tested variant peptides, and
found that the sequence I74–L87 retained the ability to bind
Hsp90 in vivo with its associated chaperone Hsp70, but not
Hsp27, by affinity chromatography of B lymphoma Raji cell
extracts (Fig. 4.6).
Therefore, the minimal survivin sequence K79–L87 was
named shepherdin for its binding to the ‘‘shepherding’’ chaperone
Hsp90. To test whether shepherdin disrupted the survivin–Hsp90
complex in a cellular context, we reconstituted this interaction in
reticulocyte extracts, which have been used before to assemble
functional Hsp90 complexes (61). Recombinant survivin added
to untreated reticulocyte extracts formed a complex with
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Fig. 4.6. Identification of shepherdin: Affinity chromatography. S100 Raji cell extracts
were fractionated over control resin or immobilized survivin peptide I74–L87. Flowthrough (FT) or eluted (E) material was analysed by Western blotting, from (2).

endogenous Hsp90, as detected by coimmunoprecipitation and
Western blotting (Fig. 4.7). In contrast, a control IgG did not
immunoprecipitate survivin from reticulocyte extracts (Fig. 4.7).
Preincubation of reticulocyte extracts with shepherdin completely
inhibited the association of recombinant survivin with Hsp90,
whereas a scrambled peptide had minimal effect (Fig. 4.7).

Fig. 4.7. Inhibition of survivin–Hsp90 interaction. Aliquots of rabbit reticulocyte extracts
were left untreated or incubated with shepherdin or scrambled peptide, mixed with
recombinant survivin, and immunoprecipitated with control IgG or an antibody to Hsp90.
The immune complexes were analysed by Western blotting.

Next, we asked whether shepherdin interfered with ATP
binding to Hsp90 (62). Addition of a scrambled peptide to
recombinant N-domain of Hsp90 (residues 1–272) did not affect
binding to ATP–sepharose, as shown by affinity chromatography
(Fig. 4.8). In contrast, shepherdin blocked the interaction
between N-Hsp90 and immobilized ATP, which was also fully
competed out by addition of soluble ATP (Fig. 4.8).

Fig. 4.8. Peptide competition of Hsp90–ATP binding. Recombinant Hsp90 N-domain was
mixed with soluble ATP, shepherdin, or scrambled peptide and incubated with gphosphate-linked ATP–sepharose, and bound material was eluted in 5% SDS and
analysed by Western blotting.
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To map the requisites of shepherdin binding to Hsp90, we
generated mutant peptides with single amino acid substitutions.
Mutagenesis of H80, S81, S82, G83, and C84 abolished shepherdin binding to Hsp90, whereas substitution of K79, A85, F86, or
L87 had no effect (Fig. 4.9).
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Fig. 4.9. Peptide mutagenesis. Wild-type or mutant shepherdin peptides were immobilized on plastic microtiter plates and Hsp90 binding was detected by ELISA. Data are the
mean – SD of two independent experiments. WT, wild-type shepherdin.

For its potent and broad antitumor activity, selectivity of
action in tumor cells versus normal tissues, and inhibition of
tumor growth in vivo without toxicity, shepherdin (K79–L87,
KHSSGCAFL) and its retroinverso analog shepherdin-RV may
offer a promising approach for rational cancer therapy. We will
then show how we could identify the minimum sequence of
shepherdin, labeled shepherdin[79–83] (K79–G83, KHSSG)
required for activity in acute leukemia cancer cells. The structures
of these peptides are studied by means of long time-scale MD
simulations in explicit water. Subsequently, the dominant structures are docked to Hsp90, and the resulting complexes are also
relaxed by means of long time-scale MD simulations to identify at
equilibrium the dominant interactions responsible for binding.
Finally, we will describe the use of the information developed in
this part to identify a new non-peptidic small molecule which
represents the prototype for a new class of compounds which can
selectively inhibit Hsp90s chaperone activity. Computational and
theoretical results will be benchmarked by experimental validations in vitro and in vivo.
4.1.2. Simulation Setup

Peptide Molecular Dynamics simulations. The peptides that have
been simulated comprised the survivin sequence K79–K90
(KHSSGCAFLIVK) (3), the survivin sequence K79–L87
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(KHSSGCAFL, shepherdin) and shepherdin-RV (LFACGSSHK,
all D-aminoacids), and the minimal peptide K79–G83 (KHSSG).
The C- and N- termini of each peptide were capped to avoid
electrostatic artifacts due to the attractions between free opposite
charges at the C- and N-termini. The side chain of Lys (K79 in
shepherdin and shepherdin-min and K87 in shepherdin-RV) was
considered to be protonated, bearing a net charge of +1. The
charge state of each peptide molecule is consistent with the
solution conditions of the experiments. Each peptide was solvated
with water in a periodic truncated octahedron, large enough to
contain the peptide and 0.9 nm of solvent on all sides. All solvent
molecules within 0.15 nm of any peptide atom were removed.
Two Cl– counterions were added to the K79–K90 system, while
one Cl counterion was added to shepherdin, shepherdin-RV, and
shepherdin-min to ensure electroneutrality of the solution. Different initial conditions and conformations were used for the
different peptide systems studied. For peptide K79–K90, the
starting structure was totally extended to avoid biases in the conformational search. The simulation (production run) was of
100 ns. Shepherdin was subjected to two 100 ns long molecular
dynamics (MD) simulations (for a total of 200 ns), starting from
either the totally extended conformation (all backbone dihedrals
set to 180) or the conformation the peptide has in the survivin
crystal structure (5). Shepherdin-RV, being the most active agent
in vivo, was simulated for longer time-scales by combining five
different simulations starting with different initial velocities on the
atoms of the peptide and the solvent, obtained from a Maxwellian
velocity distribution at the desired temperature of 300 K. The
initial conformation is in all cases completely extended. Four
simulations were 100 ns long, while one was 53 ns long for a
total time of 453 ns. Shepherdin[79–83] was simulated for
200 ns. The set-up of each simulation is summarized in Table
4.1. Each system was initially energy minimized with a steepest
descent method for 1000 steps. In all simulations the temperature
was maintained close to the intended value of 300 K by weak
coupling to an external temperature bath (63) with a coupling
constant of 0.1 ps. The peptide and the rest of the system were
coupled separately to the temperature bath. The GROMOS96 force
field (16) was used. The simple point charge (SPC) (64) water
model was used. The LINCS algorithm (65) was used to constrain
all bond lengths. For the water molecules the SETTLE algorithm
(66) was used. A dielectric permittivity, e = 1, and a time step of 2 fs
were used. A cut-off was used for the calculation of the non-bonded
van der Waals interactions. The cut-off radius was set to 0.9 nm. The
calculation of electrostatic forces utilized the PME implementation
of the Ewald summation method. All atoms were given an initial
velocity obtained from a Maxwellian distribution at the desired
initial temperature of 300 K. In each simulation, the density of the
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Table 4. 1
Summary of MD simulation calculated for ‘‘Shepherdin’’ peptide
System

Shepherdin-RV

Shepherdin

Simulation n

1

2

3

4

5

1

2

Time (ns)

100

100

100

53

94

100

100

Description of
Initial
Conformation

Estesa

Estesa

Estesa

Estesa

Estesa

Estesa

Conformazione
in Survivin

Temperature (K)

300

300

300

300

300

300

300

Number of Solvent
Molecules

2842

2842

2486

2486

2838

2645

1355

System

Shepherdin-RV C84A

Shepherdin-RV C84A

Simulation n

1

2

1

2

Time (ns)

160

100

130

100

Description of
Initial
Conformation

ShepherdinRV

Extended

ShepherdinRV

Extended

Temperature (K)

300

300

300

300

Number of Solvent
Molecules

755

2866

671

2876

system was adjusted performing the first equilibration runs at NPT
condition by weak coupling to a bath of constant pressure (P0 ¼
1 bar, coupling time tP ¼ 0.5 ps) (63). All simulations, starting from
the appropriate peptide geometry, were equilibrated by 50 ps of
MD runs with position restraints on the peptide to allow relaxation
of the solvent molecules. These first equilibration runs were
followed by other 50 ps runs without position restraints on the
peptide. The production runs using NVT conditions, after equilibration, were 50 ns long for all of the complexes. All the MD runs
and the analysis of the trajectories were performed using the GROMACS software package (67). Conformational cluster analysis of
the combined trajectories for shepherdin (200 ns) or shepherdinRV (453 ns) and shepherdin-min was performed using the method
described in Daura et al. (68): count number of neighbors using a
cut-off of 0.15 nm root mean square deviation (RMSD) between
the optimal backbone superposition of different structures, take
structure with largest number of neighbors with all its neighbors
as cluster and eliminate it from the pool of clusters. This procedure
is repeated for the remaining structures in the pool. The most
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populated clusters, corresponding to the most visited structures in
the MD simulations, for shepherdin and shepherdin-RV comprised
b-hairpin type of structures (Fig. 4.10).

Fig. 4.10. On the left to right the most representative structure for shepherdin-RV and shepherdin.

The most populated structural cluster for shepherdin[79–83]
was in contrast characterized by an extended structure. The representative structures (dominant structures of the peptide in solution) of the most populated cluster were used for docking
experiments on Hsp90.
Single-point mutants of shepherdin-RV are produced with the
Swiss Pdb Viewer program (69), and MD simulations on the
mutants are carried out following the same protocol as described
in the previous paragraph. Simulated sequences are:
LEU(87)-PHE-ALA-CYS-GLY-SER-SER-HIS-LYS(79)
LEU(87)-PHE-ALA-CYS-GLY-SER-SER-HIS-LYS(79)
Docking procedure. The b-hairpin structures of shepherdin and
shepherdin-RV, and the extended structure of shepherdin-min
were subjected to blind docking experiments on the N-terminal
domain of Hsp90 using the program Autodock (7). The crystal
structure of the protein was taken from the protein data bank
(pdb code 1YET). The original X-ray structure contains the ligand
geldanamycin (GA), which was removed from the active site to
yield the apo-open form of Hsp90. To test the viability of the
docking procedure, and its ability to reproduce the experimental
structure, a blind docking procedure was initially run on GA. The
ligand was removed from Hsp90 and a docking experiment was
run with no information on the position of the binding site. The
minimum free energy structure determined in this experiment is
exactly superimposable to the X-ray derived structure described
(70). The docking procedure used can be summarized as follows.
Mass-centered grid maps were generated with 0.25 Å spacing by
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the program Autogrid for the whole Hsp90 protein target. Lennard–Jones parameters 12–10 and 12–6 (default parameters in the
program package) were used for modeling hydrogen bonding and
van der Waals interactions, respectively. The distance dependent
dielectric permittivity of Mehler and Solmajer (71) was used for
the calculation of the electrostatic grid maps. The Lamarckian
genetic algorithm (LGA) and the pseudo-Solis and West methods
were applied for minimization using default parameters. The number of generations was set to 25 million in all runs, and the stopping criterion was, therefore, defined by the total number of
energy evaluations. Random starting positions on the entire protein surface, random orientations, and torsions (flexible ligand
only) were used for the ligand. For shepherdin 100 different runs
were performed with the parameters described above. For shepherdin-RV, a total of 350 runs were performed. The results of
docking runs were analyzed by the clustering procedure described
by Hetenyi et al. (72) were classified by a two-step procedure.
First, the docked conformations of the ligand peptides were listed
in increasing energy order. The structure of the complex that
corresponded to the global minimum energy was used as the
starting point of the first refinement molecular dynamics run.
Second, the ligand conformation with the lowest energy was
used as a reference, and all conformations with a center of mass
to center of mass distance of less than 3 Å from the reference were
taken to belong to the first class. After a ligand was assigned to a
class, it was not used again for other classes. The process was then
repeated for all hitherto unclassified conformations until all conformations were put in a class (Fig. 4.11).
The representative structure of the most populated class was
then used for the second molecular dynamics refinement run. The
refinement molecular dynamics runs of the complexes obtained
after the Autodock runs were each 70 ns long.

Fig. 4.11. Right, the energy minima from docking simulation for shepherdin and shepherdin-RV, on left.
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Shepherdin and shepherdin-RV. The peptides of the shepherdin
series were identified as described in the last paragraph of the
Introduction to this chapter. The modeling study of the peptide
K79–L87 named shepherdin and its retroinverso version L87–K79
(all D aminoacid) shepherdin-RV start with a long molecular
dynamic simulation with the target to identify the characteristic
conformations of these peptides in solution. Analysis of the
trajectories predicts that both shepherdin and shepherdin-RV
have a dominant configuration characterized by a turn involving
S82–G83 in shepherdin and G83–S84 in shepherdin-RV, and overall b-hairpin geometry (Fig. 4.12). The most populated
conformation of shepherdin-RV shows a higher degree of
compactness, with the aromatic ring of F80 packing on the turn
region (Fig. 4.12). The representative b-hairpin conformations of
both peptides were subjected to multiple docking experiments on
Hsp90 using the AutoDock program package (7). In all cases, the
peptides were predicted to dock into the ATP binding site of
Hsp90 (Figs. 4.11 and 4.12). The geometry of the final complex
is highly correlated with that of the complex between Hsp90 and
GA (70), with the turn region of the peptides closely tracing the
ansa ring backbone of GA (Fig. 4.14).

Fig. 4.12. On the left orthogonal views of shepherdin-RV (ribbon) in complex with Hsp90 as obtained by docking
simulations. The peptide is overlaid onto the crystal structure of GA (licorice representation in light gray) in complex
with Hsp90. On the right views of the dominant structure of shepherdin-RV (ribbon) as obtained by MD simulations are
shown overlaid onto the crystal structure of Hsp90.

Shepherdin and shepherdin-RV make 13 and 18 predicted
hydrogen bonds with the ATP pocket of Hsp90, respectively,
involving the side chains of H80, S81, S82, the carbonyl group of
G83, and the side chains of K87 and C82 (shepherdin-RV). Except
for D93, the complementary residues of Hsp90 predicted to make
contact with shepherdin and/or shepherdin-RV largely overlap
with amino acids implicated in GA binding (70), including S113,
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which has been recently shown to contribute to stepwise accessibility of the ATP pocket of Hsp90 to GA (73). Shepherdin and
shepherdin-RV are predicted to assume more extended conformations than GA in the Hsp90 pocket (Figs. 4.11 and 4.12), and
bury a solvent accessible surface of 498 and 546 Å2, respectively, as
opposed to 402 Å2 buried by GA.
To check these structural predictions, and validate experimentally that shepherdin engaged Hsp90 differently from GA, we
introduced targeted mutations in the ATP pocket of Hsp90,
and tested their effect on shepherdin binding. Individual substitution of N51, S52, D102, or S113 in the N-domain of Hsp90
reduced binding to shepherdin by 20–60%, whereas mutagenesis
of ‘‘GA-specific’’ D93 had no effect, and a scrambled peptide did
not bind wild-type or mutant Hsp90 (Fig. 4.13). Next, we compared the direct binding of shepherdin to recombinant N or C
domain of Hsp90. Shepherdin associated with the N-domain
Hsp90 in a concentration-dependent and saturable manner
(Fig. 4.9). In contrast, no specific binding of shepherdin to the C domain
of Hsp90 was demonstrated, as compared with scrambled peptide.
Simulations of shepherdin-RV mutants. To investigate the
impact of single point mutation on the structure–activity relationship properties of shepherdin-RV, and to shed more light on the

Fig. 4.13. Top panel, Hsp90 mutagenesis. The indicated mutants of the N-domain of
Hsp90 were tested for binding to shepherdin or scrambled peptide. Data are the mean –
SEM of three independent experiments. WT, wild-type N-Hsp90. Bottom line, domainspecific interactions. Increasing concentrations of shepherdin or scrambled peptide were
immobilized on microtiter wells and incubated with recombinant Hsp90 N or C domain,
and protein binding was detected with domain-specific antibodies by ELISA. Data are the
mean – SEM of four independent experiments.
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determinants of the interaction between the peptide and Hsp90,
two mutants peptides (H80A and C84A) were simulated with
long time-scale all-atom MD simulations. A total of four simulations (two runs for each mutant) are calculated for the two peptide
mutants. Two different initial conformations were used: one completely extended and the second one from the dominant shepherdin-RV conformation found in the previous runs, and subjected to
mutation (see Table 4.1). The purpose of the first simulation is to
identify the characteristic conformations of these peptides in solution and the stability of the shepherdin-RV b-hairpin conformation after the mutation (Fig. 4.14).

Fig. 4.14. Top panel, the behavior of secondary structure for shepherdin-RV; bottom line, the representative structure for
the same simulation.

In the case of the C84A mutant, simulations suggest that the
mutation dramatically decreases the tendency of the peptide to
form a stable hairpin like structure. In the 100 ns time span from
the completely extended conformation neither the analysis of the
time evolution of secondary structure (see Section 5.2 for more
details, and (15)) nor the structural cluster analysis is able to
identify a hairpin conformation similar to that observed for the
original sequence (Fig. 4.15).
The second simulation, from a preformed hairpin structure,
shows that the mutant peptide retains the hairpin conformation
for about 10 ns and after that the turn geometry changes for a long
period, before complete loss of the initial conformation. An analogous behavior is observed for H80Amutant peptide. Both the
analysis of the time evolution of secondary structure and the
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Fig. 4.15. Top panel, the behavior of secondary structure for shepherdin-RV mutation C84A; bottom line, the representative structure for the same simulation.

structural clustering suggest that the hairpin is not the dominant
conformation in solution, despite being present for a smaller percentage. These results clearly suggest that the bent, hairpin like
conformation of shepherdin is a fundamental determinant for
recognition with the active site of Hsp90. It is worth noting at
this point, that this type of conformation for the same sequence is
also present in the native structure of shepherdin, suggesting a
certain level of structural pre-organization for this sequence, optimized for binding to Hsp90.
Shepherdin[79–83]. The combination of theoretical analysis
and experimental verification described in the previous paragraphs
suggest that the minimal motif necessary for recognition should
contain the HSSG sequence. Based on this considerations, a new
short peptide, with sequence KHSSGspanning residues 79–83 of
survivin was synthesized and named shepherdin[79–83].
To understand possible structure–activity relationships of this
peptide and of its interaction with Hsp90, shepherdin[79–83] was
simulated in isolation in explicit water. The peptide did not populate any preferred ordered secondary structure, and so the hydrophilic side chains and the backbone carboxyl and amino groups
tended to maximize their interactions with the surrounding water
solvent. Cluster analysis of the 200 ns simulations determined that
the main conformational family of shepherdin[79–83] was characterized by a slight bend geometry involving residues His-80, Ser-
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81, and Ser-82. Docking experiments on Hsp90 with this geometry
predicted that shepherdin[79–83] bound to the ATP pocket of
Hsp90 (Fig. 4.16). Two different orientations of shepherdin[79–
83] were observed: one that corresponded to the global free-energy
minimum structure of the shepherdin[79–83]–Hsp90 complex and
one that represented the most frequently obtained structure after
statistical clustering of all the structures studied during the Autodock simulations. The sites of contact between Hsp90 and shepherdin[79–83] in either configuration overlapped (Fig. 4.14). In
the global free-energy minimum configuration (Fig. 4.16), the side
chain of His-80 in shepherdin[79–83] made hydrophobic contacts
with Ile-96 and hydrogen bonded with Gly-97 in Hsp90, the side
chain of Ser-81 in shepherdin[79–83] hydrogen bonded with the
side chains of Asp-102 and Asn-106 in Hsp90, and Ser-82 in
shepherdin[79–83] hydrogen bonded with Asn-51 and Phe-138
in Hsp90. In the most frequently obtained shepherdin configuration (Fig. 4.16), His-80 in shepherdin[79–83] formed a hydrophobic interaction with Ile-96 in Hsp90 but was also involved in a
new hydrogen bonding interaction with the side chain of Asp-54 in
Hsp90; Ser-81 interacted with Asp-93 and Asn-106 in Hsp90, and
Ser-82 interacted with Asn-106 and Asp-102 in Hsp90. Consistent

Fig. 4.16. Top panel, molecular dynamics simulations. Orthogonal views of the global free-energy minimum structure of
the shepherdin[79–83]–Hsp90 complex (left) and the most populated conformational family of all structures of shepherdin[79–83] in complex with Hsp90 (right) were obtained from docking simulation studies. Bottom line, inhibition of
Hsp90–ATP binding. Recombinant Hsp90 N-domain peptides (N-Hsp90) were mixed with soluble ATP, shepherdin[79–
83], or its corresponding scrambled (Sc) peptide and incubated with g-phosphate–linked ATP–sepharose for 2 h at 4C.
Bound or unbound material was then eluted in 5% sodium dodecyl sulfate and examined by Western blot analysis with an
antibody to the N-domain of Hsp90. Bands were visualized by chemiluminescence.
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with these molecular dynamics predictions, in biochemical experiments, shepherdin[79–83] efficiently displaced ATP binding from
the N-domain of recombinant Hsp90, whereas the scrambled peptide was ineffective (Fig. 4.16).
4.2. Discussion

In this study, we used structure-based rational studies to identify
and characterize shepherdin, a novel anticancer peptidomimetic
modeled on the survivin–Hsp90 binding interface (3). All theoretical predictions were subjected to experimental verification and
the activities of the peptides were evaluated both in vitro and in
vivo, in a large multidisciplinary effort. Shepherdin engages the
ATP pocket of Hsp90 with unique binding characteristics, destabilizes survivin several additional client proteins, and causes massive killing of tumor cells by apoptotic and non-apoptotic
mechanisms (Fig. 4.17).

Fig. 4.17. Loss of plasma membrane integrity. HeLa cells were incubated with shepherdinAtp (150 mM), shepherdinTat (50 mM), or cell-permeable scrambled peptides at
identical concentrations, stained for Trypan blue exclusion after 4 h, and analyzed by
light microscopy.

Shepherdin is selective in its antitumor activity, and does not
affect the viability of normal cells or tissues, including human
hematopoietic progenitors (Fig. 4.17).
When administered in vivo, shepherdin is safe and well tolerated, and inhibits growth of different tumor cell types without
systemic or organ toxicity (Figs. 4.17 and 4.18). Taken together,
these features may make shepherdin an attractive lead prodrug for
‘‘targeted’’ cancer therapy (Fig. 4.19).
Although initially designed as a high-affinity (KD  80 nM)
inhibitor of the survivin–Hsp90 interaction, the data presented
here suggest that shepherdin may function as a more global
antagonist of Hsp90 chaperone activity. This conclusion is based
on the structure–function analysis of shepherdin, and in particular
its ability to expansively engage the chaperone ATP pocket,
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Fig. 4.18. Comparison with 17-AAG. The indicated tumor cell lines were treated with
shepherdinAtp or 17-AAG and analyzed for cell viability after 5 or 24 h by MTT.

Fig. 4.19. Kinetics of prostate cancer xenograft growth. SCID/beige mice carrying human
PC3 xenograft tumors were treated with daily i.p. injections of saline or cell permeable
shepherdin-RV (50 mg/kg) for the indicated time intervals (5/6 animals/group). Tumor
volume was measured with a caliper. Data are expressed as mean – SEM.

compete for the Hsp90–ATP complex, and destabilize multiple
Hsp90 client proteins in addition to survivin, in vivo. Because of
these features, shepherdin appears ideally suited to interfere with
the periodicity of Hsp90 ATPase cycles, by directly preventing
ATP binding (70), and/or by competing with cochaperone
recruitment, especially that of p50cdc37, which is required for
ATPase activity and shares overlapping binding contacts with
shepherdin (74). In this context, the simultaneous destabilization
of survivin levels (75), combined with the acute collapse of Hsp90
function (76), would be expected to cause a general breakdown of
multiple cell proliferation and cell survival pathways in tumor cells,
suitable for therapeutic exploitation (77).
Consistent with this model, a brief exposure of disparate
tumor cell lines to cell-permeable variants of shepherdin
resulted in massive and complete cell killing via activation of
non-apoptotic and apoptotic mechanisms, the latter involving
mitochondrial dysfunction, i.e., permeability transition. The
concentrations of shepherdin needed to achieve complete
tumor cell killing (IC50  25–75 mM, depending on the cell
penetrating sequence), are in line with those of previous studies
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using cell-permeable carrier sequences (78, 79)), and reflect the
efficiency of intracellular penetration rather than the affinity of
the mimetic for the target. The ability of shepherdin to trigger
both apoptotic and non-apoptotic cell death may explain its
broad antitumor activity, which indistinguishably affected tumor
cell types of different derivations, regardless of their proliferative
condition (80), p53 status (81), or overexpression of potent
survival signals, e.g., Bcl-2 (82), all conditions that typically
compromise the efficacy of conventional or ‘‘targeted’’ anticancer
therapy (83). In addition, shepherdin kills tumor cells far more
rapidly and more potently than other Hsp90 antagonists currently in the clinic, e.g., 17-AAG (84). As demonstrated by
affinity chromatography, this higher antitumor efficacy of shepherdin can not be explained with nonspecific recognition of
multiple cellular proteins, and does not involve an independent
specificity for Hsp70, a regulator of mitochondrial apoptosis and
caspase-independent cell death (85). Conversely, it seems plausible that by virtue of its unique binding interface with Hsp90,
shepherdin may disrupt additional, and potentially as yet unrecognized, cell survival functions of the chaperone that are not
efficiently compromised by GA or 17-AAG.
When tested as an anticancer agent in tumor models,
shepherdin was selective and well tolerated, sparing normal cells,
preserving colony-forming ability of purified human hematopoietic progenitors, and causing no organ or systemic toxicity after
prolonged administration in vivo. This desirable selectivity may
involve the differential overexpression of survivin and Hsp90 in
tumors as opposed to normal tissues (75, 76)), as well as qualitative
changes in Hsp90, which exhibits a 100-fold higher affinity for
binding ATP pocket antagonists in tumor versus normal cells.
Previously demonstrated for 17-AAG (86), a similar paradigm
can be extended to shepherdin, which bound avidly to Hsp90 in
lymphoma cells, but not at all in normal human mononuclear cells.
Experimental tests with the minimal sequence of five residues also confirm theoretical hypotheses. The results of MD
simulations on the structure of shepherdin[79–83] and of its
complex with Hsp90 were challenged with competition experiments by use of enzyme-linked immunosorbent assay (ELISA).
Apoptosis, Hsp90 client protein expression, and mitochondrial
dysfunction were evaluated in acute myeloid leukemia (AML)
types (myeloblastic, monocytic, and chronic myelogenous leukemia in blast crisis), patient-derived blasts, and normal mononuclear cells. Effects of shepherdin[79–83] on tumor growth
were evaluated in AML xenograft tumors in mice (n ¼ 6).
Organ tissues were examined histologically. Taken together,
these results showed that shepherdin[79–83] bound to
Hsp90, inhibited formation of the survivin–Hsp90 complex,
and competed with ATP binding to Hsp90. Cell-permeable
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shepherdin [79–83] induced rapid (within 30 min) and complete
(with concentrations inducing 50% cell death of 24–35 mM) killing
of AML types and blasts, but it did not affect normal mononuclear
cells. Shepherdin[79–83] made contact with unique residues in the
ATP pocket of Hsp90 (Ile-96, Asp-102, and Phe-138), did not
increase Hsp70 levels in AML cells, disrupted mitochondrial function within 2 min of treatment, and eliminated the expression of
Hsp90 client proteins. Shepherdin[79–83] abolished growth of
AML xenograft tumors (mean of control group ¼ 1698 mm3 and
mean of treated group ¼ 232 mm3; difference ¼ 1466 mm3, 95%
confidence interval ¼ 505.8 to 2426; P ¼ 0.008) without systemic
or organ toxicity and inhibited Hsp90 function in vivo. The combination of these data show that shepherdin[79–83] is a novel
Hsp90 inhibitor with a unique mechanism of anticancer activity.
In summary, shepherdin has the molecular features of both an
inhibitor of a critical protein–protein interaction in tumor cells, e.g.,
survivin–Hsp90 (3), and an enzymatic antagonist of Hsp90 ATPase
cycles (76). Because of these combined features, plus its considerably
higher potency compared to other Hsp90 inhibitors, e.g., 17-AAG,
shepherdin may provide a potent and selective new anticancer agent
in humans, consistent with the use of peptidomimetics in targeted
cancer therapy (87). In addition, we narrowed the shepherdin binding interface to a short stretch of amino acids between H80 and C84
in the survivin sequence. Previously, mutagenesis of H80 (88) or
C84 (89) resulted in dominant negative phenotypes with mitotic
defects and induction of apoptosis in tumor cells, thus further underscoring their critical roles in survivin function. This small cluster of
residues may thus provide a manageable platform for further derivatization of shepherdin, as well as for chemical screenings to identify
shepherdin-like small molecules with enhanced, ‘‘targeted’’ anticancer activity in humans.

5. Rational
Identification of a
New Non-peptidic
Anticancer Lead,
Based on Peptide–
Hsp90 Recognition
5.1. Introduction

As we stated in the previous paragraph, cancer therapy now aims at
disabling oncogenic pathways that are selectively operative in
tumor cells, so as to spare normal tissues and limit side effects in
humans. This ‘‘targeted therapy’’ relies on a better understanding
of cancer genes, particularly those implicated in tumor cell proliferation and survival (90). Accordingly, targeted inhibition of the
Bcr-Abl kinase with small molecule antagonists has produced
dramatic clinical responses in malignancies driven by this
oncogene (91–93). However, such approaches may not be immediately available for the majority of tumors where multiple
molecular abnormalities and genetic instabilities may elude the
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identification of one single, disease-driving oncogene (90).
Conversely, pathways that intersect multiple essential functions
of tumor cells may provide wider therapeutic opportunities. A
prime target for this strategy is the heat shock protein 90
(Hsp90), a molecular chaperone that oversees the correct conformational development of polypeptides and protein refolding
through sequential ATPase cycles and stepwise recruitment of
co-chaperones. This adaptive pathway contributes to the cellular
stress response to environmental threats including heat, heavy
metal poisoning, hypoxia etc., and is extensively exploited in
cancer, where Hsp90 ATPase activity is up-regulated 100-fold
(59). The repertoire of Hsp90 client proteins is restricted mainly
to growth-regulatory and signaling molecules, especially kinases
and transcription factors, which may contribute to tumor cell
maintenance (59, 60). Therefore, targeted suppression of Hsp90
ATPase activity with a small molecule inhibitor, the benzoquinone
ansamycin antibiotic 17-allylamino-17-demethoxygeldanamycin
(17-AAG), has shown promising anticancer activity in preclinical
models, and has recently completed safety evaluation in humans
(77, 94). One Hsp90 client protein with critical roles in tumor cell
proliferation and cell viability is survivin, an inhibitor of apoptosis
(IAP) protein selectively overexpressed in cancer (3, 75).
Accordingly, targeting the survivin–Hsp90 complex may provide
a strategy to simultaneously disable multiple signaling pathways in
tumors, and a peptidomimetic antagonist of this interaction
structurally different from 17-AAG, shepherdin, inhibited the
chaperone activity and exhibited potent and selective anticancer
activity in preclinical models (2).
In this study, we have used shepherdin-RV (LFACGSSHK, all
D-amino acids) as a scaffold to rationally identify low-molecularweight compounds that may act as structurally novel Hsp90
antagonists. We built a 3D pharmacophore to screen a database
of non-peptidic structures and we identified a novel antagonist of
Hsp90 chaperone function with promising anticancer activity.
Identifying non-peptidic leads has several medicinal chemistry
advantages over the use of peptides: reduced immunogenicity,
better bioavailability, and lower degradation rates in the cellular
environment. The results presented here open the possibility to
expand the molecular diversity space of Hsp90 antagonists.
5.2. Materials
and Methods
5.2.1. Simulation Setup,
Docking Experiments, and
Molecular Dynamics (MD)
Refinement of Hsp90–
Shepherdin Complex

MD simulations of shepherdin in isolation in solution were
described in(2). The docking procedure can be summarized as
follows: the representative of the main conformational clustering
for shepherdin structures (b-hairpin) was subjected to blind
docking experiments on the putative N-terminal Hsp90 receptor
using the program AutoDock (7). The crystal structure of the
protein was taken from the protein data bank (pdb code
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1YET.pdb) (70). The original X-ray structure contains the ligand
GA, which was removed from the active site to yield the apo-open
form of Hsp90.
Mass-centered grid maps were generated with 0.25 Å spacing
by the program Autogrid for the whole Hsp90 protein target.
Lennard–Jones parameters 12-10 and 12-6 (the default
parameters in the program package) were used for modeling
H-bonding and van der Waals interactions, respectively. The distance-dependent dielectric permittivity of Mehler and Solmajer
was used for calculation of the electrostatic grid maps (95). The
Lamarckian genetic algorithm (LGA) and the pseudo-Solis and
West methods were applied for minimization using default parameters. The number of generations was set to 25 million in all
runs, and the stopping criterion was, therefore, defined by the total
number of energy evaluations. Random starting positions on the
entire protein surface, random orientations, and torsions (flexible
ligand only) were used for the ligand. A total of 350 runs were
performed. At the end of the docking runs, the conformations of
the ligand peptide were listed in increasing energy order. Subsequently, the ligand conformation with the lowest energy was used
as the reference, and all conformations with a center of mass to
center of mass distance of <2.5 Å from the reference were assigned
to the first cluster. Once a conformation was assigned to a cluster,
it was not used again for other, energetically less favorable clusters.
Then the process was repeated for all hitherto unclassified
conformations until all conformations were put in a cluster, thus
identifying 49 structural clusters corresponding to different freeenergy values for the complex. Most of the docked structures
shared common conformational characteristics, which are
prototypically represented by the structure of the global minimum
of the complex. This structure was chosen for further studies via
all-atom, explicit solvent MD simulations.
The shepherdin–Hsp90 complex was first solvated with water
in a periodic truncated octahedron, large enough to contain the
peptide and 0.9 nm of solvent on all sides. The protonation and
charge states of the side chains of the ligand and the receptor were
chosen to be consistent with the solution conditions of the
experiments: NH groups were considered as having a þ1 charge
and carboxylic groups as having a 1 charge. The system was
found to have a total charge of -8. All solvent molecules within
0.15 nm of any peptide atom were removed. Eight Na+ counterions were added to the system. Two different sets of initial velocities obtained from a Maxwellian velocity distribution at the
desired temperature of 300 K were used to yield two different
production runs of 54 and 73 ns, respectively.
In each case, the system was initially energy minimized with a
steepest descent method for 1000 steps. In all simulations the
temperature was maintained close to the intended value of 300 K
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by weak coupling to an external temperature bath with a coupling
constant of 0.1 ps. The Hsp90/shepherdin complex and the rest
of the system were coupled separately to the temperature bath
(63). The GROMOS96 force field (16, 17) and the simple point
charge (SPC) (64) water model were used. The LINCS algorithm
(65) was applied to constrain all bond lengths. For the water
molecules the SETTLE algorithm (66) was used. A dielectric
permittivity, e = 1, and a time step of 2 fs were used. A cut-off
was taken for the calculation of the non-bonded van der Waals
interactions. The cut-off radius was set at 0.9 nm. The calculation
of electrostatic forces utilized the PME implementation of the
Ewald summation method (18). In each simulation, the density
of the system was adjusted by performing the first equilibration
runs in NPT condition by weak coupling to a bath of constant
pressure (P0= 1 bar, coupling time t_ P= 0.5 ps) (63). All simulations were equilibrated by 50 ps of MD runs with position
restraints on the protein and ligand to allow relaxation of the
solvent molecules. These first equilibration runs were followed
by another 50 ps runs without position restraints on the solute
The production runs using NVT conditions, after equilibration,
were 54 and 73 ns long. All the MD runs and the analysis of the
trajectories were performed using the GROMACS software
package (67). Configurations of the receptor–ligand complex
were saved every 4 ps for subsequent statistical analysis.
Conformational cluster analysis of the two trajectories (67)
was performed using the method described by Daura et al. (96):
count number of neighbors using a cut-off of 0.20 nm RMSD
between the optimal backbone superposition of different
structures, take structure with largest number of neighbors with
all its neighbors as cluster, and eliminate it from the pool of
clusters. This procedure is repeated for the remaining structures
in the pool. The most populated cluster, representative of the
most visited structures in the MD simulations, for the Hsp90/
shepherdin complex was used as a template for pharmacophore
design. The relative distances and orientations (dihedral angles)
among the different groups were evaluated as averages over the
whole trajectories. For dihedral calculations, the angles were
defined as the solid angles in 3D space determined by the vectors
that unite the O–H or S–H atoms in Ser or Cys, or by the vector
normal to the imidazole plane of histidine.
5.2.2. Pharmacophore
Generation

Three different pharmacophore models were built and labeled
PHARM1, PHARM2 and PHARM3 based on the results of MD
simulations. The conformation of shepherdin and the orientations
of its side chain functional groups in the most populated structural
cluster from MD trajectories of the complex were used as structural template. The distributions of dihedral values (Table 4.2)
and distances (Table 4.3) among critical functionalities were used
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Table 4. 2
Orientations of pharmacophoric groups. Minimum and maximum
values of dihedral angles between functional groups used for
PHARM1. The definitions of dihedral are reported in materials and
methods

Functional groups

Minimum dihedral value
(Degrees)

Maximum
dihedral value
(Degrees)

Ser84_gOH–Ser85_gOH

260.7

290.7

Ser84_gOH–Cys82_SH

247.0

277.0

Ser85_gOH–Cys82_SH

184.0

214.0

27.2

57.2

Ser84_gOH–Imidaz_His86

133.7

163.7

Ser85_gOH–Imidaz_His86

43.9

73.9

Cys82_SH–Imidaz_His86

Table 4. 3
Distances between pharmacophoric groups.
Average distances and standard deviation from
MD simulations used to define distances
between functional groups in PHARM1
Functional Groups

Average Distance (nm)

Ser84_gOH–Ser85_gOH

0.71 – 0.09

Ser84_gOH–Cys82_SH

0.90 – 0.12

Ser85_gOH–Cys82_SH

0.63 – 0.15

Cys82_SH–Imidaz_His86

0.77 – 0.21

Ser84_gOH–Imidaz_His86

1.11 – 0.09

Ser85_gOH–Imidaz_His86

0.52 – 0.14

to define upper and lower boundaries for geometric constraints.
The HypoGen Module of the Catalyst1 program from Accelrys
(97)was used for this purpose. For PHARM1 a four-point model
was created by assembling 3 H-bond donors mapped over the two
Ser -OH and the Cys SH groups, and one imidazole moiety
mapped over the imidazole ring of His of shepherdin. The torsional and distance restraints reported in Tables 4.1 and 4.2 were
added to restrict the database search. Furthermore, we imposed
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location constraints (the volume in which the functions can
reside), specifying the radius of the spheres according to Catalyst’s
defaults. PHARM2 and 3 were constructed in a similar way, augmenting PHARM1 with an aromatic function centered on the
position of the Phe80 benzene ring and a hydrophobic function
centered on the S atom of Cys82 (PHARM2), or by the presence
of a positive charge mapped on the position of the ammonium
group of Lys87 (PHARM3). These were used as queries for a
search in the NCI_3D database using the database search module
of catalyst.
5.2.3. Small Molecule –
Hsp90 Docking and MD
Refinement of the Complex

The small molecule lead, 5-aminoimidazole-4-carboxamide-1-bD-ribofuranoside (98) (AICAR), identified as active through the
procedure described above and experimental tests in different
tumor and normal cell lines, was docked on Hsp90 using the
Autodock program and the same protocol as described for shepherdin. The clustering procedure identified one dominant set of
conformations for the AICAR/Hsp90 complex, including the
free-energy minimum structure. The latter structure was used as
the starting structure for subsequent MD refinement of the
complex in explicit water. MD was carried out once again following the procedure described above for the shepherdin/Hsp90
complex for a total of 100 ns. The resulting trajectory was analyzed in terms of the main interactions (hydrogen bonding,
favorable contacts, etc.) taking place during the simulation
time. This information can be used to define possible structure–
activity relationships for the AICAR/Hsp90 complex with the
aim to design derivatives with improved activities and pharmacological properties.

5.2.4. Recombinant
Proteins and Binding
Studies

The N-domain (residues 1–272) or C-domain (residues 629–732)
of Hsp90 were expressed as recombinant fusion proteins and
purified after removal of the GST frame by thrombin cleavage, as
described previously. Binding of AICAR to recombinant Hsp90
fragments was carried out by ELISA. Briefly, increasing
concentrations of AICAR (Sigma-Aldrich, St. Louis, MO,
USA; 0.02–5 mM) were immobilized on plastic microtiter
wells, blocked in 3% gelatin and further mixed with recombinant N- or C-domain of Hsp90 (1 mg/ml) for 2 h at 310 K
(37C). After washes, binding of the various Hsp90 fragments
to AICAR-coated wells was detected using domain-specific
antibodies to Hsp90, and quantified by absorbance at
405 nm. In another series of experiments, AICAR (5 mg/ml)
was coupled to Sepharose beads (1 ml) and used to fractionate
HeLa cell extracts prepared in 20 mM Tris, pH 7.2, 0.5%
deoxycholate, 1% Triton X-100, 0.1% SDS, 150 mM NaCl,
1 mM EDTA plus protease inhibitors. After washes, bound
proteins were eluted in 0.1 M glycine, pH 2.5, immediately
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buffered to neutrality, separated on SDS polyacrylamide gels
and analyzed by Western blotting. Fractionation of HeLa cell
extracts over uncoupled sepharose beads was used as control.
5.2.5. Cell Lines
and Cultures

Androgen-independent adenocarcinoma (DU145), cervical
carcinoma (HeLa), and melanoma (JR8) cell lines were grown in
RPMI-1640 medium (BioWhittaker, Verviers, Belgium)
supplemented with 10% fetal bovine serum. The normal human
lung fibroblast cell line (WI38) was grown in DMEM medium
(BioWhittaker) supplemented with 5% fetal bovine serum. All cell
lines were maintained as monolayers at 310 K (37C) in a 5% CO2
humidified atmosphere in air.

5.2.6. Growth Inhibition
and Apoptosis Assays

After harvesting in the logarithmic growth phase, cells were seeded
in six-well plates for 24 h and then exposed to various concentrations of AICAR or 17-AAG for 72 h at 310 K (37C) in a 5% CO2
humidified atmosphere. At the end of treatment, cells were washed
twice with PBS, trypsinized, and counted in a particle counter
(Coulter Counter, Coulter Electronics, Luton, UK). Each experimental point was run in triplicate. The results were expressed as the
number of cells in treated samples compared with control samples.
For determination of apoptosis, cells were fixed in 70% (v/v)
ethanol, stained with a solution containing 50 mg/ml propidium
iodide, 10 mg/ml RNase, and 0.1% (v/v) Tween20 for 30 min at
room temperature and analyzed with a FACScan flow cytometer
(Becton Dickinson, Sunnyvale, CA, USA). A flow-cytometric subG0/1 peak was detected on DNA plots using the CellQuest
software according to the Modfit model (Becton Dickinson).
In parallel, an aliquot of the propidium iodide-stained cell suspension was spotted onto slides and assessed for typical apoptotic
nuclear morphology (nuclear shrinkage, condensation, and
fragmentation) under a fluorescence microscope with appropriate
filter combinations. Apoptotic cells were determined by two
independent observers scoring at least 500 cells in each sample.
Caspase-3 and caspase-9 activities were measured as the ability
to cleave the specific substrates N-acetyl-Leu-Glu-His-Asp-pNA
(LEHD-pNA) and N-acetyl-Asp-Glu-Val-Asp-pNA (DEVDpNA) by means of the APOPCYTO/caspase-9 and APOPCYTO/caspase-3 assay kits (Medical & Biological Laboratories,
Naka-ku Nagoya, Japan) according to the manufacturer’s
instructions.

5.2.7. Analysis of Hsp90
Chaperone Function

To monitor changes in Hsp90 client proteins, cells were
harvested and solubilized in lysis buffer (0.01% NP40, 10 mM
Tris [pH 7.5], 50 mM KCl, 5 mM MgCl2, 2 mM DTT, 20%
glycerol plus protease inhibitors) plus four pulses on a sonicator
(10 s each) at 50 J/W-s, alternated by 30 s intervals on ice, and
analyzed by Western blotting primary antibodies specific for
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survivin (Novus Biologicals, Littleton, UK), Hsp90, Hsp70,
CDK-6, Raf-1, Neu (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) and Akt (Cell Signaling Technology, Danvers, MA,
USA). Alternatively, lysates were immunoprecipitated with a
rabbit polyclonal Hsp90 antibody (Santa Cruz Biotechnology)
precoupled to 8 ml of a 50% slurry of protein-G-agarose beads
for 1 h at 4C. After washes the immunoprecipitates were
analyzed for telomerase activity by telomeric repeat
amplification protocol (TRAP) assay using the TRAPeze kit
(Intergen Co., Oxford, UK). Each reaction product was amplified in the presence of a 36-bp internal TRAP assay standard
(ITAS). Quantitative analysis was performed with the ImageQuanT software (Molecular Dynamics) as previously
described (99).
5.3. Results
5.3.1. Characterization of
Hsp90/Shepherdin Binding
Interface

The dominant conformations of shepherdin in solution were
investigated through all-atom, explicit solvent MD simulations
for a total time span of 400 ns. Statistical cluster analysis showed
that shepherdin displays one main conformation, characterized by
the presence of a turn involving residues G83–S84 and an overall
hairpin geometry (see (2) for details). The remaining clusters were
mainly extended conformations, with the peptide backbone
groups involved in hydrogen bonding with water.
The most populated conformation was subjected to multiple
blind docking experiments on Hsp90 using the Autodock
program (7). In all cases, the peptide was predicted to bind within
the ATP binding site of Hsp90. Analysis of the blind docking
results through the procedure described by Hetenyi et al.(72).
showed that low energy poses are all closely correlated with one
another, with an RMSD from the global minimum structure lower
than 2.5 Å. Control docking experiments were conducted with the
extended structures representative of other clusters, but in those
cases it was not possible to univocally identify any particular
binding site on Hsp90.
The free-energy minimum structure of the Hsp90/shepherdin complex was then subjected to two long, 54 and 73 ns, allatom MD simulations. Analysis of the statistical and time-dependent distribution of the interactions between functional groups of
the ligand and of the chaperone was carried out to develop pharmacophore models, keeping into account the motional and flexibility properties of both the ligand and the receptor. Shepherdin
partially reoriented to increase the total number of stabilizing
contacts with the ATP binding pocket of Hsp90 (Fig. 4.20).
Attention was focused in particular on the analysis of hydrogen-bonding, hydrophobic/aromatic, and charge–charge interactions, as these represent the most common types of intermolecular
forces determining host/guest recognition in drugs. The functional groups of shepherdin involved in direct or water-mediated
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Fig. 4.20. Structure of the MD-refined docked complex between shepherdin and the
N-domain of Hsp90. Initial (light gray) and final (dark gray) structure of shepherdin within
the ATP-binding pocket of Hsp90 with two different orientations.

hydrogen bonds with the binding pocket of Hsp90 included the gOH functions of Ser84, Ser85 and the imidazole ring of His86
(Fig. 4.21). The latter, in particular, could satisfy hydrogen-bonding conditions being involved in interactions both as an acceptor
(Ne atom) and as a donor (Nd-H functional group) (Fig. 4.21).
The remaining hydrogen-bonding group on shepherdin, Cys82,

Fig. 4.21. Top panel on right, side chain groups of Hsp90 responsible for the main interactions with shepherdin. Top panel
on left, close-up of the groups of shepherdin responsible for stabilizing interactions with Hsp90. Bottom line, time
evolution of the H-bonding interactions between Hsp90 and shepherdin groups (from top to bottom) g-OH of S84, g-OH of
S85, Ne of H86, NdH of H86, and SH of C82.
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was involved to a lesser extent in intermolecular H-bonding interactions; however, its presence was shown experimentally to be
necessary to ensure binding. Moreover, it displayed hydrophobic
interactions with the side chains of Hsp90 Leu108 and the alkyl part
of Asn109. Cys82 is also important for preserving the hairpin
structure: mutations to Ala on the isolated peptide lead to loss of
ordered hairpin structure (2).
To define the presence of hydrophobic/aromatic interactions,
the contacts involving the side chains of Phe80 and His86 were
monitored during simulation. Shepherdin Phe80 was found to be
in contact mainly with the charged/polar side chains of Lys59,
Asn52 and Asn55 on Hsp90, while shepherdin His86 was not
significantly involved in hydrophobic/aromatic contacts with
Hsp90 residues. Finally, the role of the positively charged ammonium group on the side chain of shepherdin Lys87 was found to be
only marginally involved in interactions with the backbone carbonyl oxygens of Hsp90 residues Phe135 and Gly136, being mostly
exposed to the water solvent during MD simulations.
5.3.2. Pharmacophoric
Hypotheses and Small
Molecule Identification

Three different pharmacophore models were built and labeled
PHARM1, PHARM2 and PHARM3 based on the results of MD
simulations. The conformation of shepherdin and the orientations
of its side chain functional groups in the most populated structural
cluster from MD trajectories of the complex were used as structural template (Figs. 4.20 and 4.21). The distributions of dihedral values (Table 4.2) and distances (Table 4.3) among critical
functionalities were used to define upper and lower boundaries for
geometric constraints.
PHARM1 (Fig. 4.22) consisted of four pharmacophoric
points: three H-bonding donor functionalities mapped over the
side chain OH group of Ser84, Ser85 and the SH group of the
Cys82, plus one imidazole ring moiety mapped on the position of

Fig. 4.22. The pharmacophoric hypochapter mapped on the 3D structure of AICAR and its molecular structure
(5-aminoimidazole-4-carboxamide-1--D-ribofuranoside, AICAR).
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the corresponding ring of His86 (Fig. 4.25). Each imidazole
atom was allowed to bear any substituent or be a bridgehead in
the presence of a fused ring. PHARM2 consisted of two H-bonding donor groups corresponding to the g-OH of Ser84 and Ser85,
one aromatic function centered on the position of the Phe80
benzene ring, and one hydrophobic function centered on the S
atom of Cys82. PHARM3 had the same properties as PHARM1,
augmented by the presence of a positive charge mapped on the
position of the ammonium group of Lys87.
The three models described above were used as queries for a
search of the NCI_3D database of molecules (containing approximately 160,000 compounds). The search with PHARM1 yielded
73 compounds, the search with PHARM2 yielded 42 compounds,
while PHARM3 gave no hits. In experimental tests, the molecules
corresponding to hits of PHARM2 proved to be extremely insoluble due to the presence of aromatic–hydrophobic groups and
had thus no tumor-cell-killing effect. The search with PHARM1
yielded, among others, 20 hits reminiscent of the class of known
purine-based inhibitors of the ATP-binding pocket of Hsp90
(100, 101). Interestingly, one of the non-purine-based hits that
was found to be effective in experiments, AICAR (98)(Fig. 4.22),
was not previously known to interfere with Hsp90 chaperone
functions and was characterized by a novel molecular structure
among Hsp90 antagonists.
5.3.3. Molecular
Interactions Between AICAR
and Hsp90: Molecular
Dynamics Simulation
Results

The structure of the complex between AICAR and Hsp90,
obtained with the docking procedure described in Section 5.2,
was studied in solution by MD simulations in explicit water solvent. The 100 ns time length reported for this simulation represents, to the best of our knowledge, the first case where such timescales have been accessed and used for the study of systems of this
degree of complexity. Analysis of the trajectory shows that AICAR
docks into the ATP-binding pocket of Hsp90 (Fig. 4.23)and that
it is involved in several direct hydrogen-bonding contacts with the
residues of the Hsp90 ATP-binding pocket. The five-member
sugar ring fits nicely into a pocket flanked by negatively charged
and hydrophobic regions (Fig. 4.23). The OH group in position
2 on the ribose points into a deep hydrophobic channel defined by
the side chains of Leu48, Met98, Val136, Phe138, and Val186.
In this binding mode AICAR is also involved in direct hydrogen-bonding contacts with the side chain of Asp93, through the
OH groups in positions 3 and 5 of the ribose ring (Fig. 4.24).
Interestingly, the interaction with Asp93 and is characteristic of
the interaction of the chaperone with the anticancer molecule
radicicol and some of its derivatives (102). The hydroxyl group
in position 3 is also involved as a hydrogen bond acceptor with
the side chain of Ser52. The imidazole moiety points toward a
negatively charged region of the Hsp90 ATP-binding side,
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Fig. 4.23. Top panel, structure of the MD-refined docked complex between AICAR and the N-domain of Hsp90. The protein
is represented by its secondary structure. Bottom line, structure of the MD-refined docked complex between AICAR and
the N-domain of Hsp90. The ligand is represented by sticks, while the protein is represented by its Van der Waals surface,
shaded according to its electrostatic potential: black indicates regions of negative charge, white indicates hydrophobic
regions, and gray indicates positively charged regions.

Fig. 4.24. Two different orientations of the Hsp90 binding site with AICAR bound. The main interactions between AICAR
and Hsp90 residues are highlighted.
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characterized by the presence of Asp54 and Asn51. The acidic
hydrogens on the aromatic nitrogen atom in position 3 and on
the carboxamide at position 4 of the imidazole are directly
involved in stabilizing interactions with the carboxylate group of
Asp54, while the NH2 group on imidazole position 5 acts as a
hydrogen bonding acceptor with respect to the side chain amide
group of Asn51 and donates one hydrogen bond to the carbonyl
group of Gly125.
Finally, it is worth noting that the regions of the protein which
display the highest fluctuations and undergo secondary structure
rearrangements include residues 65–75 and 105–112 and are
directly in contact with the active site region of the protein. The
latter adapts dynamically to the presence of the ligand, which in
turn finds the optimal sterical and chemical fitting within the ATP
binding pocket. These observations are consistent with the results
of recent X-ray studies of Hsp90 in complex with different ligands
reported by Wright et al.(103).
Molecular interactions between AICAR and Hsp90: experimental tests. ELISA showed that AICAR bound the recombinant
Hsp90 N-domain in a specific and saturable manner, whereas no
specific binding of AICAR to the C-terminus region of Hsp90 was
demonstrated (Fig. 4.25). To further investigate the physical
interaction between AICAR and Hsp90 in vivo, affinity chromatography experiments were carried out. Fractionation of HeLa cell
extracts over an AICAR–Sepharose column resulted in the isolation of Hsp90 by Western blotting of eluted fractions (Fig. 4.25).
In contrast, no specific association of Hsp90 with a control
Sepharose column was observed (Fig. 4.25).
5.3.4. AICAR Induces
Tumor Cell Death

A 72-h exposure to different concentrations (from 31.25 to 250
mM) of AICAR induced a dose-dependent decline in cell proliferation in various human tumor cell lines tested (Fig. 4.26).

Fig. 4.25. Right, ELISA. Microtiter wells were coated with the indicated increasing concentrations of AICAR, and incubated
with recombinant N- or C-domain of Hsp90. Binding was determined using domain-specific antibodies to Hsp90 and
quantified by absorbance at OD405. Data are the mean – SEM of three independent experiments. Left, affinity
chromatography. AICAR was coupled to sepharose and used to fractionate HeLa cell extracts. Eluted fractions were
analyzed by Western blotting. A sepharose column was used as control.
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Fig. 4.26. Inhibition of cell proliferation in DU145^), HeLa (&), JR8 (~), and WI38 (l) cells as evaluated by cell counting
after a 72-h exposure to AICAR. Values represent the mean (– SD) of three independent experiments. Right Panel DNA
content analysis. DU145, HeLa and JR8 cells were treated with AICAR or 17-AAG for 72 h, harvested and analyzed for DNA
content by flow cytometry. The percentage of the apoptotic sub-G0/1 population is reported in each histogram.

Specifically, the 50% inhibitory concentration (IC50) values, as
calculated from the growth curves, were 59.0 – 8.5 mM, 105.0 –
7.7 mM and 126.0 – 10.3 mM for the DU145, JR8 and HeLa cell
lines, respectively, Table 4.4. In contrast, identical concentrations
of AICAR did not reduce the growth of WI38 normal human lung
fibroblasts (Figs. 4.26 and 4.27). For comparative purposes, the
antiproliferative effect of 17-AAG was also evaluated and IC50values ranging from 53.3 – 4.1 to 108.2 – 19.3 nM were observed
for the different cell lines, Table 4.4. In tumor cell lines, AICAR
induced the activation of apoptosis as demonstrated by the appearance of an apoptotic sub-G0/1 peak after a 72-h exposure to the
drug (Fig. 4.28).

Table 4.4
Cytotoxic activity of AICAR and 17-AAG in tumor cell lines.
Drug activity is expressed in terms of the concentration able
to inhibit cell growth by 50% (IC50). Values represent the
mean – SD of three independent experiments
Cell line

AICAR IC50 (mM)

17-AAG IC50 (nM)

59.0 – 8.5

68.3 – 5.8

HeLa

126.0 – 10.3

108.2 – 19.3

JR8

105.0 – 7.7

53.3 – 4.9

DU145
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Fig. 4.27. Top panel, fluorescence microscopy analysis. The percentage of cells with an apoptotic morphology was
assessed by fluorescence microscopy after exposure of cells to AICAR or 17-AAG for 72 h. Data represent the mean values
(– SD) of three independent experiments. ***, P<0.01, **, P<0.02, *, P<0.05, Student’s t test. Bottom line, caspase
activation. Caspase-9 and caspase-3 catalytic activity were determined by hydrolysis of the fluorogenic substrate LEHDpNA and DEVD-pNA, respectively, in cells exposed to AICAR for 72 h. Data represent the mean values (– SD) of three
independent experiments. **, P<0.01, *, P<0.05, Student’s t test.

Such a peak, which was not appreciable in untreated cells,
accounted for 34.0 – 2.3% of the overall cell population in
DU145 cells treated with 62.5 mM AICAR, and for 27.0 – 1.4%
and 20.0 – 6.1%, respectively, in HeLa and JR8 cells treated with
the highest (125 mM) drug concentration. Genuine induction of
tumor cell apoptosis by AICAR was also confirmed by a significant
increase in the percentage of cells with an apoptotic nuclear morphology, as detected by fluorescence microscopy after cell staining
with propidium iodide (Fig. 4.27).
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Fig. 4.28. Top panel, loss of Hsp90 client proteins in cancer cells treated with AICAR or
17-AAG for 72 h and analyzed by Western blotting. Bottom line, telomerase activity.
Hsp90 was immunoprecipitated from AICAR-treated DU145 and HeLa cells, and telomerase activity was determined by TRAP assay. ITAS, internal amplification standard.
Data represent the mean values (– SD) of three independent experiments. *, P<0.01,
Student’s t test.

In these experiments, spontaneous apoptosis was negligible
(0.15–0.44% in different cell lines), whereas AICAR treatment
increased the apoptotic rate in a concentration-dependent manner. Maximum peaks of 28 – 1.7%, 23 – 2.4% and 13 – 1.8% were
observed in DU145, HeLa and JR8, respectively, following exposure to AICAR concentrations around the IC50 values of each cell
line. Exposure to equitoxic (IC50) 17-AAG concentrations
resulted in an apoptotic rate of 15.9 – 2.0%, 10.8 – 1.5% and
12.0 – 1.9% in DU145, HeLa and JR8, respectively (Fig. 4.27).
AICAR-induced tumor cell apoptosis was accompanied by a significant increase in capase-9 and capase-3 catalytic activity, as
assessed by the in vitro hydrolysis of specific fluorogenic substrates.
Although to a lesser extent, significant activation of caspase-3 was
also observed in DU145 and HeLa cells following 17-AAG exposure. Conversely, a negligible drug effect on caspase-9 activity was
recorded (Fig. 4.27).
5.3.5. AICAR Inhibits Hsp90
Chaperone Function

We next asked whether the cytotoxic effect exerted by AICAR
was due to the breakdown of multiple cell survival pathways as a consequence of destabilization of Hsp90 client proteins. AICAR-treated
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DU145 and HeLa cells exhibited reduced expression of the Hsp90
client proteins Neu, Akt, and CDK-6 and almost complete loss of
survivin by Western blotting (Fig. 4.28). In contrast, AICAR did
not affect Hsp90 and Hsp70 expression (Fig. 4.28). Exposure of
DU145 cells to 17-AAG resulted in almost complete abrogation of
the Hsp90 client protein Raf-1 and a marked decline in Neu. Conversely, no appreciable inhibition of survivin expression was
detected. 17-AAG did not modify the Hsp90 expression level
but markedly increased Hsp70 protein abundance (Fig. 4.28). In
addition, immune complexes precipitated from extracts of AICARtreated tumor cells revealed a 70% reduction in telomerase activity,
which requires Hsp90 chaperone function (104), as compared with
control incubation reactions (Fig. 4.28).
5.4. Discussion

In this study, we used a structure- and dynamics-based rational
design to identify the non-peptidic small molecule AICAR as a
structurally novel inhibitor of Hsp90. The compound was selected
to engage the ATP-binding pocket of the N-terminal domain of
Hsp90, with binding and functional properties that mimic those of
the peptidic antagonist of the survivin–Hsp90 complex, shepherdin (11). Accordingly, AICAR bound the Hsp90 N-domain,
destabilized multiple Hsp90 client proteins in vivo, including
survivin, and exhibited broad antiproliferative activity in multiple
tumor cell lines, although at higher concentrations than those
required to obtain the same growth inhibitory effect with 17AAG, with induction of apoptosis and inhibition of cell proliferation. Reminiscent of the selective anticancer activity of shepherdin,
AICAR did not affect proliferation of normal human fibroblasts.
Hsp90 is generally viewed as a ‘‘druggable’’ target for rational
cancer therapy because of its role at the crossroads of multiple
signaling pathways associated with cell proliferation and cell viability, and its elevated ATPase activity in tumors as opposed to
normal tissues, which may provide a favorable therapeutic window
(59, 105). This has prompted considerable interest in the development of Hsp90 antagonists for clinical use, a strategy that relied
largely on the macrocyclic antibiotic geldanamycin (GA) and its
17-allyl derivative, 17-AAG, as template structures (70, 74, 105,
106). Conversely, the pharmacophore strategy presented here,
using the shepherdin peptidomimetic as a lead structure, uncovered an unexpected degree of molecular and structural heterogeneity for Hsp90 inhibitors, and identified AICAR as a novel
antagonist of the chaperone ATPase activity with promising anticancer activity. It is worth noting that the molecular structure of
AICAR is totally uncorrelated with that of ansamycins. The former
features a ribose ring linked to a heterocyclic imidazole function
mimicking the aromatic portion of His86 and provides easy access
to several functional groups for further chemical modification,
while the latter is generally characterized by an aliphatic
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macrocycle linking non-adjacent positions of an aromatic ring.
Similarly to shepherdin (2), preliminary docking studies predicted
AICAR to engage the ATPase pocket of Hsp90 differently from
GA, and amino acids that contact GA were predicted by simulation
analysis to be marginally involved, or not involved at all in shepherdin or AICAR docking to Hsp90. Strengthening the rationale
of the proposed shepherdin-based screening strategy, which takes
into account the motional and flexibility properties of the complex
with Hsp90 via all-atom MD, previous site-directed mutagenesis
experiments confirmed the essential roles of the two Ser, His, and
Cys residues in shepherdin that make up the pharmacophore used
here. Moreover, a minimal shepherdin KHSSG sequence was sufficient to retain the ability to bind Hsp90 and exhibit selective
anticancer activity (8). Models generated based only on the initial
semi-rigid docking results may not properly recapitulate flexible
regions in Hsp90 required for inhibitor binding, and failed to
identify the groups essential for recognition. In this context, the
results of the AICAR/Hsp90 interaction studies presented here
are indicative of the structural determinants for the activity of
AICAR as an Hsp90 inhibitor. In particular, AICAR is involved
in a direct contact with Asp93 through two hydroxyl groups on the
furanoside, suggesting that modifications of these residues with
other polar groups may actually strengthen the molecular recognition interaction. The same considerations hold for the substituents
on the imidazole ring. Analysis of the structure of the complex
after long time-scale MD refinement also suggests other modifications aimed at improving the hydrophobic contribution to the
free-energy of association: the hydroxyl group in position 2 of
the furanoside points directly toward a hydrophobic channel
which can be occupied by a hydrophobic moiety.
In previous studies, AICAR has been proposed as a pharmacological activator of AMP-activated protein kinase (AMPK), with
potential anti-inflammatory properties (107, 108). The recently
described anticancer activity of AICAR was attributed to this
molecular recognition, and in particular to inhibition of PI3
kinase-Akt signaling with increased expression of cyclin-dependent kinase inhibitors, p21 and p27, and p53 (109). Our data
suggest an additional function of AICAR as a novel and structurally diverse Hsp90 antagonist, and its anticancer activity reflects
inhibition of the chaperone function with destabilization of multiple Hsp90 client proteins, including Neu, CDK6, Akt, survivin,
and telomerase. It is worthy of note that the molecular mechanisms by which AICAR exerts its activity are not superimposable to
those of 17-AAG. In fact, we failed to evidence an inhibitory effect
on survivin expression after cell exposure to a cytotoxic concentration (IC50) of 17-AAG. This finding is in accord with previous data
from our group showing a decline of survivin protein expression in
prostate cancer cells only starting from a very high 17-AAG
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concentration (>850 nM) (110). Moreover, at variance with 17AAG, AICAR did not modify the expression of Hsp70 and Raf-1
proteins. It has to be stressed that our data do not exclude the
interference of AICAR with the AMPK pathway, but suggest its
possible parallel interaction in the cell with a different biological
pathway exploited in cancer. Most importantly, the cell killing
effect of AICAR is selective, as the drug spares normal cells. The
strategy proposed here can be extended to the investigation of
other targets involved in cancer development and to the identification of possible new uses for already known drugs. In summary, we
have presented a novel, simple and general design strategy based
on the combination of docking and all-atom MD refinement to
identify the binding determinants of complex formation while
keeping flexibility into account. This protocol was applied to
study the interaction between a novel peptidomimetic antagonist
of the survivin–Hsp90 complex, shepherdin, and Hsp90. Our
approach allowed us to explore the molecular diversity space of
Hsp90 inhibitors and to rationally identify a new structural
antagonist, AICAR. The ability to inhibit the chaperone function,
destabilize multiple client proteins in vivo, and exhibit selective
anticancer activity makes AICAR a viable lead structure for the
further development and refinement of novel Hsp90 antagonists
structurally different from 17-AAG.

6. Peptide SelfOrganization
6.1. Introduction

Molecular self-organization and self-assembly are processes by
which Nature builds complex 3D multicomponent structures
with well-defined functions starting from simple building blocks
such as oligonucleotides, lipids or peptides. In the case of peptides
and proteins, in particular, these phenomena have been the focus
of intense research in recent years, after the realization that selfassembly is at the basis of the aggregation processes leading to the
formation of oligomers and of insoluble amyloid fibrils, whose deposition is considered a hallmark of many types of human diseases. These
involve the most diffused neurodegenerative disorders such as the
Alzheimer’s disease, Parkinson’s, Creutzfeld–Jakobs Syndrome, and
many others.
However, the ability to form ordered amyloid aggregates is
not restricted to disease-related sequences. A large number of nonpathogenic polypeptides have been shown to form ordered fibrils
under particular solvent, temperature, and pH conditions (1). In
spite of the high sequence diversity, many proteins and peptides
aggregate into a common cross-b-sheet structure and the resulting
fibrils show remarkable ultrastructural and biophysical similarity.
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Analysis of the deposits using electron and atomic force microscopy
demonstrate the existence of fibrils with a diameter of 7–10 nm and
a length of several microns. An intriguing point is the finding that
very short peptides, as short as tetrapeptides, can form typical fibrils
with the canonical features of amyloid fibrils. These fibrillar assemblies belong naturally to the realm of the nanoscale, and the study of
their properties and mechanisms of formation may be the source of
inspiration for the development of ordered, rationally designed
nanostructures with potentially interesting applications in biotechnology and other fields ranging from material sciences to tissue
engineering, from molecular electronics to molecular medicine
and drug delivery. As a consequence, this area is extremely promising for many future chemical applications.
The richness of shape, chemical, and physical properties provided in particular by peptides (as well as other biological
polymers) offers in fact a unique opportunity for the development
of ordered supra-molecular nanostructures. An outstanding example of the use of molecular self-assembly and nanotechnology
in biomedicine is given for instance in a paper by Ellis-Behnke
et al.(111), where the authors report that a designed self-assembling peptide nanofiber scaffold creates in an animal model a
permissive environment for axons not only to regenerate through
the site of an acute injury but also to knit the brain tissues together.
Considering the importance that the peptide self-assembly
process holds for vast communities in the scientific and
technological worlds, much effort is being undertaken to unveil
the fine details of the mechanism by which peptides aggregate in
well-ordered structures. The high degree of complexity of aggregation itself has actually hampered the experimental atomic-level
characterization of the essential factors of the process. Understanding the physico-chemical determinants underlying peptide
self-assembly at the atomic level is in fact a fundamental step in
view of the rational design of new nanostructures for targeted
applications or of new drugs able to interfere with the harmful
amyloid formation process. This requires the combined effort of
computational–theoretical and experimental approaches. Herein,
we will first describe several recent studies from the computational
and theoretical fields that have contributed to improve our understanding of the principles governing the organization of selfassembling peptide systems; then, we will present the development
and testing on an experimentally characterized model of a new
protocol for the simulation of the initial phases of self-aggregation
developed in our laboratory.
6.2. Computer
Simulations of Peptide
Self-Assembly

Theoretical and computational methods play two main, strictly
interconnected, roles in the study of peptide self-organization:
one is the development of a framework for understanding the
mechanisms leading to the formation of ordered aggregates, and
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the other is to help and drive the design of new sequences with
selected properties for nanobiotechnological applications. In this
context, our attention will be concentrated on (1) the study of the
correlations between the conformational properties of the
monomeric constituents of the aggregate and their tendencies to
form stable polymeric assemblies and the formation of oligomeric
species considered as the initial building blocks for the subsequent
fibril growth and (2) on models of the final organization of whole
fibrils which allowed to investigate the effects on stability of
possible different arrangements, the effects of sequence mutations
on a certain supra-molecular structure or the conformational
dynamics in the aggregate.
6.3. Simulations
of the Properties
of Monomers
and the Formation
of Oligomers

The study of the dynamics and conformational properties of
peptides in relation to their tendency to form aggregating species
stemmed from the experience obtained from the study of protein
and peptide folding over the last decade. The results of these
simulations can, in many cases, be compared directly with experiments. Simulations can thus be used to shed light on the
conformational transitions that trigger the self-assembly of
otherwise soluble peptides. In this context, long time-scale molecular dynamics (MD) simulations have been used to monitor the
dynamics of transition from the soluble ideal -helical to aggregating b-hairpin conformations of pathogenic peptides such as the
H1 peptide from the prion protein and the Ab(12–28) fragment
from the whole length Ab Alzheimer’s peptide. The results suggest
a common  to b transition mechanism characterized by an initial
unfolding of the -helix, followed by the formation of bent
conformations and a final convergence to ordered in register
b-hairpin conformations. In spite of the different sequences, the
b-hairpins exhibit the presence of a peculiar pattern of exposed
hydrophobic side chains, in particular in the turn regions, suggesting a common aggregation mechanism (112). Extensive MD
simulations have also been used to probe the folding properties
and the effect of mutations on the aggregation propensities of different Ab stretches (Ab(25–35), Ab(21–30), etc.) or polyglutamine
(113–115). Calculations show that native sequences have a higher
tendency than their mutants to populate conformations prone to selfassembly and to the formation of amyloids, and suggest that the
structure and stability of the intermediates can be targeted in drug
design. Moreover, these results provide clear sequence–structure–
mechanism relationships for peptide aggregation through monomer
simulations, an aspect of fundamental importance for the rational
design and modification of self-assembling sequences.
The effect of the solvent environment on the aggregation
propensities of model peptides has also been targeted by MD
simulations (116, 117). In general, the presence of apolar solvents
favors helical non-aggregating conformations, and suggest the
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possibility to tune the conformational determinants of the process
by simple ‘‘solvent-engineering,’’ in a very similar way to what has
been done in the past with enzymatic reactivity.
Compared to the conformational analysis of monomers, the
direct simulation of peptide aggregation, self-organization and the
formation of initial oligomers is still an extreme challenge for allatom models as simulations must handle many chains and find
ways to follow the dynamics during some of the critical steps.
However, the hurdle can be passed successfully by neglecting the
finest atomic details in favor of models that catch only the essential
physical properties of the system under exam. The use of a more
coarse-grained level of representation of the sequences decreases
the number of particles, degrees of freedom and interactions to
compute and results in a definite gain in the time required to
generate physically meaningful configurations. Peptides could be
represented, for instance, as chains with all backbone atoms
included while side chains could be modeled by one bead with a
certain van der Waals radius and geometrical parameters with
respect to the backbone. Within this theoretical framework,
Derreumaux and co-workers run simulations of different copies of
the amyloidogenic KFFE sequence and showed that while the
monomer is disordered, the presence of four copies of the peptide
in the simulation box could induce the formation of a variety of
oligomeric states with fully antiparallel or mixed parallel–antiparallel
configurations. Increasing the number of chains to a minimum of
six peptides, they could observe the others formation of double layer
b-sheet assemblies with a 10 Å distance between two layers and a
4.5 Å distance between to peptide in one layer, consistent with
experimental X-ray data. These methods were also applied to
study the di- and trimerization of Ab(16–22). The results predicted
the formation of in-register antiparallel sheets, consistently with
NMR data (118). The oligomerization of Ab(16–22) into mainly
antiparallel b-sheets was also observed by Favrin (119) and coworkers using a sequence-based atomic model with an effective
potential based on hydrogen bonds and hydrophobic attractions
and unbiased Monte Carlo simulations for sampling.
All the observations on the oligomerization of the peptides
reported above point to hydrophobic and stacking interactions as
the determining factors in defining the relative orientation,
directionality, and the supra-molecular ordering in self-organizing
peptide constructs appeared. Moreover, all the simulations
showed the significant presence of a number of conformations
with parallel geometries, helping explain the shift from antiparallel
to parallel structures when the peptides are coupled to an octanoyl
moiety. This is a clear example where the use of computer simulations can help in rationalizing experimental observations on the
self-assembly behavior of peptides and their modified analogs
(120, 121).
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The fundamental role of stacking interactions in determining
the structure and self-assembly behavior of short peptides emerged
also in simulations employing more refined all-atom models.
Gsponer et al., for instance, studied the evolution of a system of
three copies of the GNNQ QNY peptide using MD with a
simplified implicit solvent representation. The stacking of the
tyrosine rings and hydrogen bonds between amide groups favored
the parallel b-sheet arrangement over the antiparallel one.
The significant role of stacking interactions was also
observed in simulations of the NFGAIL sequence in explicit
solvent, in conditions mimicking extremely high peptide concentrations to speed up the aggregation process. At two different temperatures, the formation of flat ellipsoid shaped
clusters of peptides was induced by the presence of edge-toface or face-to-face stacking interactions involving the aromatic
moieties of the Phe residue. Experimental mutation of Phe to
Ala completely abolished the peptide’s ability to self-aggregate
and produce fibrils.
6.4. Simulations
of Preformed
Supra-molecular
Structures

While many crucial aspects of peptide self-assembly could be
observed by using simplified or even all-atom approaches on
small system consisting of a few copies of the monomers, the
long time-scales for ordered aggregation are still out of reach for
computer simulations of systems consisting of tens or hundreds of
copies of monomers with explicit solvent representations. However, experimental data (X-ray, solid state NMR, FT-IR, etc.)
already provide interesting insight on the final organization of
the fibril which can be used to build reliable starting structures
for MD simulations. As a consequence, it is possible to investigate
the effects on the stability of a certain assembly of different
hypothetic arrangements (122) or the effects of sequence mutations on a certain supra-molecular conformation. This approach
was applied for instance by Nussinov and co-workers to several
peptides of unrelated origin such as the 113–120 stretch from the
Syrian Hamster Prion, the hIAPP22–27 and hIAPP22–29 and several
peptides from the Alzheimer’s Ab, showing how the final organization of the fibrils depends in a specific way on the protein
sequence. In this context, de la Paz et al. carried out several explicit
solvent MD simulations on a series of single point mutants of the
de novo designed amyloidogenic STVIIE peptide, starting from
different initial conformations of a preformed polymeric sixstranded b-sheet. The results provided evidence for the influence
of a small number of site-specific hydrophobic interactions on the
packing and stabilization of the aggregates as well as on the interplay between side chain interactions and the net charge of the
molecule on the strand arrangement of polymeric b-sheets.
Importantly, this MD analysis also shed light into the origin of
the position dependence on mutation of b-sheet polymerization in
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agreement with several experimental observations. Caflisch and
co-workers recently extended this approach to identify possible
aggregating stretches from folded protein sequences.
An interesting application of MD simulations to the study of
the collective properties of large-scale aggregates is represented by
the study of Daura and co-workers on a preformed model of a fibril
of the Siv gp32 fusion peptide. Starting from a non-twisted model
they observed that the parallel b-sheet aggregates spontaneously
adopted a helical suprastructure in the simulations. A dynamic
equilibrium was observed involving partial unwinding and rewinding of the suprastructure. The supra-molecular structure observed
could be described as a left-handed twisted ribbon with saddle-like
curvature. The chirality of the constituent chains rendered this
structure more thermodynamically stable than a helical ribbon.
This was the first example in which the spontaneous twisting of a
fibril into an equilibrium twisted-ribbon suprastructure was
observed and provided a very interesting view of the dynamic
nature of self-assembled aggregates.
Summarizing, simulations, and MD in particular, can already
be applied to detect critical interactions for peptide self-organization, and to investigate the dynamic conformational behavior of
the resulting assemblies. Understanding and being able to predict
and control both these aspects is fundamental for the design of
new supra-molecular entities with tailored properties for
application in both nanotechnology and nanobiology.
6.5. Combining Coarse
Grained and All-Atom
Simulations for the Ab
Initio Simulation of
Peptide Aggregation

The self-organization of multiple peptide chains into ordered
aggregates is an inherently very complex problem: the free-energy
landscape that a system composed of different chains has to explore
is enormously vast and so is the number of degrees of freedom that
should be considered to completely characterize that landscape.
Moreover, the study of aggregation and self-organization of
peptides is aggravated by the difficulties in experimentally characterizing the final fibrils. Since amyloid fibrils are insoluble and do
not form crystals, high-resolution atomic structures are still lacking for most sequences and our understanding of fibril structure
and stability comes essentially from X-ray fibril diffraction, negative stain electron microscopy, atomic force spectroscopy, and,
more recently, solid-state nuclear magnetic resonance (NMR)
spectroscopy.
Fiber diffraction patterns of aggregates show the presence of
strong reflections at 4.8 Å and at 10–11 Å resolution, indicative of
the cross-b-spine structural motif typical of amyloid fibrils. The
consensus emerging from these studies is that all fibrillogenic
peptides aggregate into a common cross-b-sheet structure with
the b-strands perpendicular to the fiber axis. A complete structural
definition of these aggregates is, however, still highly debated.
Over the years, several models have been proposed, which are
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essentially variations on the common cross-b-spine theme. Moreover, there is mounting evidence that the toxicity of the fatal
neurodegenerative diseases may be caused by the intermediate
oligomers in addition to the mature fibrils (123–126). It is
therefore important to characterize the early steps of oligomer
formation at the atomic level. Because these structures are metastable and short-lived, experimental data are difficult to obtain
(127, 128).
The use of model peptides whose solid aggregates recapitulate
most of the features associated with amyloid fibers has proved to
be an important strategy to try and overcome these difficulties. In
particular, impressive results have been obtained in the structural
characterization of the peptide GNNQ QNY derived from the
prion-determining domain of yeast protein Sup35. The solid
state of this peptide shows all the physical properties associated
with amyloid fibrils. Most importantly, this is the only peptide
whose atomic-level high-resolution structure in the fibrillar state
has been reported to date (129). The structure has revealed unique
features along with expected properties. The final fibril shows a
hierarchical organization based on different types of stabilizing
interactions. The basic unit of the assembly is a pair of b-sheets
separated by a dry interface. Each b-sheet is formed by parallel
strands, which are orthogonal to the fiber axis (see Fig. 4.29).
In addition to the classical hydrogen bonds between backbone
atoms, the b-sheets are stabilized by hydrogen bonds between
polar side chains that follow the pattern denoted as polar zipper.
At the dry interface, the side chains of residues N2, Q4, and N6 are
tightly interdigitated with the corresponding residues of the
opposing sheet (steric zipper) (Fig. 4.29). This complementarity
makes this motif unique.

Fig. 4.29. On left, the pair-of-sheets structure, showing the backbone of each beta-strand as an arrow, with side chains
protruding. On right, the steric zipper. This is a close-up view of a pair of GNNQQNY molecules, from (1).
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All of these properties make this small system an optimal
model for testing aggregation studies and molecular simulations
in particular.
The questions we ask here, are:
(1) Is it possible to reproduce the hierarchical organization
observed in the fibril with molecular simulations starting
from unbiased initial configurations ?
(2) Is it possible to detect in molecular simulations the stabilizing
patterns observed experimentally?
(3) Is there a correlation between the sets of structures determined computationally and the experimental one?
Predicting the aggregation paths and the detailed atomic structures of the intermediates and of the initial stable structures is a
difficult task for computer simulations. The typical time-scales for
the formation of fibrils range from hours to several days even to
weeks and thus are several orders of magnitude in time beyond
what can be obtained by current all-atom simulations. It is also
difficult to determine the minimal model that reproduces the
essential structural and energetic features of peptides and allows
an extensive search of conformational space. A variety of chain
representation and energy models and methods including
molecular dynamics (MD), discontinuous MD, replica exchange
MD simulations, and Monte Carlo-based methods (MC) have
been applied to amyloid-forming peptides, with variable degrees
of success.
Starting from these considerations, in the present study, we
aim at improving the reach of aggregation simulations by combining the extensive sampling properties of coarse-grained methods
to the refinement abilities of all-atom MD simulations. To achieve
this goal, we first run a preliminary, simplified, Monte Carlo
exploration of the free-energy landscape. If the free-energy landscape associated to the simplified MC dynamics retained all the
relevant features of the true one, we could expect that the all-atom
MD simulations started from the sampled configurations are
expected to have significant advantages over, for example, those
starting from fully random placements of peptide positions which
can be affected by significant lag-phases (130). The advantage
could, however, be more conspicuous if the MC procedure
allowed picking structures from the transition state ensemble of
the aggregation process, in which case the all-atom dynamics
would progress toward models of the final aggregates in a timescale much shorter than the typical fibril formation time. Thus, the
expectation is that the two-stage MC–MD trajectories are
‘‘time-advanced’’ with respect to those started, for example, from
configurations consisting of random placements of the single
chains or from subjectively chosen preformed oligomers. Simulations were run on several systems consisting of different numbers
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of copies of the GNNQ QNY peptide, starting from random initial
configurations. Each set of simulations contained 2–8 copies of the
peptide. For each system three different simulations are run, each
starting from the representative structure of the three most populated structural clusters identified at the transition temperature of
the coarse-grained MC analysis (vide infra). Simulations are
labeled according to the number of chains in the simulation box
(2,3,4,. . .,7) followed by a ‘‘_c’’ (Chains), the cluster number (1,2,
or 3) and the temperature at which the simulation is run. So, for
instance, the simulation of four peptide chains, starting from the
representative of the second-most populated cluster at 300 K will
be labeled 2c_2_300.
6.6. Results

The preliminary simplification of the free-energy landscape
operated by the MC approach is achieved through a coarse-graining of the structural degrees of freedom of each peptide chain
composing the system. In particular, the protein is described in
terms of its C trace and of the associated C centroids. This
schematic description is accompanied by a simplification of the
energy functional (see the Monte Carlo section of the Methods
chapter) that incorporates effective pairwise aminoacid–aminoacid
interactions, and information to avoid steric clashes. The use of
this type of simplified interaction potential has already proven to
be effective in the description of the folding dynamics of small
proteins with non-trivial tertiary structure features (11, 131, 132).
Since the folding process is an intramolecular recognition process
governed by non-local interactions between aminoacids which are
of the same physical nature as the interactions governing the
intermolecular aggregation processes, it is natural to extend the
use of the effective potential and simplified functional to the case of
peptide self-organization. In this framework, the thermodynamics
of the system consisting of multiple copies of the aggregating
peptide (from two to eight copies) can be characterized by a
simulated annealing MC evolution involving rotational and translational moves of the peptides on a discrete grid with a 3 Å distance
between grid points. At this simulation stage, the peptides are
considered as rigid chains in extended conformation.
The average energy and radius of gyration (Rg) as a function
of temperature of the coarse-grained system are visible in
Fig. 4.30.
As the temperature is decreased, each system undergoes a
collapse represented by a sudden (cooperative-like) decrease in
both the system’s energy and radius of gyration. In correspondence of the collapse temperature, Tc, the specific heat exhibits a
peak which reflects the large energy fluctuations typically associated to a phase transition: the multiple chain system is in fact
undergoing a transition from a totally disordered condition to an
ensemble of aggregate structures with a certain degree of
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Fig. 4.30. On the right the radius of gyration, on the left for the same system the behavior of the specific heat with MC
temperature. From bottom to top the graphics refer to 2,3,4 chain MC simulation and the last two refer to the seeding MC
simulation with 3,4 free chain, respectively.

compactness. The latter ensemble is characterized by the coexistence of polymeric structures with one to two residues per chain
involved in interchain contacts, with other structures in which
the number of intermolecular interactions is higher and the
chains lie in the same plane with either an antiparallel- or parallel-like orientations. The polymeric ensembles containing different numbers of peptide copies at the Tc are thus poised to collapse
into compact structures with non-trivial 3D organizations. This
aspect resembles closely what was already observed in the case of
peptide folding, underlining once more the fact that peptide
folding and aggregation are intimately connected. As a consequence, the aggregated structures sampled at the Tc with the MC
algorithm represent attractive candidates for investigating the
dynamics of formation of oligomeric species and their structural
properties. Moreover, the conformational variability of the
aggregates at Tc is such that significantly different structures
can be picked.
The structures at Tc were grouped in families of similar
conformations using the conformational clustering algorithm
developed by Daura et al. The representative structures of the
three most populated clusters from each of the MC runs were
then selected as starting structures for the all-atom MD runs.
These structures had to be first reconstructed in atomic detail
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according to the procedure described in the Section 3.4. In the
following we will describe the different simulations involving different numbers of peptides.
Two chains. The cluster analysis of the all-atom MD
trajectories of the simulations with two chains in the simulation
box immediately shows interesting features. In the 50 ns all-atom
simulation starting from the representative of the first cluster at
300 K, 2c_1_300 K, the two peptides form a stable antiparallel
structure, with the amidic side chains interdigitated at the interface
between the two peptides with remarkable shape complementarity. In this particular arrangement, the interface between the two
peptides is not occupied by water molecules. This structure closely
resembles the one of the dry interface, with two antiparallel bsheets in the same plane held together by van der Waals contacts
between sterically complementary side chains that exclude water
molecules from the environment (Fig. 4.31).

Fig. 4.31. On left the most sampled structure in MD simulation. On the right the
experimental structure from (1), reproduced.

In the trajectory started from the representative structure of the
second cluster determined at the Tc, 2c_2_300 K, the formation of a
stable parallel b-sheet is evident immediately after the first few nanoseconds of simulation. This structural motif is stabilized by in register
backbone–backbone H-bonding interactions. Additional stabilization and ordering is provided by side chain–side chain interactions
between residues facing each other in the parallel arrangement: these
involve not only the formation of stable hydrogen bonds between N
and Q amidic groups but also packing interactions between the
aromatic rings of the terminal tyrosines (Fig. 4.32).
The initial structure of the trajectory starting from the representative structure of the third cluster, 2c_3_300 K, is characterized by the two terminal Y residues forming a packing interaction,
with the remaining part of each peptide chain pointing into the
solvent without additional interchain contacts. Interestingly, this
type of Y–Y packing is also observed in the crystal structure of the
fibril, with the role of connecting different interdigitated dimeric
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Fig. 4.32. On the top of the panel the secondary structure behavior with time for the simulation 2c_2_300 K. Bottom line,
on the right the most sampled structure in MD simulation and on the left the experimental structure, from (1).

complexes. In the all-atom MD simulations, however, this starting structure is not stable and evolves toward the antiparallel
arrangement, already observed for simulation 2c_1_300 K.
Control simulations were run at the temperature of 360 K to
check the stability of the structures obtained in the above reported
all-atom simulations at 300 K. The antiparallel arrangement
observed in simulations 2c_3_300 K and 2c_1_300 K is disrupted
at around 5 ns. The two chains explore an ensemble of bent
conformations and, at around 21 ns, the two chains relax into a
parallel arrangement that is disrupted and recovered during the
rest of the simulation.
In contrast, running a simulation at 360 K starting from
the final stable parallel conformation of simulation
2c_2_300 K does not cause any significant changes in terms
of structure or relative organization of the strands, suggesting
that the parallel arrangement is particularly stable for this
sequence, in Fig. 4.33.
Three chains. Increasing the number of chains in the simulation box to three determines a different and more varied
conformational scenario. In the simulation started from the first
cluster obtained at the Tc of the MC run, labeled 3c_1_300 K, one
chain is juxtaposed to a preformed dimer similar to that observed
in simulation 2c_1_300 K. The preformed dimer is held together
by interactions between the side chains forming the dry interface
and the third chain binds parallel to one of the previous two.
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Fig. 4.33. Top panel, the behavior of the secondary structure with time for the simulation 2c_2_360 K. Bottom line, the
most sampled structure during MD simulation.

Simulation 3c_2_300 K starts from a dimer where the dryinterface is formed, and the remaining chain is far in space. The
latter, however, is eventually able to dock on the preformed
complex forming a parallel structure with one of the two prestructured strands.
Finally, simulation 3c_3_300 K starts with a preformed dimer
with the two tyrosines packing with their aromatic rings, the
remaining part of the chains pointing toward the same direction
in space and the third chain separated by about 50 Å from the
other two. Interestingly, the evolution in the all-atom MD simulation at 300 K leads to the formation of a parallel trimer with a
significant degree of packing of the three Y residues and
backbone–backbone interchain hydrogen bonds stabilizing the
parallel conformation (Fig. 4.34). Heating this structure to high
temperatures (360 K) does not change the situation, once again
suggesting an enhanced stability of the parallel conformations for
oligomeric complexes.
Four chains. The simulations involving four different peptide
chains are run to investigate the dynamics of formation of the fibril
nucleus, as identified by Eisenberg and co-workers. Similarly to
the previous cases, three possible starting configurations are identified from the cluster analysis of the Tc structural ensemble in the
coarse-grained MC trajectory. The representative structure of the
first cluster shows a ‘‘micelle-like’’ arrangement for the four aggregated chains: the four Y residues point toward the center of the
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Fig. 4.34. On left, the most sampled structure for the simulation 3c_1_300 K, on right for the simulation 3c_2_300 K.

micelle forming a hydrophobiccore with their aromatic rings,
while the rest of the peptide points outward into the solvent.
During the 50 ns all-atom MD simulation at 300 K,
4c_1_300 K, this construct reorganizes to form a stable parallel
b-sheet involving two central chains. The remaining two chains
remain basically disordered.
The simulation involving the representative of the second
cluster, 4c_2_300 K, shows the formation of a stable, parallel
b-sheet involving four strands (Fig. 4.35). It is worth underlying that this structure is totally uncorrelated with the starting one. The latter is characterized by the presence of two
dimeric complexes, contacting through the aromatic side
chains of the tyrosines. Each of the dimeric complexes is
initially devoid of ordered secondary structure at the beginning of the simulation.

Fig. 4.35. On left, the initial conformation for the simulation 4c_2_300 K; on right, the
structure after 50 ns of MD simulation.

Very interestingly, however, we could observe the rapid
alignment of the two chains in each dimer to form a parallel, inregister b-sheet. During the simulation, the two b-sheets evolve
spontaneously to form a flat parallel b-sheet involving all the four

Molecular Simulations of Peptides

143

chains present in the simulation box. This structure is remarkably
stable at 300 K and at higher temperatures (330 K, 360 K). The
rapid formation and the stability of this supra-molecular complex
is in substantial agreement with the suggestion by Eisenberg and
coworkers that the four chains may represent a stable nucleus for
fibril formation.
The results obtained in the simulation starting from the third
structure is similar to that described for 4c_2_300 K, and will not
be commented further.
Seeded aggregation. The stability of the four stranded, parallel
b-sheet combined with the fact that it forms rapidly even on the
MC–MD time-scales suggested additional simulations in which
this complex could be used as a preformed seed. Two MC simulations were thus run on two systems consisting of the following:
1. The preformed four stranded, parallel b-sheet plus three free
chains.
2. The preformed four stranded, parallel b-sheet plus four free
chains.
In both cases we only reconstructed and simulated at the
all-atom level the representative structure of the most populated
cluster. This was done to save on computational time, considering
the dimensions of the boxes in the presence of such a high number
of free and unconstrained chains (133).
In the all-atom MD simulation starting from the first
ensemble of structures, labeled 4_plus_3, the preformed four
stranded b-sheet remains stable during the whole simulation
time. What is most interesting to observe is that all the three
remaining peptides dock on the preformed plane in a
antiparallel orientation with respect to the seed, and parallel
to one another. This arrangement is very similar to the one
observed in the crystal structure in the interface between
the two b-sheet layers running parallel to the fibril axis
(Figs. 4.36 and 4.29).
It is worth underlying at this point, that in the preliminary
coarse-grained MC run the additional three peptides are
completely free to translate and rotate in space, the only constraint being on the structure of the seed. In the subsequent allatom MD, none of the peptides is subjected to any constraint. As a
consequence the whole system is free to move and reorganize.
The same considerations hold for the second simulation
started from a ‘‘seeded’’ system, containing the four stranded bsheet plus the four free peptides. The results of the all-atom,
unconstrained MD run show that one of the free peptides adds
up to the seed structure in a parallel fashion. Two of the three
remaining peptides pack on the same side of the plane of this
complex, with an antiparallel orientation with respect to the five
stranded b-sheet.
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Fig. 4.36. Two images that show the results for the simulation 4_plus_3. On the left is show the interdigitation between
the side chains of the two pairs of sheet. In gray are represented the two sheet. On the right the beta sheet and the C- and
N-terminals are reported as sticks.

6.7. Discussion

In this paragraph, we have presented the results of multiple simulations on the first stages of the ordered self-organization of the
peptide GNNQ QNY. The availability of high-resolution
structures of the final fibrillar form makes this system an optimal
model to test aggregation simulations. Our present study aims at
improving the reach of ordinary all-atom MD simulations by
recoursing to a preliminary, simplified, Monte Carlo exploration
of the free-energy landscape. If the free-energy landscape associated to the simplified MC dynamics retained all the relevant
features of the true one, we could expect that the all-atom MD
simulations started from the sampled conformations are expected
to have significant advantages over, for example, those starting
from fully extended peptide configurations in random orientations, which can be affected by insurmountable (on the MD
time-scale) lag-phases.
The actual quantification of the expected time-advancement
would be transparent and straightforward if the aggregation
process could be characterized in terms of one (or more) reaction
coordinates. Unfortunately, all the typical and intuitive orderparameters (such as Rg, RMSD, buried hydrophobic surface,
etc.) appear inadequate to this scope due to their wide degree of
fluctuation and diversity connected with the high number of
possible conformations that a forming oligomer can achieve.
Therefore, the benefits of the present strategy can be ascertained
only through the comparison of the degree of order, b-sheet
content, 3D organization, and side chain interaction patterns of
the explored trajectories comparing them to the experimentally
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determined structure of the GNNQ QNY fibril. The final results of
our simulations are consistent with the experimental structures
and with the mechanistic considerations on fibril formation
based on these structures.
The analysis of our mixed MC–MD trajectories suggests a hierarchical picture of the assembly process, similar to what Eisenberg
and coworkers suggested based on structural analysis of the fibril.
Parallel b-sheets form easily in many instances and are in general not
disrupted by the high-temperature conditions. Moreover, they are
mostly characterized by an in-register organization of interchain
hydrogen bonds. Preformed parallel b-sheets can act as templates
in the aggregation process to accelerate fiber formation.
Once the first seed is formed, more strands can pack on it
mainly through van der Waals and H-bonding interactions
involving the N and Q side chains, giving rise to the second
level of organization. Optimal packing is achieved when the
peptides forming the second plane are antiparallel to the first
one. This mechanism leads to the formation of the dry interface, with exclusion of water molecules from the space between
the two layers. We observe that the pattern of interactions in
the second stage is less specific than the one determined by the
formation of in-register hydrogen bonds observed in the first
level, as can be expected considering the flexibility of the amidic
side chains of the interdigitating residues. The non-specificity of
van der Waals interactions in the dry interface leads to polymorphism in the structures of the starting aggregates, which
can also be reflected in the amyloid fibril polymorphism
observed for several sequences and strictly dependent on the
solution conditions (134, 135).
The third level of organization would involve pair-of-sheets
structures interacting to form the fibril, but at this level, our
simulations can not reach such a degree of complexity. However,
the docking of multiple preformed double layer structures with a
dry interface would represent a natural consequence of the first
two levels of events.
It is also interesting to observe that the ensemble of structures
observed is extremely dependent on the number of molecules
simulated, especially in the cases of two, three or four peptide
chains in the simulation box. In the case of three peptides, in
particular, we could observe a high diversity of aggregate conformations consistent with the fact that ordering three peptide
molecules can determine a substantial kinetic barrier to fibril formation. In the case of four peptides in solution, we observe
the easy formation of two stable parallel b-sheets, which can
subsequently dock as two rigid preordered bodies to form the
four stranded nucleus. Qualitatively speaking, the entropic
costs of this mechanism are much lower than those of the
previous one.
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The results of our simulations suggest that the overall aggregation process starts with the initial formation of an unordered
compact structure, which could be the rate limiting step of the
process. This part of the mechanism is caught by the preliminary
coarse-grained MC investigation. Hydrophobic interactions,
reproduced by the residue specific statistical potential, could play
a key role at the beginning of the process by disfavoring organized
aggregates formation. Reorganization of this initial aggregate with
the formation of more specific H-bonding and cross-b-spine interactions can eventually drive the process to reach the ordered state
typical of amyloid fibrils.
To summarize, we have followed the dynamical evolution of
the aggregation process of the GNNQ QNY peptide starting from
several configurations obtained by a coarse exploration of the
system energy landscape. The simulated trajectories include notable instances where ordered b-sheet rich aggregated structures of
the peptides are reached and maintained. Furthermore, the significant secondary content and organization found in all simulations resulted in interesting dynamical evolutions that convey
valuable information on the aggregation process, shedding light
on different possible organization mechanisms. The protocol used
here has been kept as general and unbiased as possible and may be
further extended, for example, at the level of the coarse-grained
model and/or of the selection criteria of the starting structures.
Therefore, the proposed strategy ought to be applicable to other
instances of short proteins with significant advantages over the use
of only MD simulations. To our knowledge, our results represent
the first example of all-atom, explicit solvent simulation of the selforganization of multiple peptide chains without the inclusion of
whatsoever information/constraint at the beginning of the
calculations.

7. Conclusions
The two biological processes studied during this chapter are quite
different but connected by the underlying theme of protein folding and molecular recognition. All biological molecules, such as
enzymes and proteins need the correct fold for their function.
Anomalies in 3D shapes may cause diseases such as Alzheimer’s,
Parkinson’s while too many correct folded molecules may cause diseases as cancer cell.
In the first part of this chapter it has been possible to find by
molecular dynamics the most important solution conformation of
a peptide named shepherdin, with demonstrated anticancer
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activity. As shown from MD simulation and from experimental
data this conformation is the most active one for the molecular
recognition by Hsp90 chaperonin binding site. The statistical
analysis of interaction between Hsp90 and shepherdin based on
all-atom MD simulation of the complex, allows us to derive a
pharmacophore, which defines the minimum functional and geometrical requirements that a molecule must have to be a good
ligand. These binding and geometrical constraints are found in a
molecule known as AICAR. As demonstrated by experimental data
this molecule preserves all features of shepherdin as inhibitor of
Hsp90 chaperoning function.
The first biological processes studied has as topic an enzyme,
Hsp90, a supervisor of folding of several proteins involved in
survival and proliferation of the cell, such as talomerase and
IAP’s protein family. An up-regulation of this enzyme, a hallmark
of tumor cells (3), causes an abnormal level of such proteins
blocking the apoptosis signal, so that the cancel cell can spread
without any control (4).
The second biological process have the opposite characteristic,
mis-folded proteins can aggregate in very stable and ordered structures that cause diseases. The mis-folded proteins usually aggregate
with a common structural motifs called ‘cross-beta’ spine.
The studies reported in this chapter are focused on the understanding of the driving forces of molecular recognition that make
possible these phenomena in this two biological processes. The
molecular modeling techniques used as showed are suitable
methods for this research.
In the second part of this chapter the first result of a promising
method to study the initial stage of the formation of the fibril
structures is shown. This method stems from a theoretical framework developed for folding studies (12). As for protein folding, for
aggregation of the mis-folded proteins, MD simulation alone can
not be used to follow these biological process. A simplification of
the energy landscape of this phenomena by simplification of the
representation model of the peptide and the interaction energy
function can cross the MD-lag time. Without any experimental
data used as constrains for MC and for MD simulation we can
reproduce with good agreement the experimental data obtained
by Eisenberg (129) for the system GNNQ QNY.
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Irbäck, A.; Potthast, F. (1995) Studies of an
off-lattice model for protein folding:
sequence dependence and improved sampling at finite temperature. J. Chem.
Phys.103, 10298–10305.
Hansmann, U.; Okamoto, Y. (1999) New
Monte Carlo algorithms for protein folding.
Curr. Opin. Struct. Biol. 9, 177–183.
Scheraga, H.; Hao, M. (1999) Entropy sampling Monte Carlo for polypeptides and proteins. Adv. Chem. Phys. 105, 243–272.
Arkin, H.; Yarkin, F.; Celik, T.; Berg, B.;
Meirovitch, H. (2002) Multicanonical
simulations of some peptides. Comp. Phys.
Comm. 147, 600–603.
Garcia, A.; Onuchic, J. (2003) Folding a
protein in a computer: an atomic description
of the folding/unfolding of protein. Proc
Natl Acad Sci USA 100, 13898–13903.

Molecular Simulations of Peptides
28. Kolinski, A.; Godzik, A.; Skolnick, J. (1998)
Monte Carlo studies of the thermodynamics
and kinetics of reduced protein models:
Application to small helical, b, and a, b proteins. J. Chem. Phys. 108, 2608–2617.
29. Micheletti, C.; Banavar, J. R.; Maritan, A.;
Seno, F. (1999) Protein structures and
optimal folding from a geometrical variational principle. Phys. Rev. Lett. 82,
3372–3375.
30. Baker, D. (2000) A surprising simplicity to
protein folding. Nature 405, 39–42.
31. Clementi, C.; Nymeyer, H.; Onuchic, J. N.
(2000) Topological and energetic factors:
what determines the structural details of
the transition state ensemble and en-route
intermediates for protein folding? An investigation for small globular proteins. J. Mol.
Biol. 298, 937–953.
32. Klimov, D. K.; Thirumalai, D. (2000)
Native topology determines force-induced
unfolding pathways in globular proteins. J.
Chem. Phys. 113, 8319–8328.
33. Cieplak, M.; Hoang, T. X. (2000) Scaling of
folding properties in go models of proteins.
J. Biol. Phys. 26, 273–294.
34. Hao, H. M.; Scheraga, H. A. (1997) On
foldable protein-like models: a statisticalmechanical study with Monte Carlo simulations. Physica A 244, 124–145.
35. Tiana, G.; Broglia, R. A. (2001) Statistical
Analysis of Native Contact Formation in the
Folding of Designed Model Proteins. J.
Chem. Phys. 114, 2503.
36. Lazaridis, T.; Karplus, M. (1997) New view
of protein folding reconciled with the old
through multiple unfolding trajectories.
Science 278, 1928–1931.
37. Bahar, I.; Erman, B.; Jernigan, R. L.; Atilgan, A. R.; Covell, D. G. (1999) Collective
Motions in HIV-1 Reverse Transcriptase:
Examination of Flexibility and Enzyme
Function. J. Mol. Biol. 285, 1023–1037.
38. Hoang, T. X.; Cieplak, M. (2000) Molecular dynamics of folding of secondary structures in go-type models of proteins. J. Chem.
Phys. 112, 6851–6862.
39. Favrin, G.; Irback, A.; Wallin, S. (2002)
Folding of a small helical protein using
hydrogen bonds and hydrophobicity forces.
Proteins 47, 99–105.
40. Vieth, M.; Kolinski, A.; Brooks, C.;
Skolnick, J. (1994) Prediction of the folding
pathways and structure of the gcn4 leucine
zipper. J. Mol. Biol. 237, 361–367.
41. Liwo, A.; Pincus, M.; Wawak, R.;
Rackowsky, S.; Scheraga, H. (1993)

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

149

Prediction of protein conformation on the
basis of a search for compact structures; test
on avian pancreatic polypeptide. Protein Sci.
2, 1715–1731.
Park, B.; Levitt, M. (1996) Energy functions that discriminate x-ray and near-native
folds from well-constructed decoys. Proteins
258, 367–392.
Kolinski, A.; Galazka, W.; Skolnick, J.
(1993) A general method for the prediction
of the three dimensional structure and folding pathway of globular proteins:
Application to designed helical proteins. J.
Chem. Phys. 98(9), 7420–7433.
Kolinsky, A.; Skolnick, J. (1994) Monte
Carlo simulations of protein folding. I. Lattice model and interaction scheme. Proteins
18, 338–352.
Correa, P. (1990) The building of protein
structures from a-carbon coordinates. Proteins 7, 366–377.
Rey, A.; Skolnick, J. (1991) Efficient algorithm for the reconstruction of a protein
backbone from the a-carbon coordinates. J.
Comput. Chem. 13, 443–456.
Holm, L.; Sander, C. (1991) Database algorithm for generating protein backbone and
side-chain coordinates from a c trace, application to model building and detection of
coordinate errors. J. Mol. Biol. 218,
183–194.
Bower, M.; Cohen, F.; Dunbrak, R.
(1997) Prediction of protein side-chain
rotamers from a backbone-dependent
rotamer library. J. Mol. Biol. 267,
1268–1282.
Kazmierkiewicz, R.; Liwo, A.; Scheraga, H.
(2003) Addition of side chains to a known
backbone with defined side-chain centroids.
Biophys. Chem. 100, 261–280.
Kabsch, W. (1978) A discussion of the
solution for the best rotation to relate
two sets of vectors. Acta Crystallogr. A,
34, 828–829.
de-Mori, G. M. S.; Colombo, G.; Micheletti, C. (2005) Study of the villin headpiece
folding dynamics by combining coarsegrained Monte Carlo evolution and allatom molecular dynamics. Proteins-struct.
funct. bioinform. 58, 459 471.
Hobohm, U.; Scharf, M.; Schneider, R.;
Sander, C. (1992) Selection of a representative set of structures from the brookhaven
protein data bank. Protein Sci. 1, 409–417.
Hobohm, U.; Sander, C. (1992) Enlarged
representative set of protein structures. Protein Sci. 2, 522.

150

Meli and Colombo

54. Hengartner, M. O. (2000) The biochemistry of apoptosis. Nature 107, 770–776.
55. Whitesell, L.; Lindquist, S. (2005) Hsp90
and the chaperoning of cancer. Nat. Rev.
Cancer 5, 761–772.
56. Takayama, S.; Reed, J. C.; Homma, S.
(2003) Heat-shock proteins as regulators
of apoptosis. Oncogene 22, 9041–9047.
57. Dymock, B. W.; Drysdale, M. J.; McDonald, E.; Workman, P. (2004) Inhibitors of
HSP90 and other chaperones for the treatment of cancer. Expert. Opin. Ther. Patents
14, 837–847.
58. Morimoto, R. I.; Santoro, M. G. (1998)
Stress-inducible responses and heat shock
proteins: new pharmacologic targets for
cytoprotection. Nat. Biotechnol. 16,
833–838.
59. Whitesell, L.; Lindquist, S. (2005) Hsp90
and the chaperoning of cancer. Nat. Rev.
Cancer 5, 761–772.
60. Young, J. C.; Moarefi, I.; Hartl, F. U.
(2001) Hsp90: A specialized but essential
protein-folding tool. J. Cell. Biol. 154,
267–273.
61. Morishima, Y.; Murphy, P. J.; Li, D. P.;
Sanchez, E. R.; Pratt, W. B. (2000) Stepwise
assembly of a glucocorticoid receptor hsp90
heterocomplex resolves two sequential
ATP-dependent events involving first
hsp70 and then hsp90 in opening of the
steroid binding pocket. J. Biol. Chem. 275,
18054–18060.
62. Marcu, M. G.; Chadli, A.; Bouhouche, I.;
Catelli, M.; Neckers, L. M. (2000) The heat
shock protein 90 antagonist novobiocin
interacts with a previously unrecognized
ATP-binding domain in the carboxyl terminus of the chaperone. J. Biol. Chem. 275,
37181–37186.
63. Berendsen, H. J. C.; Postma, J. P. M.; van
Gunsteren, W. F.; Di Nola, A.; Haak, J.
R. (1984) Molecular dynamics with coupling to an external bath. J. Chem. Phys.
81, 3684.
64. Berendsen, H. J. C.; Grigera, J. R.;
Straatsma, T. P. (1987) The missing term
in effective pair potentials. J. Phys. Chem. 91,
6269–6271.
65. Hess, B.; Bekker, H.; Fraaije, J. G. E. M.;
Berendsen, H. J. C. (1997) A linear constraint solver for molecular simulations. J.
Comp. Chem. 18, 1463–1472.
66. Miyamoto, S.; Kollman, P. A. (1992) SETTLE: An analytical version of the SHAKE
and RATTLE algorithms for rigid water
models. J. Comp. Chem. 13, 952–962.

67. Spoel, D. v. d.; Lindahl, E.; Hess, B.;
Buuren, A. R. v.; Apol, E.; Meulenhoff, P.
J.; Tieleman, D. P.; Sijbers, A. L. T. M.;
Feenstra, K. A.; Drunen, R. v.; Berendsen,
H. J. C. (2004) Gromacs User Manual
version 3.2. www.gromacs.org.
68. Daura, X.; Antes, I.; van Gunsteren, W. F.;
Thiel, W.; Mark, A. E. (1999) The effect of
motional averaging on the calculation of
NMR-derived structural properties. Proteins: Struct. Funct. Genet. 36, 542–555.
69. Guex, N.; Peitsch, M. C. (1997) SWISSMODEL and the Swiss-PdbViewer: An
environment for comparative protein modeling. Electrophoresis 18, 2714–2723.
70. Stebbins, C. E.; Russo, A. A.; Schneider, C.;
Rosen, N.; Hartl, F. U.; Pavletich, N. P.
(1997) Crystal Structure of Hsp90–Geldanamycin complex: Targeting of a protein
chaperone by an antitumor agent. Cell 89,
239–250.
71. Solmajer, T.; Mehler, E. L. (1991) Electrostatic Screening in Molecular Dynamics
simulations. Protein Eng. 4, 911.
72. Hetenyi, C.; van der Spoel, D. (2002) Efficient docking of peptides to proteins without prior knowledge of the binding site.
Prot. Sci. 11, 1729–1737.
73. Lee, Y. S.; Marcu, M. G.; Neckers, L. (2004)
Quantum chemical calculations and mutational analysis suggest heat shock protein 90
catalyzes trans–cis isomerization of geldanamycin. Chem. Biol. 11, 991–998.
74. Roe, S. M.; Ali, M. M.; Meyer, P.; Vaughan,
C. K.; Panaretou, B.; Piper, P. W.; Prodromou, C.; Pearl, L. H. (2004) The Mechanism of Hsp90 regulation by the protein
kinase-specific cochaperone p50(cdc37).
Cell 116, 87–98.
75. Altieri, D. C. (2003) Validating Survivin as a
Cancer Therapeutic Target. Nat. Rev. Cancer 3, 46–54.
76. Isaacs, J. S.; Xu, W.; Neckers, L. (2003)
Heat shock protein 90 as a molecular target
for cancer therapeutics. Cancer Cell 3,
213–217.
77. Neckers, L.; Ivy, S. P. (2003) Heat Shock
Protein 90. Curr. Op. Oncol. 15, 419–424.
78. Chen, Y. N.; Sharma, S. K.; Ramsey, T. M.;
Jiang, L.; Martin, M. S.; Baker, K.; P. D.
Adams; Bair, K. W. (1999) Selective killing
of transformed cells by cyclin/cyclin-dependent kinase 2 antagonists. Proc. Natl. Acad.
Sci. USA 96, 4325–4329.
79. Sawada, M.; Hayes, P.; Matsuyama, S.
(2003) Cytoprotective membrane-permeable peptides designed from the Bax-

Molecular Simulations of Peptides

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

binding domain of Ku70. Nat. Cell Biol. 5,
352–357.
Swanton, C. (2004) Cell-cycle targeted
therapies. Lancet Oncol. 5, 27–36.
Vogelstein, B.; Lane, D.; Levine, A. J.
(2000) Surfing the p53 network. Nature
408, 307–310.
Johnstone, R. W.; Ruefli, A. A.; Lowe, S. W.
(2002) Apoptosis: A link between cancer
genetics and chemotherapy. Cell 108,
153–164.
Vassilev, L. T.; Vu, B. T.; Graves, B.; Carvajal, D.; Podlaski, F.; Filipovic, Z.; Kong, N.;
Kammlott, U.; Lukacs, C.; Klein, C. (2004)
In vivo activation of the p53 pathway by
small-molecule antagonists of MDM2.
Science 303, 844–848.
Sausville, E. A.; Tomaszewski, J. E.; Ivy, P.
(2003) Clinical development of 17-allylamino, 17-demethoxygeldanamycin. Curr.
Cancer Drug Targets 3, 377–383.
Beere, H. M. (2004) ‘‘The stress of dying’’:
The role of heat shock proteins in the regulation of apoptosis. J. Cell Sci. 117,
2641–2651.
Kamal, A.; Boehm, M. F.; Borrows, F. J.
(2004) Therapeutic and diagnostic implications of Hsp90 activation. Trends Mol. Med.
10, 283–290
Guillemard, V.; Saragovi, H. U. (2004)
Novel approaches for targeted cancer therapy. Curr. Cancer Drug Targets 4, 313–326.
Muchmore, S. W.; Chen, J.; Jakob, C.;
Zakula, D.; Matayoshi, E. D.; Wu, W.;
Zhang, H.; Li, F.; Ng, S. C.; Altieri, D. C.
(2000) Crystal structure and mutagenic analysis of the inhibitor-of-apoptosis protein
survivin. Mol. Cell 6, 173–182.
Li, A.; Daggett, V. (1998) Molecular
Dynamics Simulation of the Unfolding of
Barnase: Characterization of the Major
Intermediate. J. Mol. Biol. 275, 677–694.
Vogelstein, B.; Kinzler, K. W. (2004) Cancer genes and the pathways they control.
Nat. Med. 10, 789–799.
O’Dwyer, M. E.; Druker, B. J. (2000)
Status of Bcr-Abl tyrosine kinase inhibitors
in chronic myelogenous leukemia. Curr.
Op. Oncol. 12, 594–597.
O’Dwyer, M. E.; Druker, B. J. (2000)
STI571: An inhibitor of the BCR-ABL tyrosine kinase for the treatment of chronic
myelogenous leukemia. Lancet Oncol. 1,
207–211.
Paez, J. G.; Janne, P. A.; Lee, J. C.; Tracy, S.;
Greulich, H.; Gabriel, S.; Herman, P.; Kaye,
F. J.; Lindeman, N.; Boggon, T. J.; Naoki,

94.

95.

96.

97.
98.

99.

100.

101.

102.

103.

151

K.; Sasaki, H.; Fujii, Y.; Eck, M. J.; Sellers,
W. R.; Johnson, B. E.; Meyerson, M. (2004)
EGFR mutations in lung cancer:
Correlation with clinical response to gefitinib therapy Science 304, 1497–1500.
Workman, P. (2003) Overview: Translating
Hsp90 Biology into Hsp90 Drugs. Curr.
Cancer. Drug. Targets 3, 297–300.
Mehler, E. L.; Solmajer, T. (1991) Electrostatic effects in proteins. Comparison of
dielectric and charge models. Prot. Eng. 4,
903–910.
Daura, X.; Jaun, B.; Seebach, D.; van
Gunsteren, W. F. v.; Mark, A. E. (1998)
Reversible Peptide Folding in Solution by
Molecular Dynamics Simulation. J. Mol.
Biol. 280, 925–932.
Catalyst (2005) Accelrys, San Diego CA,
USA.
Ferris, J. P.; Devadas, B.; Huang, C. H.; Ren,
W. Y. (1985) Nucleosides from carbohydrate
adducts of diaminomaleonitrile. A novel
synchapter of 5-amino-1-(beta-D-ribofuranosyl)imidazole-4-carboxamide and 5amino-1-(beta-D-ribopyranosyl)imidazole4-carboxamide. J. Org. Chem. 50, 747–754.
Folini, M.; Brambilla, C.; Villa, R.;
Gandellini, P.; Vignati, S.; Paduano, F.; Daidone, M. G.; Zaffaroni, N. (2005) Antisense
oligonucleotide-mediated inhibition of
hTERT, but not hTERC, induces rapid cell
growth decline and apoptosis in the absence
of telomere shortening in human prostate
cancer cells Eur. J. Cancer 41, 624–634
Vilenchik, M.; Solit, D.; Basso, A.; Huezo,
H.; Lucas, B.; He, H.; Rosen, N.; Spampinato, C.; Modrich, P.; Chiosis, G. (2004)
Targeting wide-range oncogenic transformation via PU24FCL, a specific inhibitor
of Tumor Hsp90. Chem. Biol. 11, 787–797.
Chiosis, G.; Lucas, B.; Shtil, A.; Huezo, H.;
Rosen, N. (2002) Development of a purinescaffold novel class of Hsp90 Binders that
inhibit the proliferation of cancer cells and
induce the degradation of Her2 tyrosine
kinase. Bioorg. Med. Chem. 10, 3555–3564.
Dymock, B. W.; Barril, X.; Brough, P. A.;
Cansfield, J. E.; Massey, A.; McDonald, E.;
Hubbard, R. E.; Surgenor, A.; Roughley, S.
D.; Webb, P.; Workman, P.; Wright, L.;
Drysdale, M. J. (2005) Novel, potent
small-molecule inhibitors of the molecular
chaperone Hsp90 discovered through structure-based design. J. Med. Chem. 48,
4212–4215.
Wright, L.; Barril, X.; Dymock, B. W.; Sheridan, L.; Surgenor, A.; Beswick, M.;

152

104.

105.

106.
107.

108.

109.

110.

111.

112.

Meli and Colombo
Drysdale, M. J.; Collier, A.; Massey, A.;
Davies, N.; Fink, A.; Fromont, C.; Aherne,
W.; Boxall, K.; Sharp, S.; Workman, P.;
Hubbard, R. E. (2004) Structure–Activity
relationships in purine-based inhibitor binding to Hsp90 Isoforms. Chem. Biol. 11,
775–785.
Holt, S. E.; Aisner, D. L.; Baur, J.; Tesmer,
V. M.; Dy, M.; Ouellette, M.; Trager, J. B.;
Morin, G. B.; Toft, D. O.; Shay, J. W.;
Wright, W. E.; White, M. A. (1999) Functional requirement of p23 and Hsp90 in
telomerase complexes Genes & Devel. 13,
817–826.
Janin, Y. L. (2005) Heat Shock Protein
90 inhibitors. A text book example of
medicinal chemistry? J. Med. Chem. 48,
7503–7512.
Sausville, E. A. (2004) Geldanamycin Analogs. J. Chemother. 16(S4), 68–69.
Giri, S.; Nath, N.; Smith, B.; Viollet, B.;
Singh, A. K.; Singh, I. (2004) 5-aminoimidazole-4-carboxamide-1-beta-4-ribofuranoside inhibits proinflammatory response
in glial cells: A possible role of AMP-activated protein kinase. J. Neurosci. 24,
479–487.
Nath, N.; Giri, S.; Prasad, R.; Salem, M.
L.; Singh, A. K.; Singh, I., (2005)
5-Aminoimidazole-4-carboxamide ribonucleoside: A novel immunomodulator
with therapeutic efficacy in experimental
autoimmune encephalomyelitis J. Immunol. 175, 566–574.
Rattan, R.; Giri, S.; Singh, A. K.; Singh, I.
(2005) 5-Aminoimidazole-4-carboxamide1-beta-D-ribofuranoside inhibits cancer
cell proliferation in vitro and in vivo via
AMP-activated Protein Kinase. J. Biol.
Chem. 280, 39582–39593.
Paduano, F.; Villa, R.; Pennati, M.; Folini,
M.; Binda, M.; Daidone, M. G.; Zaffaroni,
N. (2006) Silencing of survivin gene by
small interfering RNAs produces supraadditive growth suppression in combination
with 17-allylamino-17-demethoxygeldanamycin in human prostate cancer cells. Mol.
Cancer Ther. 5, 179–186.
Rutledge, G.; Behnke, E.; Liang, Y. X.; You,
S. W.; Tay, D. K. C.; Zhang, S.; So, K. F.;
Schneider, G. E. (2006) Nano neuro knitting: Peptide nanofiber scaffold for brain
repair and axon regeneration with functional
return of vision. PNAS 103, 5054–5059.
Daidone, I.; Amadei, A.; Di Nola, A. (2005)
Thermodynamic and kinetic characterization of a ß-hairpin peptide in solution: an
extended phase space sampling by molecular

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

dynamics simulations in explicit water. Proteins 59, 510–518.
Ma, B.; Nussinov, R. (2002) Molecular
dynamics simulation of alanine beta-sheet
oligomers: insight into amyloid formation.
Protein Sci. 11, 2335–2350.
Urbanc, B.; Ding, C. L.; Sammond, D.;
Khare, S. (2004) Molecular dynamics simulation of amyloid beta dimer formation. Biophys. J. 87, 2310.
Dokholyan, N. V. (2006) Studies of folding
and misfolding using simplified models.
Curr. Opin. Struct. Biol.16, 79–85.
Flock, D.; Daidone, I.; Di Nola, A. (2004) A
Molecular Dynamics study of acylphosphatase in aggregation promoting conditions:
the influence of TFE/water solvent. Biopolymers 75, 491–496.
Wei, G.; Shea, J. E. (2006) Effects of solvent
on the structure of the Alzheimer amyloidbeta(25-35) peptide. 91, 1638–1647.
Cuniasse, P.; Raynal, I.; Yiotakis, A.; Dive, V.
(1997) Accounting for Conformational Variability in NMR Structure of Cyclopeptides:
Ensemble Averaging of Interproton Distance
and Coupling Constant Restraints. J. Am.
Chem. Soc. 19, 5239–5248.
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Section II
Applications

Chapter 5
Synthesis of Peptide Arrays Using SPOT-Technology
and the CelluSpots-Method
Dirk F.H. Winkler, Kai Hilpert, Ole Brandt, and Robert E.W. Hancock
Abstract
Peptide synthesis on cellulose using the SPOT technology follows the standard Fmoc-chemistry and can be
performed manually or automated. This method allows the synthesis of low-cost peptide arrays containing
around 900 large spots of addressable peptides on a cellulose sheet of 19 cm  29 cm. These peptides can be
cleaved from the cellulose support by ammonia gas and afterward spotted on glass microchips. Alternatively,
the peptides can be synthesized on modified cellulose discs and CelluSpot microarrays can be produced.
Key words: Spot synthesis, peptide array, screening.

1. Introduction
Solid-phase peptide synthesis has been automated for tBoc- as well as
for Fmoc-chemistry. Established methods can be used to synthesize
large numbers of peptides for screening procedures, including tea
bag synthesis (1), digital photolithography (2), pin synthesis (3),
and SPOTTM synthesis on cellulose (4). Additionally, biological
techniques such as phage (5), bacterial (6), or ribosome display (7)
can be applied to synthesize and screen large numbers of peptides.
The success of DNA and protein microchips has inspired
researchers to develop microchips for peptides arrays (8)
(see Table 5.1). The small amounts of peptides used to fabricate
microchips, together with existing technologies to analyze binding
events on chips, has opened up new directions for peptide libraries.
Several hundreds of different peptides can be placed on a microchip.
The effort of synthesizing all these different peptides is high, but is
balanced by the large number of chips that can be synthesized with the
same peptide set. In particular for medical screens, this type of screening strategy is required since the purity of the peptides needs to be
Marina Cretich, Marcella Chiari (eds.), Peptide Microarrays, Methods in Molecular Biology 570,
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Table 5.1
Recommended literature
Description

References

Handbook about spot synthesis and applications

(45)

Detailed protocol for spot synthesis

(30)

Characterization of some useful types of filter paper
and description of some linkers

(44)

Investigations on the quality of spot syntheses

(14)

Detailed review about synthesis and application using
spot technique

(12)

Review about peptide arrays

(8)

very high. However, synthesis of peptide sets on resin is often very
expensive. One strategy to overcome this issue is to synthesize the
required peptide sets on cellulose membranes. The SPOT synthesis
method described here permits the synthesis of multiple peptides for
less than 1% of the cost compared to common synthesis on resin. In
addition, we describe the synthesis of peptides on cellulose discs
using a conventional peptide synthesizer. The synthesized peptides
can then either be released as free peptides to produce common
peptide microarrays on glass chips (Fig. 5.1), or remain bound to
cellulose for direct screening on that membrane as well as for the
production of CelluSpots microarrays (9, 10).

Fig. 5.1. Outline of the preparation of peptide arrays using spot synthesis.

SPOT synthesis was developed by Frank and co-workers in 1990
(11). This special type of solid-phase peptide synthesis follows standard Fmoc-chemistry using cellulose as the solid support (12).
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Initially the method was performed manually. Although it is easy to
perform and no special equipment is necessary, it is quite laborious to
perform by hand and, therefore, is only feasible for a small number of
peptides. Automation of the method permitted the synthesis of up to
8000 different peptides on a single sheet (19 cm  29 cm) in a highly
parallel and addressable manner (13), and this improvement has led to
a great variety of applications of SPOT synthesis (14) (Fig. 5.2). The
large number of different peptides synthesized in a parallel manner
results in differences in coupling yields, and, therefore, in the quality
and quantity of the different peptides. Nevertheless, the SPOT technology has been frequently reported to be very reliable (14–16). For
transferring peptides synthesized on cellulose onto a microchip, a
larger peptide amount is required than for direct screening on cellulose
membranes. A sufficient amount of peptide can be obtained by synthesis on cellulose membranes with larger peptide spots or by multiple
syntheses on cellulose discs. Using large cellulose sheets (19 cm 
29 cm) around 900 large peptide spots can be synthesized.

Fig. 5.2. Semi-automated synthesis of large spots using AutoSpot robot (INTAVIS).

Peptide synthesis on cellulose has several advantages: cellulose
is inexpensive and withstands the organic solvents and acids used
during peptide synthesis. In addition, cellulose is stable in aqueous
solutions and, because it is non-toxic, it is appropriate for screening biological samples. Furthermore, peptides up to a length of
about 40 amino acids can be synthesized using the SPOT method
(e.g., 17, 18), although the optimal range is between 6 and 15
amino acids. With shorter peptides, the affinity for binding reactions might be too low. For the synthesis of long peptides, the
following must be considered: with the increase of peptide length
the likelihood of difficulties during coupling increases, such that
the number of possible side reactions might increase and purity of
the desired peptide will correspondingly decrease.
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In contrast to biological peptide synthesis, SPOT technology is
not restricted to gene-encoded amino acids, and more than 600
commercially available building blocks can be used (e.g., 19, 20).
Another advantage of using SPOT synthesis on cellulose is the possibility of modifying the peptide. For detection purposes peptides can be
labeled with, e.g., biotin (21, 22), dyes (23), or fluorophores (24). The
biotinylation of peptides is also useful for the directed immobilization
of peptides to streptavidin-coated glass slides to produce peptide
microarrays (25). Maleimide-functionalized peptides can be attached
to thiol-modified array surfaces (26). Various types of cyclization
strategies can also be performed using this technology (e.g., 27, 28).
This allows the synthesis and screening of more rigid molecules that
might be more resistant to proteolytic cleavage and heat denaturation.
Peptides synthesized using the SPOT technology can be released
from the cellulose support by treatment with ammonia gas or other
strong bases such as tertiary amines, and transferred to glass slides.
Some peptide arrays have the disadvantage that the peptide molecules
can interact with the glass surface in a fashion that might interfere with
the screening process. Alternatively, a TFA-soluble cellulose membrane can be used to obtain soluble peptide–cellulose conjugates (29).
The resulting solutions of individual peptides covalently linked to
macromolecular cellulose can then be spotted onto planar surfaces
such as coated glass slides, to produce CelluSpots microarrays. After
evaporation of the solvent, a three-dimensional layer is formed that is
not soluble in the aqueous reagents used for standard assays (Fig.
5.3). It is possible to use detection methods such as autoradiography,
chemiluminescence, or enzymatic color development which can be
performed without expensive instrumentation.

Fig. 5.3. Scheme of preparation cycle for CelluSpots peptide microarrays.
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2. Materials
2.1. Solvents

1. N,N 0 -dimethylformamide (DMF; VWR).
2. Methanol or ethanol (MeOH or EtOH; VWR).
3. N-methylpyrrolidone (NMP; Fluka).
4. Diethyl ether (DEE; VWR) or t-butyl methyl ether (MTBE, VWR).
5. Dichloromethane (methylene chloride, DCM; VWR) (see Note 1).

2.2. Spot Synthesis
of Macroarrays
2.2.1. Preparation of the
Membrane

1. Cellulose membranes for releasing peptides from membrane
for the preparation of peptide arrays are prepared from filter
paper Whatman 50, Whatman 540, or Chr1 (Whatman,
Maidstone, UK) (4, 30). Ready-to-use modified membranes
for synthesis of peptides attached onto soluble cellulose for
the preparation of CelluSpots microarrays are available from
INTAVIS (Köln, Germany).
2. Diisopropylcarbodiimide (DIPC, DIC; Fluka, see Note 2).
3. N-methylimidazole (NMI; Sigma).
4. Fmoc-b-alanine (GL Biochem or EMD Biosciences, see Note 4).

2.2.2. Preparation of
Activated Amino Acid
Solutions

1. Coupling reagents: diisopropylcarbodiimide (DIPC, DIC;
Fluka) and N-hydroxybenzotriazole (HOBt; EMD Biosciences). Coupling reagents are necessary only if non-preactivated amino acid derivatives are used (see Note 2).
2. For in situ activation of amino acids and other building blocks,
utilize derivatives compatible with the Fmoc-protection strategy (31, 32) (GL Biochem or EMD Biosciences). Pre-activated
amino acid derivatives must also be derivatives with protecting
groups according to the Fmoc-protection strategy. These are
usually pre-activated as pentafluorophenyl esters (OPfp ester;
EMD Biosciences or Bachem) (33) (see Note 2).

2.2.3. Spot Synthesis on
Planar Cellulose
Membranes

1. Solution for Fmoc-deprotection: 20% (v/v) piperidine
(Sigma) in DMF.
2. Capping solution: 2% (v/v) acetic anhydride (Sigma) in
DMF. To support the reaction, 2% (v/v) ethyl-diisopropylamine (DIPEA, DIEA; VWR or Sigma) should be added.
3. Staining solution: 0.002% bromophenol blue (BPB; Sigma)
in MeOH (20 mg in 1 L).
4. Cleavage solution I: 90% trifluoroacetic acid (v/v) (TFA;
VWR) + 5% (v/v) dist. water + 3% (v/v) triisopropylsilane
or triisobutylsilane (TIPS or TIBS; Aldrich) + 1% (w/v)
phenol (Sigma) + 1% (v/v) DCM.
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5. Cleavage solution II: 60% (v/v) TFA + 3% (v/v) TIPS or
TIBS + 2% (v/v) dist. water + 1% (w/v) phenol + 44% (v/v)
DCM (see Note 3).
6. Ammonia gas (for releasing peptides from cellulose membrane).

2.3. Preparation of the
Peptide Microarrays
(CelluSpots Arrays)
2.3.1. Synthesis of Peptide –
Cellulose Conjugates for
CelluSpots Microarrays

1. Modified membranes (INTAVIS) or multi-well plates holding 384 modified membrane discs (INTAVIS) for the synthesis of peptide–cellulose conjugates.
2. Solution for Fmoc-deprotection: 20% (v/v) piperidine
(Sigma) in DMF.
3. Cleavage solution (CelluSpots): side-chain cleavage solution
CA: 80% (v/v) trifluoroacetic acid (TFA; VWR) + 5% (v/v)
dist. water + 3% (v/v) triisopropylsilane (TIPS; Aldrich) + 12%
(v/v) DCM.
4. Cleavage solution CB: 88.5% (v/v) trifluoroacetic acid (TFA;
VWR) + 4% (v/v) trifluoromethanesulfonic acid (TFMSA;
Fluka) + 5% (v/v) dist. water + 2.5% (v/v) triisopropylsilane
(TIPS; Aldrich) (see Note 3).
5. Dimethyl sulfoxide (DMSO; Fluka).
6. SSC buffer (20x): dissolve 175 g sodium chloride (Sigma) +
88 g tribasic sodium citrate dihydrate (Fluka) in 1 L dist.
water, adjust to pH 7.0 with 1 M HCl.

3. Methods
3.1. Spot Synthesis
of Macroarrays

Spot synthesis of peptides can be carried out manually, semi-automated, or fully automated. Manual spot synthesis is useful for the
synthesis and screening of a limited number of peptides (up to
100) with a pipetting volume per spot of about 1 mL or more. For
all other situations, a semi-automated or fully automated synthesis
is recommended. Spot synthesis with pipetting volumes per spot of
0.5 mL and more can be performed by most of commercially
available x–y–z programmable pipetting robots. For synthesis of
smaller spots with a pipetting volume less than 0.5 ml, spot synthesizers from INTAVIS AG (Köln, Germany) are recommended
(34). In principle, for all types of spot synthesis, the preparation
and synthesis procedure and final treatment of the membranes are
similar and can be carried out according to the protocol below.
When not noted, all methods correspond to the preparation of
an approximately 19 cm  29 cm cellulose membrane, which can
accommodate about 400 large spots with a diameter of about
7 mm. The synthesis on smaller membranes follows the same
procedures. When the phrase ‘‘use of non-pre-activated or in situ
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activated amino acids’’ appears, it includes the use of other organic
building blocks (e.g., unnatural amino acids, PNA monomers,
peptoidic elements) (35, 36), which can be used under conditions
where spot synthesis is performed. Here we describe only the basic
procedures for spot synthesis of linear conventional peptides to
yield free peptides for the preparation of peptide arrays. The synthesis of modified peptides including cyclizations or side-chain modifications was described previously (30).
3.1.1. Preparation of a
Cellulose Membrane for
Spot Synthesis

1. Cut a piece of filter paper to the size required to accommodate
all peptide spots including controls (here 19 cm  29 cm).
2. For amine functionalization of filter paper, dissolve 0.64 g Fmocb-alanine in 10 mL amine-free DMF (see Notes 1 and 4). Add
374 mL DIC and 317 mL NMI, mix well and transfer the reaction
solution into a chemically resistant box with a lid. To achieve
homogeneous functionalizations of the cellulose membrane,
avoid the presence of air bubbles under the paper during placement of the filter paper in the box and ensure that the surface of
the membrane is slightly covered by the solution. Close the box
and leave the membrane in the reaction mixture for at least 2 h,
or overnight.
3. Wash the membrane three times with DMF for at least 30 s
each. If the membrane needs to be stored for a limited time,
wash the modified membrane at least twice with methanol or
ethanol and dry it in an air stream in a fume hood, or by using
a hair dryer without heat (see Note 5). The membrane can be
stored at 20C (if the membrane is stored, warm up the
membrane to room temperature and wash the membrane
once with DMF for at least 20 min prior to step 4).
4. For Fmoc-deprotection treat the membrane twice with 20%
piperidine in DMF for at least 5 min each.
5. Staining (optional) (37): wash the membrane four times with
DMF and then at least twice with methanol or ethanol for at least
30 s each. Treat the membrane with staining solution until the
filter paper shows a homogeneous blue color. After staining wash
the membrane at least twice with methanol or ethanol, until the
wash solution remains colorless. Dry the membrane in air.

3.1.2. Preparation of
Activated Amino Acid
Solutions

Preparation of the coupling solutions can be performed according to
two different protocols. One method involves synthesis using preactivated Fmoc-protected amino acids (e.g., pentafluorophenyl
ester). The advantage of this method is the use of only one reagent
for each solution, making the preparation of the amino acid solutions
very simple and the likelihood of mistakes low. A disadvantage is the
higher price of the amino acid derivatives; however, due to the small
amounts of activated amino acids used, the absolute difference is only
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a few dollars for the synthesis of an entire peptide membrane array.
Another disadvantage is the fact that activated esters are only commercially available for the standard amino acids.
The second procedure is based on the use of in situ activated
amino acids. Activation of the amino acids is carried out by adding
an activator and coupling reagent to the non-activated Fmocprotected amino acid derivative. Although the preparation according to this method is more laborious than the first described
method, it has the advantage that it can be applied for all derivatives of amino-acid-like building blocks that can be protected
according to the Fmoc-protecting group strategy.
Both methods can also be used for automated synthesis of peptide–cellulose conjugates on modified cellulose discs for the preparation of CelluSpots arrays (Section 3.2). For that purpose one must
use commercially available CelluSpots membranes (INTAVIS).
Method 1: preparation of coupling solutions using pre-activated amino acid derivatives
Except for the arginine derivative, all solutions of pre-activated
amino acids can be prepared and used for a week. Dissolve all amino
acid derivatives, except serine pentafluorophenyl ester, in amine-free
NMP at a concentration of 0.3 M (see Table 5.2). Due to poor
solubility, serine pentafluorophenyl ester must be dissolved in
amine-free DMF. Solutions can be stored in sealed tubes at –20C
for at least one week. At room temperature, the solutions are stable
for about 1 day. Therefore, before starting the first synthesis cycle of a
day, always discard the solutions from the previous day and replace

Table 5.2
Weights (mg) of amino acid pentafluorophenyl esters for 0.3 M solutions for spot
synthesis using pre-activated derivatives
Amino acid

MW (g/mol)

0.5 mL

0.75 mL

1.0 mL

Fmoc-b-Ala-OPfp

477.39

71.6

107.4

143.2

A

Fmoc-Ala-OPfp

477.39

71.6

107.4

143.2

C

Fmoc-Cys(Trt)-OPfp

751.79

112.8

169.2

225.5

D

Fmoc-Asp(OtBu)-OPfp

577.5

86.6

129.9

173.3

E

Fmoc-Glu(OtBu)-OPfp

591.50

88.7

133.1

177.5

F

Fmoc-Phe-OPfp

553.49

83.0

124.5

166.0

G

Fmoc-Gly-OPfp

463.36

69.5

104.3

139.0

H

Fmoc-His(Trt)-OPfp

785.78

117.9

176.8

235.7
(continued)
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Table 5.2 (continued)
Amino acid

MW (g/mol)

I

Fmoc-Ile-OPfp

519.47

K

Fmoc-Lys(Boc)-OPfp

L

0.5 mL

0.75 mL

1.0 mL

77.9

116.9

155.8

634.60

95.2

142.8

190.4

Fmoc-Leu-OPfp

519.47

77.9

116.9

155.8

M

Fmoc-Met-OPfp

537.51

80.6

120.9

161.3

N

Fmoc-Asn(Trt)-OPfp

762.74

114.4

171.6

228.8

P

Fmoc-Pro-OPfp

503.43

75.5

113.3

151.0

Q

Fmoc-Gln(Trt)-OPfp

776.77

116.5

174.8

233.0

R

Fmoc-Arg(Pbf)-OPfp

814.84

122.2

183.3

244.5

S

Fmoc-Ser(tBu)-OPfp

549.5

82.4

123.6

164.9

T

Fmoc-Thr(tBu)-OPfp

563.52

84.5

126.8

169.1

V

Fmoc-Val-OPfp

505.44

75.8

113.7

151.6

W

Fmoc-Trp(Boc)-OPfp

692.70

103.9

155.9

207.8

Y

Fmoc-Tyr(tBu)-OPfp

625.60

93.8

140.8

187.7

them by transferring the appropriate amount for that day from the
stock solutions. Due to the instability of dissolved pre-activated
arginine derivatives, this solution must be prepared fresh every day.
Method 2: Preparation of coupling solutions using in situ
activated derivatives of amino acids or other building blocks
Prepare a 0.9 M solution of HOBt in amine-free NMP.
Dissolve the Fmoc-amino acids or protected building blocks to
a concentration of 0.45 M using the HOBt-solution (see Table
5.3). Except for the arginine derivatives, these solutions can be
stored at –20C for at least a week. Each day prepare a 20%
mixture of DIC in amine-free NMP (see Notes 1 and 2). Replace
the coupling solutions of the previous day by preparation of a
fresh one. Then take the desired amount of the amino acid/
HOBt stock solution and add to those 20% DIC/NMP at a
ratio of 3:1 (e.g., 75 mL amino acid solution and 25 mL of fresh
prepared DIC).

3.1.3. Spot Synthesis
on Planar Cellulose
Membranes

1. Definition of the spot pattern: place the dry membrane on a
planar surface. Deliver the required volume of activated
Fmoc-b-alanine/DMSO solution to all spot positions (see
Note 4). Repeat the delivery after 20 min, and allow the
reaction to proceed once more for at least another 20 min.
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Table 5.3
Weights (mg), prior to adding DIC solution, of amino acid derivative solutions used
in spot synthesis with non-pre-activated derivatives. If after dissolving of amino
acids in the corresponding amount of HOBt solution the volume does not achieve
the value described in the table, make up the volume with NMP
Amino acid

MW (g/mol)

0.5 mL

0.75 mL

1.0 mL

Fmoc-b-Ala-OH

311.3

70.0

105.1

140.1

A

Fmoc-Ala-OH

311.3

70.0

105.1

140.1

C

Fmoc-Cys(Trt)-OH

585.7

131.8

197.7

263.6

D

Fmoc-Asp(OtBu)-OH

411.5

92.6

138.9

185.2

E

Fmoc-Glu(OtBu)-OH

425.5

95.7

143.6

191.5

F

Fmoc-Phe-OH

387.4

87.2

130.7

174.3

G

Fmoc-Gly-OH

297.3

66.9

100.3

133.8

H

Fmoc-His(Trt)-OH

619.7

139.4

209.1

278.9

I

Fmoc-Ile-OH

353.4

79.5

119.3

159.0

K

Fmoc-Lys(Boc)-OH

468.5

105.4

158.1

210.8

L

Fmoc-Leu-OH

353.4

79.5

119.3

159.0

M

Fmoc-Met-OH

371.5

83.6

125.4

167.2

N

Fmoc-Asn(Trt)-OH

596.7

134.3

201.4

268.5

P

Fmoc-Pro-OH

337.4

75.9

113.9

151.8

Q

Fmoc-Gln(Trt)-OH

610.7

137.4

206.1

274.8

R

Fmoc-Arg(Pbf)-OH

648.8

146.0

219.0

292.0

S

Fmoc-Ser(tBu)-OH

383.4

86.3

129.4

172.5

T

Fmoc-Thr(tBu)-OH

397.5

89.4

134.2

178.9

V

Fmoc-Val-OH

339.4

76.4

114.5

152.7

W

Fmoc-Trp(Boc)-OH

526.6

118.5

177.7

237.0

Y

Fmoc-Tyr(tBu)-OH

459.6

103.4

155.1

206.8

0.56 mL

0.75 mL

Added 0.9 M HOBt-solution

0.38 mL

2. Blocking free areas: add an appropriate amount of capping
solution to the box and place the membrane face down into
the solution. Avoid air bubbles under the surface. Do not
shake! After a minimum of 5 min of reaction time, take out
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the membrane and pour out the used capping solution. Add
an appropriate amount of capping solution with 2% DIPEA
and place the membrane face up in this solution for 20 min.
3. Fmoc-deprotection: wash four times with DMF for at least
30 s each. Treat the membrane twice with 20% piperidine/
DMF for 5 min each. Wash three times with DMF for at least
30 s each. Wash at least twice with MeOH or EtOH.
4. Staining (optional) (37): shake the membrane with staining
solution in a box. If the staining solution changes to blue very
quickly, renew the solution. Let the reaction proceed for at least
15 s until spots are visible (see Note 6). Wash at least twice with
MeOH or EtOH until the wash solution remains colorless.
5. Dry the membrane in an air stream. If faster drying is necessary,
additionally wash the membrane once or twice with DEE before
drying. The membrane is now ready for a coupling cycle.
6. Coupling step: Deliver the prepared coupling solutions of
desired activated amino acids to the corresponding positions
on the membrane with the required volumes (see Note 7).
Repeat the spotting after 20 min.
7. Blocking unreacted free amino groups (capping): place the
membrane face down for at least 5 min in an appropriate amount
of capping solution. Do not shake! Take out the membrane and
pour out the used capping solution. Add an appropriate amount
of capping solution with 2% DIPEA and place the membrane
face up in this solution for at least another 5 min.
8. Building up the peptide chain: peptides are built up step by
step (one amino acid at a time), starting from the C-terminus
to the N-terminus. Except for the last coupling cycle, repeat
steps 3–7. At the last coupling cycle carry out the steps above
without capping and staining!
9. Final Fmoc-deprotection: Wash four times with DMF for at least
30 s each. Treat the membrane twice with 20% piperidine/DMF
for 5 min. Wash again four times with DMF followed by three
times washing with DCM for at least 30 s each.
10. Final side-chain deprotection (see Note 3): treat home-made
membranes with cleavage solution I for 30 min. For each small
membrane (96-well plate size) use at least 25 mL cleavage solution and for a large membrane (19 cm  29 cm) at least 80 ml.
The surface of the membrane must be well covered by the cleavage solution. Keep the box closed. Do not shake! Pour off the
solution very carefully. Wash the membrane five times with DCM
for at least 1 min each. Treat home-made membranes with cleavage solution II for 3 h. Use at least the same volume as for
cleavage solution I. The surface of the membrane must be well
covered by the cleavage solution. To avoid evaporation keep the
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box tightly closed. Do not shake! Pour off the solution very
carefully. Commercially available membranes are usually more
stable than the homemade, which is why most of them can be
treated with cleavage solution I for 3.5 h. Wash the membrane
five times for at least 1 min each with PBS or TBS until the pH
value is around 7 (see Note 8). Wash the membrane three times
with water and then three times MeOH or EtOH for at least
1 min each. Dry the membrane in the air stream of a fume hood or
with a hair dryer without heat.
11. For the preparation of CelluSpots arrays punch out the spots,
transfer all single discs into deep-well plates or 96-well tube
racks with a minimum holding capacity of 1 mL and proceed
with the preparation according to the instructions of Section
3.2.2.
12. For the preparation of common peptide arrays, it is necessary to release the peptides from the membrane. One
method is to treat the dry membrane or punched-out
spots overnight in a glass desiccator containing ammonia
gas. The strong basic environment leads to a cleavage of
the ester bond to the cellulose by forming a C-terminal
amide (see Note 9). If not done previously, on the next
day punch out the spots and place the discs into wells of a
microtiter plates or into vials in which one can dissolve the
released peptides (see Note 10). If the peptides need to have
a free carboxyl group at the C-terminus, another treatment
is necessary. In this case punch out the spots from the
membrane and transfer the discs into wells of microtiter
plates or into vials. Then treat them with an aqueous basic
solution, for example ammonium hydroxide, aqueous solution of triethylamine (38), or sodium hydroxide (39).
Another method is to release the peptide by forming C-terminal diketopiperazines. Therefore, modify the membrane with
Boc-Lys(Fmoc)-OH instead of the Fmoc-b-Ala-OH, followed
by coupling of Fmoc-proline as first coupled amino acid. After
TFA treatment, punch out the spots and transfer them into microtiter plates or vials (see Note 10). The peptides are then released by
treatment with basic aqueous buffers (pH  7.5) overnight (1).

3.2. Preparation of the
Peptide Microarrays
(CelluSpots Arrays)

Peptide–cellulose conjugates for the preparation of CelluSpots
microarrays on coated microscope slides can be synthesized on
modified membranes or in multi-well plates holding up to 384
modified discs in a semi-automated or fully automated manner.
For semi-automated synthesis on CelluSpots membranes using the
SPOT-technique follow the instructions under Section 3.1.
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1. 384-Well filter-plates containing modified cellulose discs are
placed into the synthesizer.
2. Fmoc-deprotection: to each well with a disc add 2X 4 mL of a
20% piperidine/DMF solution for 5 and for 10 min, respectively. Wash seven times with DMF (25 mL per well/disc) for
at least 10 s each. Wash six times with EtOH or MeOH (25
mL per well/disc).
3. Dry the discs in a steady air stream for at least 12 min. The synthesis
plate with the discs is now ready for the first coupling cycle.
4. In situ activation of amino acids and coupling: for each cycle
all necessary amino acids are to be in situ activated with HOBt
and DIC. To each disc add 1.2 mL of a coupling mix of 0.33
mole eq. DIC, 0.45 mole eq. HOBt, and 0.3 mole eq. Fmocamino acid (see Note 11). Repeat the distribution after a
reaction time of 20–40 min.
5. Blocking un-reacted free amino groups on peptide fragments:
add to each disc, 4 mL of capping solution. Allow the reaction
to occur for at least 5 min. Remove the liquid and wash seven
times with DMF (25 mL per well/disc) for at least 10 s each.
Wash six times with EtOH or MeOH (25 mL per well/disc)
and dry the discs in a steady air stream for at least 12 min.
6. Building up the peptides on modified cellulose discs: repeat
steps 2–5.
7. Final Fmoc-deprotection: treat each disc with 4 mL of a 20%
piperidine/DMF for 5 min. Repeat the treatment twice for
10 min and then once for 15 min. Wash seven times with DMF
(25 mL per well/disc) for at least 10 s each. If N-terminal
acetylated peptides are needed add three times 4 mL capping
solution and let it react for at least 5 min. Wash another seven
times with DMF, followed by six washing steps with EtOH or
MeOH (25 mL per well/disc). After drying in a steady air
stream for at least 12 min the discs are ready for the sidechain deprotection and dissolving (see Note 12).
8. Transfer all single discs from the synthesis plate into deep-well
plates or 96-well tube racks with a minimum holding capacity
of 1 mL.
9. Side-chain deprotection: add 150 mL of the side-chain cleavage solution CA to each well and incubate for 1–2 h in a fume
hood (see Note 13). Remove the cleavage solution by suction,
e.g., with a multi-channel device connected to a water jet
pump or by a multi-channel pipette (see Note 3).

3.2.2. Preparation of
Peptide–Cellulose
Conjugate Solutions

1. Cleavage and dissolving of discs: add 250 mL of the cleavage
solution CB to each well and close the plate with a lid or with
stopper stripes (see Note 13). Incubate overnight in a hood,
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until the cellulose discs are completely dissolved (see Note 3).
Add 750 mL of ice-cold ether to each well and close the plate
with a lid or with stopper stripes. Shake the plate gently for 10
s and let it cool down at –20 or –70C for 1 h. Leave the plate
in the freezer over night or spin down the precipitated peptide–cellulose conjugates (see Note 14).
2. Remove the supernatant and wash the pellet one or two
times with fresh ether. Remove the remaining ether by evaporation under a fume hood until the residue remains as a
gel (see Note 15).
3. To dissolve the conjugates, add 500 mL DMSO to each
well. Close the plate with caps and store the stock solutions
at –20C.
3.2.3. Preparation of
CelluSpots Microarrays

1. Spotting of peptide–cellulose conjugates onto coated microscope slides: take a new plate (e.g., 384-well plate for spotting) and dilute the peptide–cellulose conjugates from stock
solutions in DMSO or in a mixture of DMSO and SSC buffer
(2 parts DMSO and one part 1X SSC buffer). Dilutions of
1:2–1:6 can be tested (see Note 16). Deliver about 80 nL of
that solution to coated microscope slides. Different types of
slides can be used. The spotting of identical CelluSpots slides
can be done by using a conventional contact printer (e.g.,
Slide Spotting Robot, INTAVIS). For detection via chromogenic substrate reactions, white-coated glass slides (e.g.,
INTAVIS) are favored.
2. Let the spots dry in air and put the slides into an oven at 75C
for 1 h. Until use, CelluSpots peptide arrays should be kept in
a dry and dark place at 4C. Under these conditions the arrays
are stable for several months.

4. Notes
1. Solvents for dissolving reagents must be amine and water free.
To check whether the solvent is sufficiently amine free, add to
1 mL of the solvent few microliters of the methanolic BPB
solution. If it remains yellow or turns only to yellow green,
the solvent can be used (34). All other solvents should be at
least ACS or synthesis grade. Organic solvents should be
stored in the dark.
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2. All synthesis reagents must be protected from moisture.
Reagent bottles and vials with solutions must be sealed with
parafilm before storage. To avoid condensation, reagent bottles stored in the fridge or freezer should not be opened until
they are warmed up to room temperature for about 30 min.
3. Safety: for all handling with TFA lab coat, gloves, safety
glasses and fume hood are mandatory!
4. Due to the flexibility and linear structure of the molecule,
b-alanine is mostly used for modification of the cellulose.
However, the use of other amino acids is also possible for
the functionalization of the membrane (40). For example,
if all peptides have the same C-terminal amino acid, the
corresponding derivative of that amino acid can be used for
the amine functionalization of the membrane. The necessary amount of that derivative must be calculated according
to its molecular weight. After cleavage from the cellulose,
the amino acid used for functionalization remains on the
peptide.
5. The membrane can be stored at –80C for several months
until use. For longer storage a loss of peptide is possible.
Storage of the membranes at –80C is recommended. The
membranes can also be stored at –20C or þ4C; but the risk
of losing activity over a long storage time increases with the
storage temperature and the length of the storage.
6. Do not stain the spots too much. If the absorbed amount of
bromophenol blue is too high, some of the dye could become
incorporated in the peptide. The removal of that incorporated
dye is almost impossible and might affect the detection. Since
bromophenol blue only turns blue in a basic environment,
e.g., in the presence of primary amino functions, due to
different acidity of the coupled amino acids and the built-up
peptide chain, a difference in the intensity and type of the
color of the spots is normal.
7. To ensure that the whole spot area is covered by the
coupling solution, it is recommended to use at least 20%
more amino acid solution volume than in step 1 of
Section 3.1.3.
8. After TFA treatment, the home-made membranes might
become very soft and can be easily damaged due to strong
agitation. Be careful and shake very gently! Do not try to lift
the membrane out until it becomes harder and less likely to
break apart during the washing steps (at around the time of
the MeOH washing step)!
9. Release of peptides with ammonia might work only on membranes prepared according to the instructions of
Section 3.1.1. Commercially available amino-functionalized
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membranes often have bonds other than ester bonds between
the peptide and cellulose. For such membranes their modification with additional linkers is necessary (e.g., thioester (41),
HMB linker (42), and Rink linker (43)).
10. Due to chromatographic effects during the transfer of the
coupling solution to the spots, the concentration of side
products increases toward the edge of the spots. To
reduce the amount of side products in the released peptides, the discs should be punched out in the center of
the spot and their diameter should be smaller than the
spot diameter.
11. It is also possible to use solutions of pre-activated amino acids.
For preparation of those, please follow instructions in method
1 in Section 3.1.2.
12. The discs must be completely dry. Otherwise, remaining
traces of EtOH or MeOH can lead to partial esterification of
the peptides during TFA treatment.
13. If the cellulose discs or solutions turn from yellow to red, add
a few more microliters of TIPS to the cleavage mix.
14. It is prohibited to spin open tubes with ether solutions in a
non-explosion-proof centrifuge!
15. Take care that the pellet is not completely dry before adding the
DMSO at a subsequent step – its consistency should be like a gel.
If the pellet is dried completely, it will not dissolve in DMSO!
16. Especially if aqueous solutions like SSC buffers are used, some
amount of conjugates may precipitate and can be centrifuged
down. There will still be sufficient conjugate in solution.
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C., Hessenius, C., Wiedemann, B.,
Schneider-Mergener, J. and VolkmerEngert, R. (2002) A complete substitutional analysis of VIP for better tumor
imaging properties. Journal of Molecular
Recognition 15, 145–153.
40. Kamradt, T. and Volkmer-Engert, R.
(2004) Cross-reactivity of T lymphocyctes
in infection and autoimmunity. Molecular
Diversity 8, 271–280.
41. Boisguerin, P., Leben, R., Ay, B., Radziwill,
G., Moelling, K., Dong, L. and VolkmerEngert, R. (2004) An improved method for
the synthesis of cellulose membrane-bound
peptides with free C termini is useful for the
PDZ domain binding studies. Chemistry
and Biology 11, 449–459.
42. Volkmer-Engert, R., Hoffmann, B. and
Schneider-Mergener, J. (1997) Stable
attachment of the HMB-linker to continuous cellulose membranes for parallel solid
phase spot synthesis. Tetrahedron Letters
38, 1029–1032.
43. Scharn, D., Wenschuh, H., Reineke, U.,
Schneider-Mergener, J. and Germeroth, L.
(2000) Spatially addressed synthesis of
amino- and amino-oxy-substituted 1,3,5triazine arrays on polymeric membranes.
Journal of Combinatorial Chemistry 2,
361–369.
44. Frank, R., Hoffmann, S., Overwin, H.,
Behn, C. and Gausepohl, H. (1996) Easy
preparation of synthetic peptide repertoires
for immunological studies utilizing SPOT
synthesis, in: Peptides in Immunology
(Schneider, C. H., ed.), John Wiley &
Sons, Ltd., New York, USA, pp. 197–204.
45. Koch, J. and Mahler, M. (eds.) (2002) Peptide Arrays on Membrane Support, SpringerVerlag, Berlin Heidelberg, Germany.

Chapter 6
Rapid Identification of Linear Protein Domain Binding Motifs
Using Peptide SPOT Arrays
Douglas J. Briant, James M. Murphy, Genie C. Leung, and Frank Sicheri
Abstract
Understanding protein–protein interactions is a key step in unravelling the roles proteins play in cellular
function. The ability to analyse protein–protein interactions rapidly and economically is a powerful
research tool. Using peptide SPOT arrays, peptides of known sequence can be synthesized directly in
discrete spots on a cellulose membrane and assayed for an interaction with a protein of interest. Several
hundred peptides can be synthesized on each cellulose membrane; therefore, this method is amenable to
designing high-throughput peptide binding studies. SPOT arrays are particularly well suited for deducing
peptidic binding motifs within proteins that are difficult to purify in sufficient quantities for traditional
biochemical analyses, as well as for determining binding specificities and targets for proteins of undefined
function. Peptide SPOT arrays have been used extensively to define protein–protein interaction surfaces.
In this chapter, we will outline the steps involved in designing and probing a peptide SPOT array to identify
peptide binding motifs for a protein of interest.
Key words: Protein–protein interaction, peptide synthesis, peptide SPOT array, identifying protein
targets.

1. Introduction
Protein–protein interactions underpin all functional aspects of
cellular biology, including signal transduction, cell adhesion,
growth factor recognition, enzyme–substrate interactions and
antibody–antigen interactions. Typically, these interactions are
mediated by modular protein domains, which have the capacity
to recognize short peptide motifs with great specificity (1, 2).
The identification of linear peptide motifs that mediate protein–
protein interactions has historically been a time-consuming and
laborious task. To address this, high-throughput technologies,
Marina Cretich, Marcella Chiari (eds.), Peptide Microarrays, Methods in Molecular Biology 570,
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such as synthetic peptide arrays, have been utilized to allow rapid
identification of linear protein binding motifs within the amino acid
sequence of an interacting protein. This is especially useful for
identifying targets of modular domains of unknown function or
for detection of interaction sites on proteins that are difficult to
purify in sufficient quantities for other binding studies. Peptide
arrays hold many advantages over other methodologies, such as
phage display, for several key reasons: (a) the capacity to methodically vary the amino acid at a prescribed position to deduce binding
specificities/consensus motifs; (b) the potential to conveniently
incorporate unnatural and modified amino acids, such as phosphotyrosine or acetyl-lysine, into a peptide; (c) the peptides are synthesized in high density on a cellulose membrane using standard 9fluoroenyl-methoxycarbonyl (Fmoc) chemistry (3), and their preparation is rapid, convenient, automated and cost-effective. Peptide
arrays synthesized on cellulose membranes are very versatile, and
have been used for the characterization of a broad range of protein–
protein interactions to date, including mapping antibody recognition epitopes (4), mapping the epitopes recognized by interacting
proteins (5), defining the residues that are critical for recognition by
protein domains (5–7) and the characterization of enzyme–substrate recognition determinants (see Leung et al., Chapter 7, this
issue (8)). The integrity of the identified linear peptide motifs as
protein binding motifs has been validated in vivo and in vitro (5–7),
and suggests that this methodology is not only convenient and
rapid, but also robust and reliable for deducing physiologically
relevant protein–protein interactions.
Herein, we describe the methodology for the design and
synthesis of peptide SPOT arrays and the application of these
arrays for rapid identification of linear protein binding motifs.

2. Materials
2.1. SPOT Blot
Synthesis

1. The materials utilized in this technique are hazardous and
should be handled in a fume hood.
2. Peptide synthesis grade 1-methyl-2-pyrrolidone (NMP)
dried by adding molecular sieves.
3. Derivatized cellulose membrane (Intavis AG, catalog number
32.100).
4. 0.75 M Hydroxybenzotriazole (HOBt) dissolved in NMP.
5. Fmoc amino acids.
6. Peptide synthesis grade dimethylformamide (DMF).
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7. 20% v/v Piperidine (redistilled, 99.5% grade) in DMF for
deprotection of Fmoc amino acids.
8. 2% v/v Acetic anhydride (99% grade) in DMF to serve as a
capping reagent for amino acids.
9. Diisopropyl carbodiimide (DIC; peptide synthesis grade) in
NMP for activation of amino acids.
10. Dichloromethane (DCM; HPLC grade) as a solvent for
amino acid side chain deprotection.
11. 3% v/v Triisopropylsilane (99% grade), 2% v/v dH2O, 47.5%
v/v trifluoroacetic acid (TFA; HPLC grade) in DCM for
deprotection of amino acid side chains.
12. 0.01% w/v Aqueous bromophenol blue for visualizing spots.
13. 95% EtOH.
2.2. SPOT Blot Analysis

1. Tris-buffered saline with 0.1% Tween 20 (TBST): 20 mM
Tris-HCl, pH 7.5, 135 mM NaCl, 0.1% w/v Tween 20.
2. Blocking agent: TBST + 10% w/v milk powder or 3% bovine
serum albumin (BSA) (see Note 1).
3. Primary and secondary antibody in TBST with 5% w/v milk
powder or 3% BSA.
4. Chemiluminescent substrate, X-ray film and film cassette.
5. Stripping buffer A: 8 M urea, 1% w/v sodium dodecyl sulphate (SDS), 0.5% b-mercaptoethanol.
6. Stripping buffer B: 50% v/v ethanol, 10% v/v acetic acid (see
Note 2).

3. Methods
SPOT blot techniques are a powerful tool for rapidly identifying
peptide binding motifs. This method is particularly useful for
identifying binding sites on proteins that are difficult to purify or
that are not amenable to other methods such as proteolytic digests
or expression of stable domains, or for elucidating binding targets
of proteins or protein domains of unknown function. It is important, however, to ensure that peptides identified are specific for
binding the protein of interest, and not artefacts arising from nonspecific interactions between the ligand and peptide spot (e.g.
charge–charge interactions). As a control, duplicate spot arrays
are constructed and one is incubated with the protein of interest
while the other is probed with an equivalent amount of an unrelated protein. Interactions that are specific for the protein of
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interest should be verified by an independent method such as sitedirected mutagenesis of the predicted binding site in the fulllength protein followed by in vitro and/or in vivo tests to assess
binding, if possible.
3.1. Designing the
Peptide Array

1. SPOT arrays are carefully designed to maximize yield and
simplify use. Generally, several experiments are included in a
single synthesis as the amount of consumables used is the
same regardless of how many peptide spots are synthesized.
As a general rule, we try not to divide an experiment over two
blots, and the synthesis is designed to avoid this.
2. For initial binding experiments, a ‘‘peptide walk’’ is performed. Generally, 12 amino acid peptides offset by two
amino acids spanning the region of interest is an effective
approach (see Note 3 and Fig. 6.1).
3. To confirm peptide–protein binding interactions from a peptide
walk, an alanine scan is performed (see Fig. 6.1). Peptides of
interest from the peptide walk are identified as spots that interact
strongly with the protein of interest, but not with the negative
control protein. If the structure of the protein is known, this
peptide should be mapped to see if the peptide is indeed a good
candidate for binding (see Note 4). Blots are then constructed
that comprise the entire peptide with each amino acid position
replaced, in turn, with alanine. Positions that are required for
binding the ligand protein will result in a loss of protein binding
when they are substituted with alanine (see Fig. 6.1).
4. Once the peptide that binds to the ligand protein is identified,
it may be desirable to further refine and/or optimize the
binding sequence. For this, a total amino acid scan is performed where each amino acid in the peptide is substituted in
turn with every amino acid (see Figure 2, Leung et al., Chapter
7, this issue). The optimized peptide binding sequence can
subsequently be used to mine for other potential binding
targets of the protein of interest through protein sequence
database searches.

3.2. SPOT Blot
Synthesis

1. The following instructions refer to an Intavis MultiPEP
SPOT synthesizer, but may be adapted for other systems.
The method describes the synthesis of two blots, each 30
spots by 20 spots (600 each, 1200 total spots). Wash volumes
should be adjusted for different sized membranes.
2. The synthesis sequence is programmed into the SPOT synthesizer
(see Note 5). A typical synthesis requires 3–4 days for completion.
3. 0.5 mmol Fmoc amino acids are weighed into 2 ml tubes, or
alternately, preweighed amino acids can be purchased (Intavis, catalog number 30.700). Sufficient amino acid for the
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ABCDEFGHIJKLMNOPQRSTUVWXYZ
ABCDEFGHIJKL
CDEFGHIJKLMN
EFGHIJKLMNOP
GHIJKLMNOPQR
IJKLMNOPQRST
KLMNOPQRSTUV
MNOPQRSTUVWX
OPQRSTUVWXYZ

1

2

3

4

5

7

6
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full protein
Spot 1
Spot 2
Spot 3
Spot 4
Spot 5
Spot 6
Spot 7
Spot 8

8

G H

I

J K L M N O P Q R

ala H

I

J K L M N O P Q R

G ala I

J K L M N O P Q R

G H ala J K L M N O P Q R
G H

I ala K L M N O P Q R

G H

I

J ala L M N O P Q R

G H

I

J K ala M N O P Q R

G H

I

J K L ala N O P Q R

G H

I

J K L M ala O P Q R

G H

I

J K L M N ala P Q R

G H

I

J K L M N O ala Q R

G H

I

J K L M N O P ala R

G H

I

J K L M N O P Q ala

Fig. 6.1. Designing SPOT arrays for the identification of peptide binding motifs. The top of the panel depicts a full protein or
protein binding domain of interest, with the primary amino acid sequence sequentially represented as letters a through z.
Overlapping 12 amino acid peptides, offset by 2 amino acids (Spot 1–8) are synthesized on the membrane and probed
with the protein of interest. In this example, Spot 4 represents a positive hit, determined by the procedure outlined in
Section 3.3. To identify residues required for binding, each amino acid in the Spot 4 peptide is replaced with an alanine
(ala) residue. In this example, residue J at position 3, K at position 5, L at position 6 and M at position 7 (all indicated with
vertical arrows) are required for binding the protein of interest.

entire synthesis needs to be prepared. This may require splitting the reaction into multiple 2 ml tubes if large amounts of
an amino acid are required (see Note 6).
4. 1 ml fresh 0.75 M HOBt solution is added to each amino acid,
and tubes are vortexed or shaken for 30–60 min at room
temperature. Once the amino acids are dissolved, a further
400 ml of NMP is added to each tube and mixed thoroughly.
5. While the amino acids dissolve, the membranes for synthesis
are prepared (this section, steps 6–10).
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6. Wash the membranes thoroughly with dH2O (approximately
50–100 ml).
7. Each membrane should be aligned on its corresponding platform on the SPOT synthesizer. It is important to ensure that
each blot is centred and that there are no wrinkles preventing
contact between the membrane and rubber sheet atop the
platform. The metal frame that holds the membranes is then
carefully placed on the blots and secured in place by tightening the screws (see Note 7).
8. The vacuum waste bottle is emptied, with care given to properly dispose of the waste solvents.
9. The vacuum is turned on and the blots are each washed three
times with copious amounts of 95% EtOH (10–20 ml each
from a squeeze bottle).
10. The blots are dried under vacuum for at least 15 min during
which time solutions for synthesis are prepared.
11. Solution bottles for EtOH and dimethylformamide (DMF)
are filled. During the course of synthesis, approximately 4 l
each of EtOH and DMF will be consumed.
12. A 20% v/v solution of piperidine in DMF is made on the first
day of synthesis. An adequate volume for the entire synthesis
should be made.
13. Capping reagent is made on the first day of synthesis, and
consists of 2% v/v acetic anyhdride in DMF. Sufficient quantity should be made for the entire synthesis process.
14. Fresh aliquots of activated amino acids should be prepared
just prior to starting each day of the SPOT synthesis. The
activator solution is 9.5% diisopropyl carbodiimide (DIC) in
NMP that has been dried on molecular sieves. Activator is
then added in a 3:2 ratio with dissolved amino acids and
mixed thoroughly, ensuring that there is sufficient volume
of amino acids for all the cycles of the round of synthesis for a
single day (usually four or five cycles per day). It is imperative
to ensure that the solution is completely mixed by repeated
pipetting. Activated amino acids are then placed in their
corresponding position in the synthesizer. Double check
that all tubes and synthesis solutions are properly positioned
and pushed tightly into place to prevent contact with the
synthesizer needle as this may result in damage.
15. The synthesis is initiated and allowed to proceed overnight.
The reaction should be checked during the first cycle to
ensure that the spotting is proceeding properly.
16. The following morning, the remaining activated amino acids
are disposed according to waste solvent guidelines
(see Note 8), and the EtOH and DMF solvent bottles are
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topped up. New batches of amino acids are activated, and the
synthesis is resumed where the previous synthesis terminated.
This is repeated until the complete peptides are synthesized
(usually 3 days for a 12- or 13-mer).
17. Following the final synthesis, the membranes are removed
and placed in a single solvent-resistant dish that is minimally
larger than the membrane. Before removing the membranes
from the synthesizer, ensure they are marked with pencil in
the corner to (a) distinguish between the two blots and
(b) mark the orientation of the blots.
18. The blots are washed three times for 5 min with 20 ml dH2O
on an orbital shaker.
19. The membranes are mixed with an aqueous solution of 0.01%
w/v bromophenol blue (50 ml) on an orbital shaker at room
temperature for approximately 1 h.
20. Membranes are washed with excess dH2O until most of the
background staining is removed from the membrane. The
peptide spots should be visible on the blot (see Note 9).
21. The membranes are washed with EtOH and air-dried on the
bench top.
22. Once the membranes are completely dry, a grid is marked in
pencil on the membrane to surround the location of each
peptide spot. This is very important because the bromophenol blue staining will be removed by the subsequent deprotection steps (see Note 10).
23. At this point, the spots are still visible within the grid, and the
membrane should be either photocopied or scanned for
reference.
24. The blot is now ready for deprotection. These steps should be
carried out at room temperature on an orbital shaker that is
placed in a fume hood. A solvent-resistant container close to
the size of the blot with a sealing lid should be used for
deprotection, and two blots can be placed in a single container.
25. Very important note: TFA waste must go in a separate container as it reacts violently with DMF.
26. First, 30 ml of a 1:1 mix of TFA and dichloromethane (DCM) is
prepared. To this TFA:DCM solution, 3% v/v triisopropyl silane
and 2% v/v dH2O are added (see Note 11) and this mixture is
incubated with the blots on an orbital shaker for 60–90 min.
27. The blots are subjected to four washes, each 2 min, with 20 ml
DCM. These washes are discarded in the TFA waste.
28. At this point, the TFA waste should be sealed to prevent
accidental addition of DMF wash waste.
29. Blots are washed four times for 2 min with 20 ml DMF.
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30. Two washes, each 2 min with 20 ml 95% EtOH, are performed and the blots are now ready for either analysis or
storage. For storage, the blots should be air-dried on the
bench top, heat-sealed in a polyester bag and stored at –
20C (see Note 12).
3.3. Analysis of Peptide
Binding on SPOT Blot

1. Pre-wet the membrane by rinsing with EtOH, followed by
thorough washing with TBST (see Note 1). This is performed
at room temperature in a dish that is minimally larger than the
size of the membrane.
2. The membrane is blocked overnight at 4C on a rocker with
an appropriate blocking reagent in TBST (typically, for a 20
by 30 membrane, about 10–15 ml will be required).
3. Blots are washed for 5 min, three times in TBST.
4. Binding assays are performed in TBST. Assays are performed
in a minimum volume in heat-sealed polyester bags on a
rocking platform at 4C. The time of incubation and concentration of the binding protein are dependent upon binding
affinity between the protein of interest and its corresponding
peptide spot (see Note 13).
5. The membrane is washed three times, 5 min each with TBST
on a rocking platform.
6. The blot is incubated in heat-sealed polyester bags with the
primary antibody in TBST with blocking agent for 1 h at 4C
(for a 20 by 30 blot, approximately 5–10 ml of antibody
solution will be required).
7. Three, 5 min washes in TBST are performed in a dish minimally larger than the membrane.
8. The membrane is mixed with HRP-conjugated secondary
antibody (for a 20 by 30 blot, approximately 5–10 ml of
antibody solution will be required) at the manufacturer’s
recommended dilution in TBST in a heat-sealed polyester
bag at 4C for 30–60 min.
9. Three washes, each 5 min with TBST are performed on the
blot at 4C.
10. The blot is now ready to be developed. To increase sensitivity,
SuperSignal West Femto Maximum Sensitivity substrate
(Pierce) is used. The peroxide buffer and luminol/enhancer
solutions are mixed in a dark room and added immediately to
the blot which is then sandwiched between acetate sheets.
Add a luminescent marker, such as a ‘‘glow-in-the-dark’’
sticker to a corner of the blot so the orientation and location
of the spots on the membrane can be deciphered. The blot is
then exposed to X-ray film for several exposure lengths which
may take up to 30 min (see Note 14).
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1. To reprobe the blots with other potential peptide spot-binding partners, the membranes must be stripped. All stripping
steps are performed at room temperature in a dish as close as
possible to the size of the membrane on a rocker.
2. The membrane is washed three times for 10 min with deionized water.
3. Three washes, each 10 min with about 20 ml stripping buffer
A are performed (see Note 15).
4. Three further 10 min washes with 20 ml stripping buffer B are
performed.
5. Finally, the membranes are washed three times with EtOH
and bench-dried overnight, or, alternately, washed three
times for 5 min with TBST and immediately reprobed.
6. Membranes can now be stored in heat-sealed polyester bags at
–20C.
7. For reprobing dried blots, the membranes must first be
wetted with EtOH followed by three, 5 min TBST washes
(see Note 16).

4. Notes
1. The correct choice of blocking agent can be critical for sensitivity of the antibodies. If the primary antibody is commercial,
check the manufacturer’s instructions, and if the antibody is
not commercial, test Western blots can be performed to
determine the conditions for maximum antibody sensitivity.
This blocking agent should be used for all subsequent steps
where a blocking agent is required.
2. Stripping buffer A without b-mercaptoethanol can be made in
advance and stored at room temperature. b-mercaptoethanol
should be added just prior to use. Stripping buffer B should
be made fresh on the day of use.
3. The region of interest for the peptide walk should take any
known binding information into account. If, for example, the
ligand is known to bind to Domain A of the protein, then the
initial peptide walk will encompass Domain A. This is especially important for large proteins as it may not be practical to
walk their entire length.
4. Generally, a good candidate peptide for binding should be
surface exposed on the structure.
5. This should be performed to maximize the number of peptides constructed on the membranes. Since the first and last
spots of the synthesis tend to incur a larger degree of pipetting
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error, we always lead and finish the synthesis with a row of
peptides composed of a homogeneous amino acid. We also
limit our daily synthesis cycles to four or five amino acids to
ensure freshness of the activated amino acids.
6. For automated SPOT synthesizers such as the Intavis MultiPEP SPOT, an amino acid usage calculator may be included
in the operating software and this information can be used to
ensure sufficient quantities of each amino acid are prepared.
7. Care should be taken to prevent scratching or denting the
metal frame, as this will reduce the effectiveness of the seal.
When removing the frame, we always set it on a soft surface,
such as a foam computer mouse pad to protect the surface.
When attaching the frame to the synthesizer, we tighten the
screws in a cross-wise pattern to ensure an even seal.
8. Guidelines for disposal will vary, but care should be taken to
properly dispose of all chemicals used during construction of
the blots.
9. If the staining is very weak at this point, it may indicate a
problem with the synthesis. Inclusion of a positive control on
the blot may determine if the synthesis was unsuccessful.
10. Pencil is used to mark the blots, as pen will fade during the
deprotection steps. We also mark the individual rows, to
prevent any confusion in orientation or spot identity.
11. TFA is very volatile and corrosive. Proper protective equipment should be worn and all steps should be carried out in a
fume hood. Due to its volatility, TFA is difficult to pipette
without some spillage. To minimize spillage, the mouth of
the TFA bottle and the deprotection mix tube should be in
close proximity to minimize the amount of time TFA is in the
pipette. It is also advisable to use a manual pipette bulb, since
the corrosive, volatile TFA may damage a mechanical pipetting aid.
12. Blots stored at –20C are stable for several months.
13. For binding assays, it is best to use protein that is purified
as closely to homogeneity as possible. If specific antibodies against the protein of interest are available, we utilize
these and remove any affinity tags from the protein as
they may interfere with binding and/or give a false-positive signal. If the protein used for probing the blot is
affinity-tagged, we use a sample of purified affinity tag,
or an alternate affinity-tagged protein as our negative
control. Care should be taken when using glutathione-Stransferase (GST) fusion proteins as a probe, since GST is
a constitutive homodimer and avidity effects may influence binding to a peptide motif.
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14. The SPOT blot can also be visualized on an imager, although
we find that film gives a clearer signal, and that identification
of the peptides by realigning with the membrane is simpler.
15. Washes with buffer A can be extended for up to 60 min each,
if the interaction between the ligand protein and peptide spot
is very strong.
16. If the binding interaction between a peptide spot and a ligand is
very strong, the stripping procedure may not remove all of the
ligand. To test the efficiency of stripping, the blot can be blocked
(Section 3.3, step 2) probed with primary antibody and secondary antibody followed by developing the blot (Section 3.2,
steps 6–10). If no signal shows up on the blot, the stripping was
successful. The blot can then be washed four times for 5 min
with TBST at room temperature and reprobed with another
protein of interest (Section 3.2, steps 2–10).
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Chapter 7
Characterization of Kinase Target Phosphorylation
Consensus Motifs Using Peptide SPOT Arrays
Genie C. Leung, James M. Murphy, Doug Briant, and Frank Sicheri
Abstract
The human proteome is known to contain >500 protein kinases, which regulate almost all facets of cellular
biology by the post-translational attachment of a phosphate moiety to serine, threonine, or tyrosine
residues within a substrate protein. Most protein kinases remain poorly characterized and, as a result,
current studies are directed toward defining their target substrates experimentally to gain a comprehensive
view of the signaling proteins and pathways modulated by these kinases. Herein, we describe a rapid and
convenient method for elucidating the consensus substrate motif for phosphorylation by a protein kinase
using peptide SPOT arrays that are custom-synthesized on a cellulose membrane support. The definition
of the target consensus motif provides an important starting point for the identification of physiologically
relevant kinase substrates.
Key words: Kinase specificity, phosphorylation consensus motifs, peptide SPOT arrays.

1. Introduction
Eukaryotic protein kinases, numbering over 500 predicted kinases
in the human proteome, play critical roles in multiple signaling
networks to regulate essential processes including metabolism, cell
growth, differentiation, motility, polarity, division, and death (1).
Protein kinases share the general ability to catalyze the transfer of a
phosphate moiety to serine, threonine, or tyrosine residues within
a target sequence of a protein substrate. Protein kinases exhibit
preferences for specific protein targets that, in effect, tailor them to
specific signaling networks. These substrate preferences are partly
dictated by a complementarity of charge, hydrophobicity, and
shape between the kinase active site and the substrate peptide
motif. In this way, the phospho-acceptor residue and its flanking
Marina Cretich, Marcella Chiari (eds.), Peptide Microarrays, Methods in Molecular Biology 570,
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residues serve as determinants for kinase recognition and phosphorylation (2–4). The characterization of the phosphorylation
consensus motif of a kinase is key to understanding overall specificity of the protein kinase system, which is augmented by secondary recognition mechanisms, and also to be able to predict
potential downstream targets.
The ability to directly synthesize peptides as SPOT arrays on a
membrane has emerged as a powerful analytical tool to characterize kinase phosphorylation consensus motifs (5). Peptide SPOT
arrays can be designed to vary the amino acid residues at each
position flanking a phospho-acceptor residue. The array is subjected to phosphorylation by a kinase of interest in a single reaction mixture and the phosphorylation consensus motif
determined by comparing the intensities of 32P incorporation
into different spots of known peptide sequence. This method
has been used to characterize the phosphorylation consensus
motifs of the NIMA-related kinase-6 (NEK6) and the polo-like
kinase 4 (Plk4/Sak) (6, 7).
This chapter will describe a method to characterize the target
phosphorylation consensus motifs for kinases using peptide SPOT
arrays. While we will specifically describe this method using the
murine serine/threonine kinase Plk4/Sak as a representative
kinase, this protocol can be adapted to determine the target phosphorylation consensus of any protein kinase with detectable in
vitro catalytic activity.

2. Materials
2.1. Peptide SPOT Array
Synthesis

All materials required for peptide SPOT synthesis are listed in
Chapter 6 (p. 176) of this edition of Methods in Molecular
Biology.

2.2. Kinase Assay

For one 13  20 peptide spot array membrane (see Note 1):
1. Peptide SPOT array membranes (for SPOT array synthesis, see
Chapter 6, p. 178).
2. Tray (large enough to allow the entire surface of the membrane to be covered when rinsing).
3. 95% Ethanol.
4. Tris-buffered saline with Tween 20 (TBS-T): 20 mM
Tris-HCl, pH 7.5, 135 mM NaCl, 0.1% w/v Tween 20
(see Note 2).
5. 50 mL Polypropylene tube with conical base.
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6. Kinase reaction buffer: 20 mM Hepes, pH 7.5, 250 mM
NaCl, 2 mM dithiothreitol (DTT), 20 mM MgCl2, 20 mM
MnCl2 (see Notes 3 and 4).
7. Purified protein kinase of interest (here, we use Plk4/Sak) (see
Note 5).
8. 10 mM (cold) unlabeled adenosine triphosphate (ATP) stock
(Sigma Aldrich).
9.

32

P-g-ATP (hot ATP), 10 mCi/mL (Perkin Elmer).

10. Temperature-controlled ‘‘rotisserie’’ hybridization oven, set
to 30C.
11. Stripping buffer A to remove non-covalently associated material after the phosphorylation reaction: 1% sodium dodecyl
sulfate (SDS), 8 M urea, 0.5% b-mercaptoethanol (see Note 6).
12. Stripping buffer B: 50% ethanol, 10% glacial acetic acid (see
Note 7).
13. Phosphor-screen and cassette.
14. Phosphor-imaging system and data analysis program (see
Note 8).

3. Methods
To determine the consensus phosphorylation motif for a
kinase using a peptide SPOT array, a peptide sequence that
is detectably phosphorylated by the kinase of interest must
initially be identified (Section 3.2). Once this initial peptide
hit is determined, the preferences for specific residues at positions flanking the phospho-acceptor site can be determined by
systematic replacement of these residues with each of the
remaining 19 naturally occurring amino acids. By arraying
the peptides onto a single membrane and incubating the
membrane with active kinase in the presence of 32P-g-ATP,
relative phosphorylation of spots can be easily detected and
the preference for particular amino acid residues at each position flanking the phospho-acceptor site can be determined
(the SPOT array phosphorylation assay will be described in
Sections 3.3 and 3.4).
3.1. SPOT Array
Synthesis
3.2. Design of the
Peptide Array

The protocol for peptide SPOT synthesis is shown in Chapter 6
(p. 176) of this edition of Methods in Molecular Biology.
1. If a peptide sequence that is detectably phosphorylated by the
kinase of interest is known, proceed to step 5.
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2. If a specific protein or protein fragment is known to be a
substrate for the kinase of interest, each serine/threonine or
tyrosine residue within the protein sequence is inferred to be a
potential target site for phosphorylation (see Fig. 7.1a).
3. A series of 13 residue peptides (13 mers), each peptide
sequence encompassing one of the potential phospho-acceptor residues (positioned in the seventh amino acid position)
are synthesized as peptides in discrete spots on a membrane to
determine which residue is preferentially phosphorylated by
the kinase of interest. For each peptide, an adjacent peptide
with the potential phospho-acceptor site altered to an alanine
is synthesized (see Fig. 7.1b and Note 9).
4. This series of peptide spots is tested for phosphorylation
by the kinase of interest (see Sections 3.3 and 3.4). 32P-gATP incorporation into a particular peptide spot, but not its

a
Peptide 1

Peptide 3

A C D E F G S H I K L M N P T Q R V W Y A C D E S F G T H I K L M N

Peptide 2

b

Peptide 1

Peptide 4

A C D E F G S H I K L M N
A C D E F G A H I K L M N
I K L M N P T Q R V W Y A

Peptide 2

I K L M N P A Q R V W Y A
W Y A C D E S F G T H I K

Peptide 3

W Y A C D E S F G A H I K
W Y A C D E A F G A H I K
C D E S F G T H I K L M N

Peptide 4

C D E A F G T H I K L M N
C D E A F G A H I K L M N
32P

Fig. 7.1. Identification of a peptide phosphorylated by a kinase of interest. a. Sequence of a fictional protein fragment. All
the potential phospho-acceptor residues for a Ser/Thr kinase are shown in boxes. Each 13mer peptide to be synthesized
(framed in brackets) encompasses one phospho-acceptor site. b. Illustration of peptides 1–4 synthesized onto a SPOT
membrane. The sequence of each peptide is shown on the left. Each peptide is synthesized twice: one peptide with the
original sequence, and an additional peptide where the potential phospho-acceptor site is altered to an Ala (underlined).
For peptides 3 and 4, which have more than one potential phospho-acceptor site, one of the sites is changed to an Ala
(underlined). Following phosphorylation of the SPOT membrane by a kinase of interest, results (shown on the right) would
indicate that the kinase of interest specifically phosphorylates peptide 2 (indicated by an arrow).
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adjacent spot with alanine in place of the phospho-acceptor
site, identifies a peptide sequence as a bona fide in vitro phosphorylation target of the kinase of interest (see Fig. 7.1b).
5. To determine the target phosphorylation consensus motif
of the kinase of interest (using either a known peptide
sequence or a peptide sequence identified in the previous
step), a peptide SPOT array is synthesized by systematically altering each of the peptide residues to each of the
20 amino acids (see Fig. 7.2a and Note 10).
6. The peptide SPOT array is tested for phosphorylation by the
kinase of interest (Sections 3.3 and 3.4).
Peptide X: N P T Q R
−2 −1 0 1 2

A R N D C Q
−2
−1
0
+1
+2

E G H

I

L

K M F P S T W Y

V

(N)
(P)
(T)
(Q)
(R)

32P
A
N
N
N
N

P
A
P
P
P

T
T
A
T
T

Q
Q
Q
A
Q

R
R
R
R
A

W P T Q R
N W T Q R
N P W Q R
N P T W R
N P T Q W

Fig. 7.2. Design of a peptide SPOT array. A 5  20 peptide SPOT array of a fictitous Peptide X with a 5 amino acid
sequence as shown. The sequence of the peptide is labeled in brackets on the vertical axis. Numbers indicate the residue
position relative to the phospho-acceptor site (labeled 0). Each residue in the vertical axis is altered to every other residue
in the horizontal axis. The sequences to the bottom left are the sequences of peptides in the ‘‘A’’ column; the sequences to
the bottom right are the sequences of peptides in the ‘‘W’’ column. Spots illustrate 32P incorporation following
phosphorylation of a peptide SPOT array by a kinase of interest. Preferred amino acids at each position can be determined
by examining the relative intensities of the spots. Note that replacement of the phospho-acceptor residue (T) with a
residue other than Ser or Thr results in loss of phosphorylation. Interpretation of the phosphorylation determinants would
be as follows: In the –2 position, the residues Asn, Phe, Trp and Tyr are favoured, where Phe, Trp and Tyr are strongly
preferred. In the –1 position, proline is favoured. In the +1 position, Arg, Gln, and Lys are favoured, where the positively
charged Arg and Lys are strongly preferred, but Phe, Pro, Trp and Tyr are not tolerated. In the +2 position, Lys and Arg are
favoured with a stronger preference for Lys.

3.3. Preparation of
SPOT Membrane and
Reaction Mixture

For one 13  20 spot peptide SPOT array (see Note 1):
1. The SPOT array membrane is placed in a plastic tray and
rinsed briefly in 95% ethanol. When handling with filter forceps, the membrane is grasped along the edges taking care not
to scrape the peptide-coated surface.
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2. The membrane is washed two to three times with a
generous amount of TBS-T, approximately 1 min per
wash with gentle shaking.
3. 4 mL of kinase reaction buffer is mixed with purified kinase
(see Note 11).
4. The membrane is transferred to a 50 mL polypropylene
tube containing reaction mixture described in the previous step. The surface of the membrane on which the
peptide spots were synthesised should face inward to
allow for complete exposure to the reaction mixture as
the tube rotates.

3.4. Kinase Assay

All radioactive work is done according to local guidelines.
1. A hot ATP mixture is prepared by mixing 5 mL of 10 mM
unlabeled ATP and 100 mCi 32P-g-ATP in a 1.5 mL
microcentrifuge tube.
2. Phosphorylation reactions are started by adding the hot
ATP mixture to the reaction mixture in the 50 mL polypropylene tube (final concentration of unlabeled ATP =
12.5 mM, 32P-g-ATP: 25 mCi/mL, see Note 12).
3. The reaction is incubated in a temperature-controlled hybridization oven for 30 min at 30C. The 50 mL polypropylene
tube is positioned such that the entire surface of the membrane is exposed to the reaction mixture as the tube is rotated
(see Note 13).
4. The reaction mixture is discarded into a radioactive liquid
waste container and the membrane is washed four times
with 10 mL of stripping buffer A for approximately 5 min
(see Note 14). Each wash is discarded into the radioactive
liquid waste.
5. The membrane is washed three times with approximately
10 mL each of stripping buffer B for approximately
5 min.
6. The membrane is washed three times with approximately
10 mL each of 95% ethanol for approximately 2 min.
7. Filter forceps are used to carefully remove the membrane
from the 50 mL polypropylene tube. The membrane is
placed on laboratory tissues to dry for 10 min at room
temperature in a fume hood.
9. The membrane is sealed in plastic wrap and exposed to a
blanked phosphor-screen for 1–2 h. The phosphor-screen
is scanned using an appropriate imaging system such as
Storm (Molecular Dynamics). For examples of actual
experimental results, see (6, 7) (see Note 15).
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4. Notes
1. The dimensions of the 13  20 spots arise from systematically altering each residue of a 13 amino acid peptide with
each of the 20 amino acids (see Fig. 7.2a).
2. All solutions should be made in filtered deionized water.
3. While this kinase reaction buffer has supported the catalytic activity of several kinases in our laboratory, it may be
necessary to optimize these conditions for your kinase of
interest. Primary parameters to optimize include pH,
MgCl2, and MnCl2 concentrations. It may be helpful to
add the phosphatase inhibitors, sodium orthovanadate or
sodium fluoride, to the reaction should any contaminating phosphatases be present in the protein kinase sample.
Kinase reaction buffer without DTT can be made in
advance and stored at 4C. Warm to room temperature
and add fresh DTT before use.
4. It is foreseeable that some kinases may bind the cellulose
membrane non-specifically. In such cases, the inclusion of
a detergent, such as Tween 20 (0.02% v/v or higher) in
the kinase reaction buffer may be warranted. The use of
proteins such as casein (milk powder) or bovine serum
albumin is not recommended as blocking reagents as
these proteins can be phosphorylated causing non-specific
background. An alternative is to synthesize the peptide
array on a cellulose membrane with a cleavable linker,
cleave the peptide, and covalently attach to a glass chip
via aldehyde chemistry as described previously (6).
5. It is preferable to obtain soluble kinase protein that is
untagged and purified to homogeneity. The Plk4 protein
used for our assays was >90% pure.
6. Stripping buffer A can be made ahead of time and stored
at room temperature with b-mercaptoethanol added
immediately before use. b-mercaptoethanol should be
handled with care. Wear protective clothing and gloves
and avoid breathing fumes by opening the stock bottle in
a fume hood and by keeping stripping buffer A capped,
opening only when needed.
7. Stripping buffer B is made fresh on the day of use.
8. For phosphor-imaging, we use the Storm Imaging system
with ImageQuant analysis software (Molecular Dynamics).
9. If more than one serine/threonine or tyrosine residue is
present in a 13 amino acid peptide sequence, synthesize
two versions of this peptide to determine which site is
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being phosphorylated; one peptide with a sequence identical to the naturally occurring sequence found in the
protein substrate and the other peptide with the second
potential phospho-acceptor residue changed to an alanine
(see Fig. 7.1b).
10. If more than one peptide is phosphorylated by the kinase
(Section 3.2, step 3), peptide SPOT arrays can be synthesized for each peptide sequence. Multiple arrays would
allow you to validate a target phosphorylation consensus
motif and/or determine if your kinase phosphorylates
several distinct target phosphorylation consensus motifs.
11. The Plk4 kinase domain protein described in this assay
encompasses residues 1–390 of murine Plk4. We use
300 mg of purified Plk4 kinase protein for one 13  20
array, an amount that was predetermined using standard
in vitro phosphorylation assays (7). The ratio of reaction
volume to protein used in these phosphorylation assays
was maintained in the phosphorylation of the peptide
SPOT arrays.
12. It is important to maintain the ratio of unlabeled ATP:
32
P-g-ATP when adjusting the reaction mixture volume.
13. After 30 min, the kinase reaction is within the linear
range for phosphorylation by Plk4. A time course should
be performed to determine the linear range of each particular kinase. Multiple peptide spots of identical sequence
are synthesized on a single membrane which is then cut
into segments, each with an equal number of peptide
spots. Each segment is then incubated with kinase reaction mixture for a single time point within a time course
(between 0 and 60 min) and quantitation of 32P-g-ATP
incorporation at each time point would determine the
linearity of the phosphorylation reaction.
14. The membrane should adhere to the side of the conical as
the reaction mixture or individual washes are discarded
into the waste. Each wash is done by hand, gently rocking, and simultaneously rotating the tube to ensure that
the entire surface of the membrane is exposed.
15. Following identification of a consensus phosphorylation
motif using peptide SPOT arrays, we confirm that the
peptides are phosphorylated in solution using in vitro
kinase assays with free peptides (in solution and not
synthesized on a solid membrane support). Proteins in
the reaction mixture are resolved by gel electrophoresis,
and 32P-g-ATP incorporation is detected by phosphorimaging.
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Chapter 8
CelluSpotsTM: A Reproducible Means of Making Peptide
Arrays for the Determination of SH2 Domain Binding
Specificity
Chenggang Wu and Shawn S.-C. Li
Abstract
Peptide arrays differ from conventional peptide synthesis in that hundreds upon thousands of peptides are
synthesized and presented on a planar surface at a time. While direct synthesis of peptide arrays on a
functionalized surface is feasible, reprinting of pre-made peptides offers flexibility and reproducibility and
drastically reduces cost when multiple copies of the same or related peptide arrays are needed. CelluSpotTM, a method developed by Intavis, opens a new route in peptide array synthesis and printing and
overcomes certain limitations of the SPOT membrane. This technique was used to produce hundreds of
phosphotyrosine-oriented peptide array libraries for determining the specificity of the Src homology 2
(SH2) domain.
Key words: Peptide array, peptide conjugate, CelluSpot, SPOT, SH2.

1. Introduction
CelluSpotsTM are arrays of peptide–cellulose conjugates spotted
on a planar surface. In this method, peptides are first synthesized
on a modified cellulose support and are subsequently dissolved in a
trifluoroacetic acid (TFA) cocktail after synthesis. Solutions of
individual peptides covalently linked to the cellulose polymer are
then spotted onto a surface of choice in a fully addressable manner.
Upon evaporation of the solvent, peptide–cellulose spots are
formed that are water insoluble and can withstand repeated washes
required for the most stringent biochemical assays. The main
Marina Cretich, Marcella Chiari (eds.), Peptide Microarrays, Methods in Molecular Biology 570,
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advantages of CelluSpotsTM arrays are as follows: (a) multiple
identical copies of the same peptide array can be prepared by one
batch of SPOT synthesis followed by a one-step printing (or respotting); (b) modification of neither the peptide nor the surface
of the support is necessary prior to printing; (c) the cellulose matrix
has a low capacity for non-specific protein binding, thus reducing
background signals; and (d) an optimal peptide concentration can
be obtained by serial dilutions before printing. These advantages
made CelluSpotsTM an efficient method for producing OPAL
arrays for the determination of Src homology 2 (SH2) domains
binding specificity as described below.

2. Materials
2.1. Synthesis of
Peptide Arrays
by SPOT

1. Auto-Spot ASP 222 Robot (Abimed, CA).
2. Derivatized cellulose membrane (Intavis AG).
3. Fmoc amino acids with orthogonal sidechain protection
(NovoBiochem).
4. 1-Methyl-2-pyrrolidone (NMP) (OmniSolv).
5. Hydroxybenzotriazole (HOBT) (NovoBiochem).
6. Diisopropyl carbodiimide (DIC) (Sigma).
7. N,N-Dimethylformamide (DMF) (OmniSolv).
8. Acetic anhydride (Sigma).
9. Piperidine (Sigma).
10. Anhydrous ethyl alcohol (various suppliers).
11. Dichloromethane (DCM) (OmniSolv).
12. TFA cocktail: 94% trifluoroacetic Acid (TFA) (Sigma), 4%
triisopropylsilane (TIPS) (Sigma), 2% deionized water.

2.2. Producing (pTyr)
OPALs by the
CelluSpotsTM
Technology

1. Auto-Spot ASP 222 Robot (Abimed, CA) or Multipep Robot
(Intavis AG).
2. Membranes for Celluspots (Intavis AG).
3. Fmoc amino acids with orthogonal sidechain protection
(NovoBiochem).
4. 1-Methyl-2-pyrrolidone (NMP) (OmniSolv).
5. Hydroxybenzotriazole (HOBT) (NovoBiochem).
6. Diisopropyl carbodiimide (DIC) (Sigma).
7. N,N-Dimethylformamide (DMF) (OmniSolv).
8. Acetic anhydride (Sigma).
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9. Piperidine (Sigma).
10. Anhydrous ethyl alcohol (Commercial Alcohols).
11. TFA cocktail: 88% trifluoroacetic acid (TFA) (Sigma), 4%
trifluoromethanesulphonic acid (TFMSA) (Fluka), 4% triisopropylsilane (TIPS) (Sigma), 4% deionized water.
12. tert-Butyl-methyl ether (Sigma).
13. Dimethyl sulphoxide (DMSO) (Sigma).
14. SSC buffer: 15 mM sodium citrate (pH 7.0) and 150 mM
sodium chloride.
15. Brady label with polyester surface (Brady).

2.3. Screening of a pTyr
OPAL by an SH2
Domain

1. TBS buffer: 0.1 M Tris-HCl (pH 7.4), 150 mM NaCl.
2. TBST buffer: 0.1 M Tris-HCl (pH 7.4), 150 mM NaCl, and
0.1% Tween 20.
3. Glutathione Sepharose 4 Fast Flow bead (GE Healthcare).
4. L-Glutathione reduced (Sigma).
5. Blocking buffer: 5% bovine serum albumin (BSA) (Roche) in
TBST buffer.
6. Glutathione-horseradish peroxidase (GSH-HRP) (Santa
Cruz Biotech).
7. Detection reagents: Western Lightning Chemiluminescence
Reagent Plus (Perkin Elmer) prepared according to the manufacturer’s protocol immediate prior to use.
8. Fluor-S MultiImager (BIORAD) or any other fluorescein
imaging equipment.

2.4. Screening of a
Targeted Peptide Array
by an SH3 Domain

1. PBS buffer: 2.68 mM KCl, 1.47 mM KH2PO4, 136.89 mM
NaCl, 8.1 mM Na2HPO4 (pH 7.4).
2. HIS-Select Nickel Affinity Gel (Sigma).
3. Imidazole (Sigma).
4. Fluorescein-5-maleimide (Pierce).
5. 2-Mercapto-ethanol (Sigma).
6. TBS buffer: 0.1 M Tris-HCl (pH 7.4), 150 mM NaCl.
7. TBST buffer: 0.1 M Tris-HCl (pH 7.4), 150 mM NaCl, and
0.1% Tween 20.
8. Blocking buffer: 5% bovine serum albumin (BSA) (Roche) in
TBST buffer.
9. Fluor-S MultiImager (BIORAD) or another fluorescein imaging apparatus.
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3. Methods
If unspecified, all the experiment steps are carried out at room
temperature.
3.1. Synthesis
of Peptide Arrays
(e.g. SH3 Ligand Array)
by SPOT

1. Search the SwissProt protein database for candidate peptide
sequences that match the Class I (XXX[R/K]XPXXPXXX)
or Class II (XXXXPXPX[R/K]XXXX) motifs, where 
denotes a hydrophobic residue and X denotes any amino acid.
2. Synthesize the peptide array on the derivatized cellulose
membrane with a capacity of 1536 by Auto-Spot ASP 222
Robot according to the manufacturer’s protocol.

3.2. Producing pTyr
OPALs by the
CelluSpotsTM
Technology

1. Generate grids on the membranes for CelluSpots to help
localize/address peptides on the array.
2. Dissolve individual Fmoc amino acid in organic solvent and
prepare the mixture ‘‘X’’ by mixing the 19 Fmoc amino acid
solutions (except Cys) in the following ratio (A:R:N:D:Q:E:
G:H:I:L:K:M:F:P:S:T:W:Y:V ¼ 3:6:5:5:5:5:3:7:6:3:5:3:4:5:
5:5:6:4:6) (see Note 1).
3. Synthesize pTyr OPAL on the membrane for Celluspots with
a capacity of 384 on an Auto-Spot ASP 222 Robot or Multipep Robot according to the manufacturer’s manual while
leaving the sidechain protected (see Note 2).
4. Punch each peptide spot and transfer the peptide-membrane
disc to a numbered TFA-resistant tube.
5. Add 250 ml of the TFA cocktail to each tube and close the cap.
Incubate overnight in a fume hood until the cellulose discs are
completely dissolved.
6. Add 750 ml of ice-cold ether to each tube when the peptide–
cellulose conjugates were completely dissolved and tighten
the tube cap.
7. Rock the tube gently to generate the peptide–cellulose conjugate suspension, which should appear cloudy to the eye.
8. Spin down the peptide–cellulose conjugate suspension in an
explosion-proof centrifuge at 3000  g and at 0C.
9. Remove the supernatant and wash the pellet with fresh ether
three times.
10. Evaporate the remaining ether in a fume hood after the last
ether wash.
11. Add DMSO to each well to dissolve the conjugates (see Note 3).
12. Close the tubes with caps and store these stock solutions in a
4C freezer.
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13. Dilute the peptide–cellulose conjugates from stock solutions
in SSC buffer (see Note 4).
14. Re-spot the diluted peptide–cellulose conjugates on Brady
labels (see Note 5).
15. Let the spots air-dry and place the labels in an oven set at 70C
for 12 h.
16. Seal and store the peptide array labels in a 20C freezer.
3.3. Screening of a pTyr
OPAL Using an SH2
Domain

1. Purify the SH2-GST fusion protein using the Glutathione
Sepharose 4 Fast Flow beads according to the manufacturer’s
protocol. Pass the elutant through a gel filtration column on a
fast protein liquid chromatography (FPLC) system run at 4C.
2. Block the OPAL membrane with blocking buffer for 1 h.
3. Label the SH2-GST protein with GSH-HRP for 30 min to
form a stable SH2-GST-GSH-HRP conjugate in a ratio specified in the product manual.
4. Add the SH2-GST-GSH-HRP conjugate to the blocking
buffer at a final concentration of 1 mg/ml.
5. Incubate the OPAL membrane with a solution of the SH2GST-GSH-HRP conjugate for 1 h.
6. Wash the OPAL membrane three times with TBST buffer for
15 min each.
7. Incubate the OPAL membrane with the detection reagent for
approximately 1 min.
8. Develop the film for a suitable time in a dark room.
9. Scan the film on a Fluor-S MultiImager.

3.4. Peptide Array
Target Screening
(PATS) Assay for SH3
Domains

1. Each SH3 domain was subcoloned in the pET28a vector to
contain a C-terminal Gly-Gly-Cys triad sequence for attachment of fluorescein and an N-terminal (His)6 tag for
purification.
2. Purify the (His)6-tagged SH3 protein by metal ion affinity
chromatography using HIS-Select Nickel Affinity Gel according to the manufacturer’s protocol followed by FPLC at 4C
in PBS buffer.
3. Label the purified SH3 protein with fluorescein-5-maleimide
according to the manufacturer’s protocol.
4. Block the SH3 target array membrane in the blocking buffer for 1 h.
5. Incubate the SH3 target array membrane with 1 mM fluorescein-labelled SH3 protein for 1 h.
6. Wash the membrane three times in TBST for 5 min each.
7. Scan the membrane using a fluorescein imager.
8. Identify positive binding peptides.
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4. Notes
1. Since the coupling efficiency of each amino acid varies, it is
important that the mixture take into account of this difference. However, the mixing ratios provided here should be
used as a reference only. Depending on the particular amino
acid derivatives used in the synthesis, the user should determine the ratios empirically.
2. Sidechain protection groups are removed in the TFA cocktail
used to dissolve the spot disc.
3. The volume of DMSO should be adjusted according to the
amount of peptides synthesized and to the conditions of the
assay. We typically use 100 ml DMSO for each peptide spot
synthesized in a density of 384 peptides per membrane.
4. The ratio of dilution should be adjusted in different applications. For the SH2-binding assay, we diluted the peptide
stock in a 1:5 ratio. A higher ratio of the SSC buffer will
accelerate drying of the spots while resulting in a lower concentration of the peptides.
5. Volume of peptide–cellulose conjugates used for re-spotting
should be adjusted according to the size of the microarray and
sensitivity of the assay.
References
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Chapter 9
High-Density Peptide Microarrays for Reliable Identification
of Phosphorylation Sites and Upstream Kinases
Alexandra Thiele, Johannes Zerweck, Matthias Weiwad, Gunter Fischer,
and Mike Schutkowski
Abstract
The human genome encodes about 25,000 genes. This number seems to be very small compared to the
multitude of different protein functions in highly regulated pathways that are responsible for complex
biochemical mechanisms like growth, metabolism, signal transduction and reproduction. Obviously, there
are mechanisms creating additional protein diversity. The most important mechanism is post-translational
modification (PTM) changing protein surfaces by phosphorylation, sulfation, acetylation, methylation and
sumoylation resulting in an about 100-fold higher complexity (1, 2). This chapter presents a very efficient
way to detect potential phosphorylation sites in proteins using overlapping peptide scans immobilized on
glass slides.
Results from 35 different human kinases using peptide microarrays displaying overlapping peptide scans
through either all human cyclophilins or all human FK506-binding proteins are shown. Additionally,
detection of phosphorylation sites in a proteome-wide manner is demonstrated using peptide microarrays
displaying cytomegalovirus proteome in the form of more than 17,000 overlapping peptides.
Key words: Peptide microarray, kinase, phosphorylation site, overlapping peptides, peptidyl-prolylcis/trans-isomerase, cyclophilin, FK506-binding protein, Pin1.

1. Introduction
There are more than 200 different post-translational modifications (PTMs) known, of which phosphorylation of serines, threonines and tyrosines is the most important one. There are
estimations that about one-third of all human proteins is modified
by kinases resulting in more than 100, 000 human phosphorylation sites (3).
The functions of phosphorylation are diverse and can result in
either regulation of enzymatic activity by factor of 1000 (4, 5) or
incorporated phosphate moiety can create binding sites for interacting proteins that have phospho-specific recognition domains,
Marina Cretich, Marcella Chiari (eds.), Peptide Microarrays, Methods in Molecular Biology 570,
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like 14-3-3, SH2 or subsets of WW-domains. It can influence
localization of the modified protein and can even be involved in
the regulation of protein degradation.
Efficient methods are needed enabling reliable detection of
phosphorylation sites in a proteome-wide scale. Commonly used
methods are based on the enrichment of phosphorylated peptides
resulting from proteolytic digests of complex mixtures using, e.g.
immobilized metal affinity chromatography (IMAC) or phosphoramidate chemistry (PAC) followed by the identification of
the phosphopeptides using mass spectrometry (6). Low abundant proteins or short lifetimes of the phosphorylation events can
be limiting factors for phosphorylation site determination of
proteins using above-mentioned enrichment methods. Furthermore, results using phosphopeptide enrichment methods
strongly depend on the used method (6).
Here we provide a robust protocol to determine potential
phosphorylation sites of complete protein family of interest. We
searched systematically for phosphorylation sites in human peptidyl-prolyl-cis/trans-isomerases (PPIases) in a proteome-wide
manner as this modification is expected to be one mechanism to
regulate PPIase enzymatic activity (see Figs. 9.1 and 9.2). The
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Fig. 9.1. Schematic presentation of human FKBP13 is shown together with predicted
(top) and detected (bottom) phosphorylation sites. Prediction was made using
www.scansite.mit.edu at medium stringency settings. Detected phosphorylation sites
marked in italic represent residues found to be important for the active site of the PPIase
(Abl = Abelson tyrosine kinase, Akt = protein kinase B, CaM K = calmodulin-dependent
protein kinase, CK1 = casein kinase 1, CK2 = casein kinase 2, Crk = Cdc2-related
kinase, c-Src = cellular homolog to Rous sarcoma tyrosine kinase, PDK1 = 3-phosphoinositide-dependent protein kinase 1).
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Fig. 9.2. Schematic presentation of human FKBP51 is shown together with predicted
(top), published (black bar marked with a star) and detected (bottom) phosphorylation
sites. Prediction was made using www.scansite.mit.edu at medium stringency settings.
Detected phosphorylation sites marked in italic represent residues found to be important
for the active site of the PPIase (Abl = Abelson tyrosine kinase, CaM K = calmodulindependent protein kinase, CK1 = casein kinase 1, CK2 = casein kinase 2, CLIK1 =
CLP-36 interacting kinase 1, DNA PK = DNA dependent protein kinase, Grk5 = G proteincoupled receptor kinase 5, Itk = Interleukin-2 inducible T-cell kinase, PDK1 =
3-phosphoinositide-dependent protein kinase 1, PKA–C = protein kinase A isoform
C , PKC = (protein kinase C), Ron = recepteur d’origine nantais) phosphorylation site at
serine 13 was published (15).

PPIases are a family of enzymes catalysing isomerization of
peptidyl-prolyl bonds. This isomerization seems to be important for transport through membranes, cell cycle progression,
channel gating and virus replication (7, 8). Furthermore, peptidyl-prolyl-cis/trans-isomerization is a slow process and can,
therefore, be the rate-limiting step in protein folding (9).
Depending on their primary structure and drug-binding ability PPIases are subdivided into three distinct families: cyclophilins,
FK506-binding proteins (FKBPs) and parvulins resulting in a total
of 35 human members all together.
The used proteome-wide PPIase-scan peptide microarray contains the complete primary structure of all human PPIases in the
form of overlapping peptide scans. The overlapping peptides have
been synthesized by SPOT technology (10, 11) as aminooxyacetyl derivatives allowing chemoselective and covalent immobilization onto epoxy-modified glass slides. These include the following FKBPs, cyclophilins and parvulins resulting in 3280 peptides:
(listed in brackets are the corresponding SwissProt identification
numbers followed by the length of the PPIase derived peptides
and the number of overlapping amino acids) FKBP12 (P20071,
15/9), FKBP12.6 (Q16645, 15/9), FKBP13 (P26885, 15/9),
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FKBP19 (Q9NYL4, 15/9), FKBP22 (Q9NWM8, 15/9), FKBP23
(Q9Y680, 15/9), FKBP25 (Q00688, 15/9), FKBP36 (O75344,
15/8), FKBP37 (O00170, 15/7), FKBP38 (Q14318, 15/7),
FKBP44 (Q9NZN9, 15/7), FKBP51 (Q13451, 15/7), FKBP52
(Q02790, 15/7), FKBP63 (O95302, 15/7), FKBP65 (Q96AY3,
15/7); FKBP135 (Q9Y4DO, 15/3), Cyp18 (P62937, 13/7),
Cyp18.1 (Q9H2H8, 13/9), Cyp18.2 (Q9Y536, 13/7),
Cyp18.2a (Q9Y3C6, 15/9), Cyp19.2 (O43447, 13/7), Cyp22
(P30405, 13/7), Cyp23 (P23284, 13/7), Cyp23a (P45877, 15/
9), Cyp33 (Q9UNP9, 15/9), Cyp35 (Q81XY8, 15/9), Cyp40
(Q08752, 15/9), Cyp57 (Q8WUA2, 15/9), Cyp59 (Q13356,
15/9), Cyp73 (Q96BP3, 15/9), Cyp89 (Q13427, 15/5),
Cyp165 (P30414, 15/1), Pin1 (Q13526, 13/7), Par14
(Q9Y237, 13/7), Par17 (Q52M21, 15/1).
All peptides were synthesized with amino-oxy-acetylated N(3-{2-[2-(3-amino-propoxy)-ethoxy]-ethoxy}-propyl)-succinyl
moiety at the N-terminus allowing both optimal presentation of
the peptide to the used enzymes and purification of the immobilized peptides by removal of truncated by-products during microarray printing (1). All FKBP-derived peptides were printed 6-fold
to one standard industry glass slide resulting in 6  1450 = 8700
data points on the so-called FKBP-Chip. Peptides derived from
human cyclophilins and parvulins were immobilized in quadruplicates on one standard industry glass slide resulting in 4  1830=
7320 spots on the so-called Cyp-Chip. Peptide microarrays were
designed and produced by JPT Peptide Technologies GmbH
(Berlin, Germany).
Subsequent to incubation of these peptide microarrays with
different kinases incorporated 33P-phosphate was visualized by
phosphorimaging (see Figs. 9.3 and 9.4). The signals found in
the phosphorimages can be correlated with peptides from
the corresponding PPIases using spot recognition software
packages like Genepix 6.0. Phosphorylation sites found on
microarrays were validated in vitro using full-length proteins
together with appropriate kinase and radioisotopically labelled
ATP (see Fig. 9.5).
Technologically there is no need for restriction to just one
family of enzymes. In principle production of peptide microarrays
displaying overlapping peptides covering complete proteomes of
viruses or bacteria resulting in about 50,000 or 250,000 peptides,
respectively, should be feasible. We synthesized cytomegalovirus
(CMV) derived peptides representing the primary structure of all
proteins of complete CMV proteome as 17,181 overlapping peptides. All CMV peptides were printed onto one standard industry
glass slide in duplicates (see Fig. 9.6) resulting in 2  17,181 =
34,362 individual data points on one peptide microarray. To fit all
of these peptide spots on one standard industry glass slide we
reduced spot size down to 85–120 mm. Resolution of most
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Fig. 9.3. Kinase assay principles. (A) Kinase-mediated transfer of radioisotopically labelled phosphate residues from
g33P-ATP to glass surface bound peptides results in radioisotopically labelled phosphopeptides which could be detected
by phosphorimaging. (B) Kinase-mediated phosphate transfer yields bound phosphopeptides which will capture phosphospecific fluorescence dyes like ProQ-Diamond. Bound dye molecules could be detected by fluorescence scanning using
standard microarray imagers equipped with green lasers.
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Fig. 9.4. (A) Phosphorimage of Cyp-Chip subsequent to incubation with PKC kinase in
the presence of g–33P-ATP is shown. Black spots represent peptide spots which are
radioisotopically labelled by incorporation of 33P-phosphate moieties. The vertical, solid
line separates the two identical subarrays. (B) Enlarged region within one subarray which
was printed by one needle. ATP binding control spots (eight identical peptide spots which
are known to capture ATP from the assay solution) are visible at the edges of the square
and as diagonal line (marked with squares). Additionally, strong end weak phosphorylation sites are visible as pairs of spots which are arranged side by side. This arrangement
enables easy identification of artefacts which would result in single spots only.
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Fig. 9.5. (A) Analysis of in vitro phosphorylation of full-length cyclophilin 33 (Cyp33) by recombinant casein kinase 2 (CK2).
30 mM Cyp33 were treated with 0.1 U of CK2 for 4 h in the presence of g–33P ATP in 10 mL total assay volume, boiled with
10 mL 2X sample buffer and used for separation in 15% polyacryl amide gel electrophoresis. Radioisotopically labelled
proteins were visualized by phosphorimaging using Fuji FLA 3000 reader. Assay solution with casein kinase 2 but without
Cyp33 was treated in similar way to correct for signals caused by autophosphorylation of casein kinase subunits. (B)
Analysis of in vitro phosphorylation of full-length FKBP51 by recombinant G-protein-coupled receptor kinase 5 (Grk5). 30
mM of FKBP51 were treated with 0.1 U of Grk5 for 4 h in the presence of g33P-ATP in 10 mL total assay volume, boiled with
10 mL 2X sample buffer and used for separation in 15% polyacryl amide gel electrophoresis. Radioisotopically labelled
proteins were visualized by phosphorimaging using Fuji FLA 3000 reader. Assay solution with Grk5 but without FKBP51
was treated in similar way to correct for signals caused by autophosphorylation of Grk5.

phosphorimagers (pixel size in the range of 25–50 mm) is not
sufficient for readout of kinase-mediated phosphate transfer to
peptides within such small spots. Therefore, we used commercially
available, fluorescently labelled, phospho-specific stain ProQ
Diamond (Invitrogen) which was claimed to bind specifically
to peptides containing phosphorylated amino acids residues
like phosphotyrosine, phosphothreonine and phosphoserine
(12, 13). We validated this stain extensively using phosphopeptide
microarrays either displaying more than 15,000 phoshopeptides
derived from human phosphorylation sites or 18,432 human peptides in the non-phosphorylated form (14). Phosphorylation
could be measured by reading fluorescence using standard DNA
microarray scanners at green channel settings. Spot recognition
software identified all pixels corresponding to each spot and calculates the mean of signal intensities for all of these pixels (signal
intensity). Additionally, mean intensity for all pixel around the
identified spot is calculated (background signal intensity) and
finally background signal intensity is substracted from signal intensity resulting in background corrected signal intensities (signal
minus background). We were able to demonstrate for kinases
Grk5, CK2 and Abl that this approach allows determination of
phosphorylation sites in a proteome-wide manner (see Fig. 9.6).
We identified phosphorylation sites for CK2 which were known
from the literature plus additional unknown phosphorylation sites
(see Tables 9.1 and 9.2).
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Fig. 9.6. Fluorescence images of high-content peptide microarrays displaying complete
human cytomegalovirus proteome as overlapping peptides are shown. (A) Image of CMVChip displaying 2  17,181 = 34,362 individual peptides is shown. CMV-Chip was treated
with casein kinase 2 followed by incubation with ProQ-Diamond stain which is specific for
phosphorylated peptides and proteins. Two identical subarrays each displaying 17,181
peptides are separated by dotted red line. (B) Area of fluorescence image is zoomed out.
White spots are related to fluorescence signals. No signal is indicated by black colour.
(C) Image of CMV-Chip displaying 2  17,181 = 34,362 individual peptides is shown.
CMV-Chip was treated with G protein coupled receptor kinase 5 followed by incubation
with ProQ-Diamond stain which is specific for phosphorylated peptides and proteins. Two
identical subarrays each displaying 17,181 peptides are separated by dotted red line.
(B) Area of fluorescence image is zoomed out. White spots are related to fluorescence
signals. No signal is indicated by black colour.

2. Materials
2.1. Equipments

1. Micropipettes adjustable from 0.5 to 10 mL and from 100 to
1000 mL (Eppendorf or Gilson) with corresponding plastic tips.
2. Metal trays with cover.
3. 1 mL Eppendorf tubes for the preparation of the phosphorylation assay solution.
4. Single-use syringe and syringe filters for filtration of all assay
solutions (Sartorius, Göttingen, Germany).
5. A plastic sheet cut in 1 mm  3 cm pieces. We used sheets with a
thickness of 0.8 mm resulting in a final assay volume of 400 mL.
6. A centrifuge for standard industry glass slides.
7. Spot-recognition software like GenePix Pro 6.0.
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Table 9.1
Peptide sequences for top substrates identified for casein kinase 2 using peptide
microarray displaying complete human cytomegalovirus proteome as overlapping
peptides are given. Kinase-mediated phosphate transfer to microarray-bound
peptides was detected by fluorescently labelled phospho-specific stain ProQ
Diamond. Potential phosphorylation sites are marked in bold. If more than one
phosphorylation site is possible in one sequence several residues are marked.
Right column lists corresponding data base identifiers for the proteins from which
peptides are derived followed by position of first, N-terminal amino acid of the
peptide in the primary structure of the protein
Top 40 detected substrates for CK2 on CMV-Chip
WLLNDSDGEEEEMS
TLMPYVLFRRDTDTE
AAFESCCYDITEAES
QSKCAFLKGYLSEGC

Corresponding CMV proteins
CAA35312_045
CAA35406_217
CAA35438_041
CAA35385_129

FYRAFRSGRFDLCTD

CAA35391_169

KKLVEMMEQHDRGSD

CAA35341_329

CYVIEFKTTYSDADD
ERLFRDPLTTYEYLD
MELDSVEEEDDFGAS
SDFDADCWCMWGRFG
GNARLDALMSASEWW
KDNQCMTDYDYLEVS
WVASEDELDVSRGDA
RTMAFLRFERYDTDY
PSQSEVDCASLMETL
SGLLPSCEEDERELC
KYAESDYIFLQDMCP
PQTSDLECAKQYWQE
HLLGTESDDEETTVW
MLCYYTEKLEEIDSK
PSTLETFPDLFCLPL
SEPEDDDEDPTYDEL
LPSLREDYAQLSDVI

CAA35391_097
CAA35426_029
CAA35404_137
CAA35449_129
CAA35404_645
P09704_169
CAA35418_084
CAA35408_153
CAA35418_061
CAA35447_229
CAA35396_353
CAA35293_421
CAA74073_053
CAA35442_069
CAA35390_561
CAA35311_721
CAA35424_453
(continued)

Peptide Microarrays for Phosphorylation Site Detection

211

Table 9.1 (continued)
Top 40 detected substrates for CK2 on CMV-Chip
ESCEDVPSGKLFMH
EFEDIFGSAAVTDGP
KNSVRHMSSFVSSDI
IRYYVSVYDELTASE
DEFSFCDSDIEDFER
ATAPSFDEAFLTDRL
MYPGEKNTQQLLDSD
WDSMHCTPFWSTDLE
KVYLESFCEDVPSGK

Corresponding CMV proteins
CAA35357_229
CAA35293_061
CAA35406_261
CAA35295_225
CAA35424_173
CAA35407_389
CAA35262_173
AAA85887.1_061
CAA35357_225

MDWKAHVEYAHPASE

CAA35312_093

RLFFPREDSEPLMSD

CAA35416_081

DFKKWLDGGFSTAVE
GYMPIHCPSETDTDS
PVVPEECYDQRFTTE
DEFSFCDSDIEDFER
TVYPTYDCVLSDLEA
RTPLCYASELCDESV

CAA35363_133
CAA35327_013
CAA35311_697
CAA35424_173
CAA35392_265
CAA35404_253

Table 9.2
Peptide sequences for top substrates identified for G-protein coupled receptor
kinase 5 using peptide microarray displaying complete human cytomegalovirus
proteome as overlapping peptides are given. Kinase-mediated phosphate transfer
to microarray-bound peptides was detected by fluorescently labelled phosphospecific stain ProQ Diamond. Potential phosphorylation sites are marked in bold. If
more than one phosphorylation site is possible in one sequence several residues
are marked. Right column lists corresponding data base identifiers for the proteins
from which peptides are derived followed by position of first, N-terminal amino acid
of the peptide in the primary structure of the protein
Top 40 detected substrates for GRK5 on CMV-Chip
NVVSYVCEEHLHSFT
AAFESCCYDITEAES
GGLCSSMAVYDEETM

Corresponding CMV proteins
CAA35363_0361
CAA35438_0041
CAA35430_0341
(continued)
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Table 9.2 (continued)
Top 40 detected substrates for GRK5 on CMV-Chip
RTPLCYASELCDESV
DIEDFERECYRVSVA
TPLSEAMFAGFEEAS
KYAESDYIFLQDMCP
SSMAVYDEETMRQSQ
KVYLESFCEDVPSGK
DEFSFCDSDIEDFER
ELLIEDFDIYVDSFP

Corresponding CMV proteins
CAA35404_0253
CAA35424_0181
CAA35356_0437
CAA35396_0353
CAA35430_0345
CAA35357_0225
CAA35424_0173
CAA35431_0269

LHDCAAFESCCYDIT

CAA35438_0037

ESFCEDVPSGKLFMH

CAA35357_0229

KDNQCMTDYDYLEVS
DWIRFLSLPDHDTVL
LHPFFDFTHCQENSE
AAEGDEFSFCDSDIE
DWCSMRNSLDEVSGT

P09704_0169
CAA35316_0033
CAA35360_0533
CAA35424_0169
CAA35293_0393

HHYDLCFTCDRNLSL

AAA85896.1_0245

ETFPDLFCLPLGESF

CAA35390_0565

RFTEDTFVETFCDFL
MELDSVEEEDDFGAS
LDDAFLDTLALLYNN

CAA35426_0465
CAA35404_0137
P16832_0101

VDAVVHPLALDFRSE

CAA35282_0193

MLCYYTEKLEEIDSK

CAA35442_0069

LDMSSLYYNETMFVE
PAVYTCVDDLCRGYD

CAA35389_0377
P16832_0149

QKLGWCLADDIHTSF

CAA35405_0249

ASRGTVFEEETVWSL

CAA35404_0789

GYEGFGWDGETLMEL
PVVPEECYDQRFTTE
CYASELCDESVRRFV
RDCYERFVCPVYDSG
VGLRLHDCAAFESCC
ITGSEFEGDFARYRS

CAA35417_0133
CAA35311_0697
CAA35404_0257
CAA35277_0121
CAA35438_0033
CAA35407_1157
(continued)
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Table 9.2 (continued)
Top 40 detected substrates for GRK5 on CMV-Chip
LSVEEICEEHTLNDL

CAA35424_0397

DLSRWFGENMDEYSG

CAA35454_0089

MAYYLFEGQYSTIST

CAA35386_0277

ATAPSFDEAFLTDRL

CAA35407_0389

TFNVSMDTAGMYECV

AAA85880.1_0217

FLGDMQLPADNFLTS

2.2. Radioisotopic
Readout

Corresponding CMV proteins

CAA35430_0677

1. Phosphorimager with a pixel size of at least 50 mm pixel sizes
smaller than 50 mm will result in more accurate data points.
We used a Fuji FLA 3000 scanner at 50 mm resolution.
2. Double distilled water.
3. Phosphoric acid.
4. g

33

P-ATP.

5. Methanol.
6. Blocking buffer: Tris-buffered saline (50 mM Tris-HCl, 150
mM NaCl, pH 8.0, 3% bovine serum albumin, w/vol).
7. Phosphorylation assay solution:
– 1 Unit of respective kinase (unit = 1 nmol transferred
phosphate per mg enzyme per min reaction time)
– 4 mL Kinase assay buffer (according to the manufacturer
protocol)
– 2 mL 10 mM ATP, 10 mM MgCl2
– 18 mL g

33

P-ATP (180 mCi)

– Add 400 mL H2O
Before you add the g33P-ATP it is recommended to filter the
solution through a 0.45 mm filter and pre-incubate the ‘‘cold’’
assay solution for 5 min at room temperature to allow ‘‘invisible’’
autophosphorylation of the kinase (see Note 12).
2.3. Fluorescence
Readout

1. Fluorescence scanner with a pixel size smaller than 20 mm.
Pixel sizes smaller than 20 mm will result in more accurate data
points. We used an Axon4000 scanner at 10 mm resolution.
2. ProQ Diamond stain (Invitrogen, Karlsruhe, Germany).
3. ProQ Diamond destain solution or 20% acetonitrile, 50 mM
sodium acetate pH 4.0.
4. Double distilled water.
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5. Blocking buffer: Tris-buffered saline (50 mM Tris-HCl, 150
mM NaCl, pH 8.0, 3% bovine serum albumin, w/vol).
6. Washing buffer: 50 mM Tris-HCl, 150 mM NaCl, 0.2%
Tween20, pH 8.0.
7. Phosphorylation assay solution for fluorescence readout :
– 1 Unit of respective kinase (unit = 1 nmol transferred
phosphate per mg enzyme per min reaction time)
– 40 mL Kinase assay buffer (according to the manufacturer
protocol)
– 2 mL 10 mM ATP, 10 mM MgCl2
– Add 400 mL H2O

3. Methods
3.1. Radioisotopic
Readout

1. Syringe filters have to be pre-treated with blocking buffer for
1 h at room temperature (see Notes 1–11).
2. Prepare the phosphorylation assay (see Notes 13–14).
3. For the phosphorylation reaction two slides, one displaying
the peptides and another slide without any peptides but
coated with blocking buffer for 1 h at room temperature
have to be assembled according to Fig. 9.7 in a sandwichlike format. If two peptide microarrays should be screened the
top slide could be another peptide-displaying chip. The two
slides are separated by two spacers generated from a plastic
sheet (see Fig. 9.7). The final assay volume will depend on the
thickness of these plastic spacers (0.2 mm thickness will result
in 100 mL assay volume; we recommend at least 0.8 mm
thickness resulting in 400 mL). The sample has to be applied
in between the two slides. Therefore, the top slide is shifted
about 1 mm to one side (see Fig. 9.7). If the pipette tip is
adjusted on the position directly over the uncovered bottom
slide the capillary forces allow proper distribution of the
sample solution without formation of air bubbles.
4. The phosphorylation reaction should be performed at 37C
for 3–4 h.
5. Remove the plastic spacers and rinse the peptide microarray
with 2% phosphoric acid to stop the reaction and to remove
excess of radioisotopically labelled ATP. Repeat this step two
times.
6. Wash microarray with distilled water and methanol (three
times each).
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top microarray

plastic spacer

bottom microarray

B deposition of sample

pipette tip

top slide should be shifted
allowing easy disassembly
of chip-sandwich”
”

C incubation

Fig. 9.7. (A) Assembly of ‘‘chip sandwich’’ is shown. Two plastic spacers are placed
between the peptide displaying microarray (bottom microarray) and the dummy slide or
second peptide displaying microarray (top microarray) resulting in a defined reaction
chamber. (B) Assay solution is applied via pipette tip into the reaction chamber formed by
the two slides. Capillary forces will soak-in the solution without formation of air bubbles.
(C) Top microarray is shifted resulting in overlaying ends of the glass slides. This
arrangement enables convenient disassembly after the incubation step.

7. Dry microarray using a microarray centrifuge. Alternatively, drying using a stream of oil-free nitrogen or argon can be applied.
8. Following incubation with target kinase in presence of radioisotopically labelled ATP, incorporated phosphate moiety
can be detected by autoradiography or phosphorimaging for
1–24 h depending on the activity of the kinase.
9. Scan the screen using a phosphorimager.
10. Use spot recognition software to get signal intensities for each
peptide spot.
11. Calculate the mean of background corrected signal intensities
for identical peptides (replicates on the microarray).
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3.2. Fluorescence
Readout

1. Syringe filters have to be pre-treated with blocking buffer for
1 h at room temperature.
2. Prepare the phosphorylation assay solution (see Note 15).
3. For phosphorylation reaction two slides, one displaying the
peptides and another slide without any peptides but coated
with blocking buffer for 1 h at room temperature have to be
assembled according to Fig. 9.7 in a sandwich-like format. If
two peptide microarrays should be screened the top slide could
be another peptide-displaying chip. The two slides are separated
by two spacers generated from a plastic sheet (see Fig. 9.7). The
final assay volume will depend on the thickness of these plastic
spacers (0.2 mm thickness will result in 100 mL assay volume; we
recommend at least 0.8 mm thickness resulting in 400 mL). The
sample has to be applied in between the two slides. Therefore,
the top slide is shifted about 1 mm to one side (see Fig. 9.7). If
the pipette tip is adjusted on the position directly over the
uncovered bottom slide the capillary forces allow proper distribution of the sample solution without formation of air bubbles.
4. The phosphorylation reaction should be performed at 37C
for 3–4 h.
5. Remove the plastic spacers and rinse the peptide microarray
with washing buffer three times for each side of the slide.
6. Incubate microarray with ProQ Diamond stain solution for
30 min.
7. Wash microarray with ProQ Diamond destain solution or
20% acetonitrile, 50 mM sodium acetate, pH 4.0 (three
times, 30 min each time).
8. Wash two times 5 min with double distilled water.
9. Dry microarray using a microarray centrifuge. Alternatively,
drying using a stream of oil-free nitrogen or argon can be
applied.
10. Scan peptide microarray at appropriate laser/filter settings using
microarray fluorescence scanner (see Notes 16 and 17).
11. Use spot recognition software to get mean of fluorescence
intensities of all pixels for each peptide spot.
12. Calculate the mean of background corrected signal intensities
for identical peptides (replicates on the microarray).

4. Notes
1. Always handle peptide microarray slides with care. They are
made of glass and can damage your fingers.
2. Never touch the peptide microarray surface.
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3. Always wear laboratory gloves when handling peptide microarray slides.
4. Hold peptide microarray slides at the end, which carries the
engraved data label. This label provides unique identification
of the array.
5. Please take care when dispensing solutions onto the slide
surface. Make sure not to touch the surface with pipette tips
or dispensers.
6. Apply the sample to the peptide displaying side of the glass
slide. This is the side with the engraved label.
7. We strongly recommend arrangement of the two slides
during incubation as shown in Fig. 9.7 (circled region
bottom). The slight shift of the top slide compared to
the bottom slide allows easy disassembly of the two glass
slides.
8. Never whisk the surface of the peptide microarray slide with a
cloth.
9. Never use other chemicals as described. Inappropriate chemicals may destroy the chemical bond formed between the
peptides and the modified glass surface.
10. Filter all solutions for the washing steps through 2 mm, preferably 0.45 mm particle filters before use.
11. Peptide replicates are printed side by side to allow differentiation between real signals and signals caused by artefacts
during radioisotopic readout. Small dust particles or damages
on the slide surface could cause round, spot-like looking
signals but never two signals with similar shape side by side
(see Fig. 9.4).
12. If your kinase tends to autophosphorylation, please preincubate your kinase with cold ATP only before adding
hot ATP. In case your kinase shows unspecific binding to
the hydrophobic microarray surface, the background will
not be increased because it is not visible in the
phosphorimage.
13. All plastic equipment which will contact your kinase solution
(pipette tips, plastic tubes, etc.) should be coated for at least
1 h with bovine serum albumin solution (blocking buffer) at
room temperature before use. It is important to coat for at
least 1 h because that process is time dependent. If coating is
not made or if coating time is too short, kinase from your
assay solution will stick on un-coated parts of the hydrophobic plastic surfaces and is not available for phosphorylation of
microarray-bound peptides. This could result in complete loss
of kinase activity in the final assay especially if highly diluted
kinase solutions are used.
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14. Avoid dust or other particles during each step of the experiment. Dust particles and resulting scratches will cause artefacts during the final signal readout especially during
radioisotopic readout.
15. For incubation with the fluorescently labelled phospho-specific stain it is important to use metal trays with a cover or
plastic trays completely covered with aluminium foil as these
reagents are sensitive towards light.
16. Make sure to scan the front face of the microarray slide displaying the peptides.
17. Fluorescence scanning could be very sensitive depending on
the used scanner. Avoid any fluorescent impurities/contaminations inside your assay solution or washing solutions. You
can easily check for such impurities by incubating and washing a dummy slide with the same solutions followed by fluorescence imaging at same laser settings.
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Chapter 10
Epitope Mapping of Human Chromogranin A
by Peptide Microarrays
Marina Cretich, Renato Longhi, Angelo Corti, Francesco Damin,
Gabriele Di Carlo, Valentina Sedini, and Marcella Chiari
Abstract
In this chapter we report on the characterization of linear antigenic sites of human chromogranin A (CgA),
a useful tissue and serum marker for neuroendocrine tumours and a precursor of many biologically active
peptides. The epitope mapping of CgA has been carried out by peptide microarrays on glass slides coated
by a copolymer of N,N-dimethylacrylamide (DMA), N,N-acryloyloxysuccinimide (NAS) and [3-(methacryloyl-oxy) propyl] trimethoxysilyl (MAPS). The microarray support provided sufficient accessibility of
the ligand, with no need for a spacer, as the polymer chains prevent interaction of immobilized peptides
with substrate. In addition, the polymeric surface constitutes an aqueous micro-environment in which,
despite peptide random orientation, linear epitopes are freely exposed. The results reported are in
accordance with those obtained in conventional ELISA assays using biotinylated and non-biotinylated
peptides.
Key words: Epitope mapping, peptide microarray, human chromogranin A, polymer coating.

1. Introduction
Human chromogranin A (CgA) is an acidic glycoprotein of 439
aminoacids contained in secretory granules of many endocrine and
neuroendocrine cells. CgA antigen is a useful tissue and serum
marker for neuroendocrine tumours. It is believed that CgA plays a
role in secretory granule biogenesis and as a precursor of many
biologically active peptides with endocrine, paracrine or autocrine
functions (1). For instance, the CgA fragment corresponding to
amino acids 1–76 (vasostatin-1) inhibits vascular tension, exerts
anti-fungal and antibacterial effects, promotes cell adhesion and
induces negative inotropic effects (1, 2). Proteolitically processed
products of CgA have also a role as new markers in endocrine
Marina Cretich, Marcella Chiari (eds.), Peptide Microarrays, Methods in Molecular Biology 570,
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neoplasias (3). Recently, a proteomic strategy based on chromatographic fractionation followed by MALDI-TOF mass spectrometry has been proposed to isolate and characterize a spectrum of
CgA-derivated peptides (4).
The linear antigenic sites of human CgA were characterized by
studying the cross-reaction of rabbit polyclonal and mouse monoclonal anti CgA antibodies with native and synthetic CgA peptides
encompassing most of its sequence (5, 6). The study with rabbit
anti human CgA identified several strong antigenic sites within
residues 68–106, 222–230, 315–330, 376–394. Moreover, residues 53–57 and 68–70 were strongly recognized by the mouse
monoclonal antibodies 5A8 and B4E11, respectively (5, 6). These
antibodies (5A8 and B4E11) specifically neutralize the pro-adhesive activity of vasostatin-1 in fibroblast adhesion assays (6). In this
report, a microarray approach is presented for the characterization
of linear antigenic sites of human CgA using copoly (DMA-NASMAPS)-coated slides. The microarray substrates were obtained by
physical adsorption on glass of a N,N-dimethylacrylamide (DMA),
N,N-acryloyloxysuccinimide (NAS) and [3-(methacryloyl-oxy)propyl] trimethoxysilyl (MAPS) copolymer (7), that provides a
polymeric active surface on which peptides are immobilized.
Microarraying peptides is a highly efficient method for epitope
mapping, screening of enzyme specificity or ligand–receptor interactions. Since peptides have small molecular mass, they are not
easily accessible when non-specifically adsorbed on solid supports
(8). Moreover, since peptides often lack a well-defined threedimensional structure, a correct orientation is essential to promote
their interaction with the target (9). For these reasons, chemoselective N-terminal attachment of peptides on slides have been
developed based on glyoxylic acid and N-terminally cysteine-containing peptides (10), on Diels Alder reactions (11), on native
chemical ligation and on avidin–biotin interaction (10). A different approach is the SPOT-synthesis developed by Frank (12) based
on the parallel synthesis of peptides directly on cellulose
membranes.
In this protocol we show the suitability of a glass slide coated
with a copolymer of N,N-dimethylacrylamide (DMA), N,N-acryloyloxysuccinimide (NAS) and [3-(methacryloyl-oxy) propyl] trimethoxysilyl (MAPS) as a peptide microarray substrate. The
coating is formed by a fast, inexpensive and robust procedure
consisting in simply immersing slides in a dilute aqueous polymer
solution without time-consuming glass pre-treatments. Copoly
(DMA-NAS-MAPS)-coated slides were already successfully used
in protein–protein interaction experiments (13) where we demonstrated that both Fc and Fab domains of a capture antibody were
freely accessible once bound to the surface. Copoly (DMANAS-MAPS)-coated slides immobilize probes in a random conformation; nevertheless, the polymer coating creates an aqueous
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micro-environment in which linear epitopes are freely exposed.
Herein the polymeric surface was used for peptide immobilization.
The results demonstrated a good accessibility of the ligand without need for a spacer between the probe and the surface, which is
generally necessary in non-polymeric slides (8).
The peptide array approach identified several linear antigenic
sites of human CgA, in accordance with previous results obtained
by ELISA assays using the same peptides and the same polyclonal
and monoclonal antibodies. Peptide microarray experiments
reported in this work provide a precious tool for structure–function studies of CgA and of its proteolytic peptides.

2. Materials
2.1. Synthesis of the
Copoly(DMA-NASMAPS)

1. N,N-Dimethylacrylamide (DMA) from Sigma (St. Louis,
MO, USA).
2. 3-(Trimethoxysilyl)propyl methacrylate (MAPS) from Sigma
(St. Louis, MO, USA).
3. N-Acryloyloxysuccinimide (NAS) from Polysciences (Warrington, PA, USA).
4. Tetrahydrofuran (THF) from Sigma (St. Louis, MO, USA).
5. a,a0 -Azoisobutyronitrile (AIBN) from Sigma (St. Louis, MO,
USA).
6. Petroleum ether from Sigma (St. Louis, MO, USA).

2.2. Derivatization of
Glass Slide with
Copoly(DMA-NASMAPS)

1. Untreated glass microscope slides (25 mm  75 mm) from
Sigma (St. Louis, MO, USA).
2. Pre-treatment solutions: ethanol 96% v/v; sodium hydroxide
(NaOH) 1 M; hydrogen chloride (HCl) 1 M.
3. Copoly (DMA-NAS-MAPS) synthesized as described in
Section 3.1.
4. Coating solution: 1% w/v of copoly (DMA-NAS-MAPS) in a
water solution of ammonium sulphate at a 20% saturation
level.

2.3. Preparation and
Spotting of Peptides

1. Lyophilized peptides were synthesized on pre-loaded NovaSyn TGA resin (Novabiochem).
The peptide sequences are reported in Table 10.1.
2. Spotting buffer: phosphate buffered saline solution (PBS 1X)
(pH 7.5): 0.137 M NaCl, 0.0027 M KCl, 0.012 M
Na2HPO4, 1.76 mM KH2PO4 filtered by a 0.22 um filter.
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Table 10.1
Sequences of the peptides used in this work
Probe

Peptide code

Chromogranin Aresidues

Sequence

1

T01

220

TALPVNSPMNKGDTEVMKCIVEgy

2

T27

25–46

TLSKPSPMPVSQECEETLRGDEgy

3

CgA38-57

38–57

CEETLRGDERILSILRHQNL

4

G70

68–91

yGAKERAHQQKKHSGFEDELSEVLE

5

E93

91–113

yENQSSQAELKEAVEEPSSKDVME

6

S109

107–130

SSKDVMEKREDSKEAEKSGEATDGy

7

G132

130–153

GARPQALPEPMQESKAEGNNQAPGy

8

T165

163–187

TNTHPPASLPSQKYPGPQAEGDSEG

9

G189

187–210

GLSQGLVDREKGLSAEPGWQAKRE

10

G224

222–244

GEEAVPEEEGPTVVLNPHPSLGY

11

G233

231–255

GPTVVLNPHPSLGYKEIPKGESRSE

12

G277

275–297

GKGEQEHSQQKEEEEEMAVVPQGy

13

G299

297–319

GLFRGGKSGELEQEEERLSKEWE

14

S317

315–337

SKEWEDSKRWSKMDQLAKELTAE

15

A333

331–352

AKELTAEKRLEGQEEEEDNRDSy

16

R376

374–396

RGWRPSSREDSLEAGLPLQVRGY

17

G397

395–417

GYPEEKKEEEGSANRRPEDQELE

18

CgA#2025

416–439

yLESLSAIEAELEKVAHQLQALRRG

19

CgA47-68

47–68

RILSILRHQNLLKELQDLALQGy

20

gp41

–

LIEESQNQQEKNEQELLELDKWAS

3. SpotBot1 2 Microarrayer equipped with two split spotting
pins (Telechem, Sunnyvale, CA, USA).
2.4. Blocking
and Incubation
of Microarrays

1. 50 mM Ethanolamine in 0.1 M Tris/HCl pH 9.0.
2. Mouse anti CgA monoclonal antibodies (B4E11 and 5A8)
and one rabbit polyclonal antibody were obtained as reported
in (5).
3. Cy3-labelled secondary antibodies produced in goat (Jackson
ImmunoResearch, USA).
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4. Incubation buffer: 0.05 M Tris-HCl pH 7.6, 0.15 M NaCl,
1% w/V BSA, 0.02% w/V Tween 20.
5. Washing buffer: 0.05 M Tris/HCl pH 9, 0.25 M NaCl,
0.05% Tween 20.
2.5. Fluorescent
Scanning and Data
Analysis

1. Fluorescence signals were detected by a ScanArray Lite (Perkin Elmer, MA, USA) analysed by using the software associated to the scanner. Data were exported to Microsoft Excel
software for further processing and signal intensities were
defined in fluorescence arbitrary units. Signal-to-noise ratios
(S/N) for fluorescence signals were calculated as the ratio
between the mean spot signal intensity and the standard
deviation of background intensity fluorescence.

3. Methods
The methods described in this section outline: (a) the synthesis
of the copoly (DMA-NAS-MAPS); (b) the coating of standard microscope slides with the copoly (DMA-NAS-MAPS);
(c) the preparation of the synthetic peptides; (d) the spotting
of the microarrays; (e) the subsequent blocking and incubation; (f) the fluorescent scanning; and (h) the data analysis.
3.1. Synthesis of the
Copoly(DMA-NASMAPS)

The copolymer, composed of DMA (with 97% of moles in the
monomer feed), NAS (2%) and 3-(trimethoxysilyl) propyl methacrylate (MAPS, 1%) is synthesized by free radical copolymerization
and used as a functional coating for the fabrication of the peptide
microarrays.
1. Dissolve 4 g of DMA, 140.6 mg of NAS and 13 mg of the
initiator azoisobutyronitrile (AIBN) in 42 mL of dried tetrahydrofuran (THF) in a 100 mL round-bottomed flask
equipped with condenser, magnetic stirring and nitrogen
connection. The concentration of the monomer feed in the
solvent is 0.1 g/mL (10% w/v) (see Note 1).
2. Degas the solution by alternating vacuum and nitrogen purging for 10 min.
3. Dissolve in the same solution 103.3 mg of MAPS.
4. Stir magnetically and warm the solution to 65C and keep it at
his temperature under nitrogen for about 18 h.
5. After the polymerization is completed, precipitate the polymer by pouring the reaction mixture into a large excess of
petroleum ether (about 1:10 by volume).
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6. Filter the white solid copolymer.
7. Dry the copolymer under vacuum for 1–2 h at room temperature and store it in a dry environment.
3.2. Derivatization
of Glass Slides with
Copoly(DMA-NASMAPS)

The coating of glass slides requires two steps: (a) surface cleaning
and pretreatment and (b) adsorption of the copolymer (DMANAS-MAPS).
1. Clean the microscope glass slides by immersion in pure ethanol for 30 min in a glass chamber at room temperature (see
Note 2).
2. Dry the slides for few minutes in air.
3. Incubate slides in a solution of 1 M NaOH for 30 min at room
temperature in a glass chamber.
4. Wash slides vigorously two or three times by dipping them,
one slide at a time, into a Becker plenty of ddH2O to remove
all traces of NaOH.
5. Dry the slides for few minutes at air.
6. Incubate slides in a solution of 1 N HCl for 1 h at room
temperature in a glass chamber.
7. Repeat step 4.
8. Spin dry in a centrifuge at 780 rpm for 3 min.
9. Prepare a solution of copoly(DMA-NAS-MAPS), 1% w/v in a
water solution of ammonium sulphate at a 20% saturation
level (see Note 3).
10. Incubate the slides in the solution prepared in step 9 for
30 min at room temperature in a plastic chamber (see Note 2).
11. Put the slides in a rack and wash them vigorously with ddH2O
to remove the excess of the copolymer on the slides.
12. Dry the slides in a vacuum oven at 80C for 20 min.
13. Store slides at room temperature in an dry environment, and
use slides within 4 weeks after production (see Note 4).

3.3. Synthesis
of Peptides and
Preparation for
Spotting
3.3.1. Synthesis of Peptides

Several synthetic peptides (see Table 10.1) spanning most of
the CgA sequence and one unrelated peptide were synthesized
on pre-loaded NovaSyn TGA resin (Novabiochem), using an
apparatus for manual multiple peptide synthesis and a solidphase method based on Fmoc chemistry as described in (5).
Tyrosine or a dipeptide glycine–tyrosine (glycine as spacer)
was added, respectively, at the amino or carboxy terminus of
peptides lacking chromophoric groups to allow spectrophotometric quantitation.
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1. All peptides reported in Table 10.1 were dissolved in the
spotting buffer: PBS 1X, at a concentration of 0.13 mg/mL
(see Note 5).
2. Transfer 20 mL of each peptide solution into 384-well polypropylene plates.

3.4. Spotting

The following procedure is optimized onto the SpotBot1 2
Microarrayer robot. In case other arrayers are used, adjust procedure accordingly.
1. Design a microarray pattern to yield at least 10 replicates per
different peptide and to accommodate 20 peptidic probes (19
CgA peptides and one unrelated peptide) on every slide
according to the scheme reported in Fig. 10.1A (see Note 6).
2. Clean split spotting pins by sonication and place the pins into
the spotting head.
3. Set humidity of the robot to 70%.
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13 14 15
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17 18 19

20

C

Secondary antibody
Anti CgA antibody
CgA peptide

Fig. 10.1. (A) Spotting scheme. Each peptide reported in Table 10.1 was dissolved in
PBS buffer at a concentration of 0.13 mg/mL and spotted on copoly(DMA-NAS-MAPS)
slides. Each probe was spotted in 10 replicates. (B) Scheme of peptide microarray
experiment. CgA peptides immobilized on the slides were incubated with anti CgA
monoclonal or polyclonal antibodies and revealed by a Cy3-labelled secondary antibody.
(C) Typical microarray obtained after incubation with anti CgA rabbit polyclonal antibody.
Reproduced with permission from Chiari M, Cretich M, Corti A, Damin F, Pirri G, Longhi R.
(2005). Peptide microarrays for the characterization of antigenic regions of human
chromogranin A. Proteomics 5, 3600–3.
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4. Program wash routine of the spotter to wash extensively between
different peptides. A wash cycle is composed of a rapid wash step
with ethanol 20% of 1.5 s, followed by a dry step of 2.5 s with
airflow. The wash cycle should be repeated 6–7 times.
5. Printed slides were incubated overnight in a humid chamber
at room temperature (see Note 7).
3.5. Blocking
and Incubation
of Microarrays

The most critical step in post-processing is the blocking step,
where the remaining active surface is modified to minimize its
ability to bind labelled sample.
1. Rinse slides with PBS for 10 min at room temperature and for
10 min with ddH2O.
2. Incubate the slides in the blocking buffer (50 mM ethanolamine in 0.1 M T Tris/HCl pH 9.0) at room temperature for
60 min (see Note 8).
3. Rinse slides with ddH2O.
4. Dilute anti CgA monoclonal antibodies (B4E11 and 5A8) and
rabbit polyclonal antibody, obtained as reported in (5), at a
concentration of 3 mg/mL in the incubation buffer (0.05 M T
Tris/HCl pH 7.6, 0.15 M NaCl, 1% w/ V BSA, 0.02% w/ V
Tween 20) (see Note 9).
5. Incubate microarrays with the antibody solution in incubation buffer at room temperature for 3 h.
6. Wash microarrays with the washing buffer (0.05 M T Tris/
HCl pH 9, 0.25 M NaCl, 0.05% Tween 20) for 10 min at
room temperature under stirring.
7. Rinse with ddH2O.
8. Dry slides by centrifugation at 780 rpm for 3 min.
9. Dissolve the secondary Cy3-labelled antibodies in the incubation
buffer (0.05 M T Tris/HCl pH 7.6, 0.15 M NaCl, 1% w/V BSA,
0.02% w/ V Tween 20) at a concentration of 0.04 mg/mL.
10. Incubate with secondary antibodies at room temperature for
1 h (see Note 10). The scheme of the whole experiment in
shown in Fig. 10.1B.
11. Wash the slides with PBS at room temperature for 10 min
under stirring.
12. Wash the slides with ddH2O at room temperature for 10 min
under stirring.
13. Repeat step 8.

3.6. Fluorescent
Scanning

After binding of the secondary antibody, a fluorescent image of the
arrays is acquired by using a confocal laser scanner ScanArray LiteTM
(Perkin Elmer Life Sciences) equipped with a 550 nm excitation laser.
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1. Scan slides at a resolution of 50 mM and adjust laser power and
photomultiplier gain to maximize the dynamic range without
getting saturation of the signals.
2. Scan slide with a resolution of 10 mM (see Fig. 10.1C).
The fluorescence intensity of the spots was quantified using the
software associated to the scanner. The quantification method chosen was the ‘‘fixed circle’’ method. The spot intensity was calculated
as the mean intensity of the pixels located within the spot mask
minus the mean intensity of the pixels in the background.
1. Calculate mean value and standard deviation of all signal
intensities corresponding to the same peptide.
2. Produce mean signal intensity vs spotted peptide graphs with
standard deviation error bars (see Fig. 10.2A–C).
A

Polyclonal Antibody

70000
Relative fluoresence intensity

3.7. Data Analysis

60000
50000
40000
30000
20000
10000
0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Probe

Fig. 10.2. (A–C) Plots of fluorescence signals of each probe (as reported in Table 10.1)
obtained after incubation with anti CgA antibodies. Each signal represents the average
fluorescence intensity of 10 replicates. Standard deviations are indicated by error bars. (A)
Fluorescence signals after incubation with rabbit anti human CgA polyclonal antibody
followed by incubation with Cy3 anti Rabbit IgG. The polyclonal antibody was able to bind
several peptides to a different extent suggesting the existence of various continuous
antigenic sites in CgA. In particular chromogranin residues 25–46, 68–91, 163–187,
275–297, 297–319 (probe 2, 4, 8, 12, 13, respectively) contained weak antigenic sites
while residues 222–244, 231–255, 315–337, 374–396 (probe 10, 11, 14, 16, respectively) demonstrated to be strong antigenic sites. (B) Fluorescence signals after incubation
with anti CgA mouse monoclonal antibody B4E11 followed by incubation with Cy3 anti
Mouse IgG. The monoclonal antibody B4E11 strongly recognized the fragment 68–91
(probe 4) with high specificity, in accordance with data obtained by ELISA. (C) Fluorescence
signals after incubation with anti CgA mouse monoclonal antibody 5A8 followed by
hybridization with Cy3 anti Mouse IgG. The monoclonal antibody 5A8 strongly recognized
the epitope localized in CgA fragment 47–68 (probe 19) with high specificity, in accordance
with data obtained by ELISA. No fluorescence was observed for the unrelated peptide
spotted as probe number 20. Reproduced with permission from Chiari M, Cretich M, Corti
A, Damin F, Pirri G, Longhi R. (2005). Peptide microarrays for the characterization of
antigenic regions of human chromogranin A. Proteomics 5, 3600–3.
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Fig. 10.2. (continued)
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Fig. 10.2. (continued)

4. Notes
1. DMA must be filtered on aluminium oxide to purify the
monomer from the stabilizer. THF used for the polymerization has to be distilled under nitrogen, degassed and
stored over dry molecular sieves.
2. It is possible to perform the pre-treatment (NaOH and
HCl) of the glass slide in glass or plastic chamber indifferently. On the contrary, be sure to use plastic slide
chamber for the incubation of the slides in the solution
of copoly (DMA-NAS-MAPS) to avoid coating the whole
chamber.
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3. First prepare a stock solution of ammonium sulphate at a 40%
saturation level. To do this, add 242 g of ammonium sulphate
to 1 L of ddH2O. Depending on the volume of the chamber
and the number of the slides to be coated, weigh the exact
amount of copolymer to obtain a solution 1% w/v, dissolve it
in the half volume of ddH2O, when the copolymer is completely dissolved, and then add the remaining volume of
ammonium sulphate at 40%.
4. Glass slides that have been coated with chemical groups
are best stored in dry condition in an exsiccator. This is
especially important when using the copoly (DMA-NASMAPS) because it reacts rapidly with the humidity in the
air. The use of copoly (DMA-NAS-MAPS)-coated slides
stored in plastic containers at room temperature for 4
weeks gave good results.
5. In our experience peptides can be spotted at variable
concentrations (0.1–0.8 mg/mL) depending on their
solubility with good results.
6. The number of the replicated spots per peptide is a guideline. Remember a rule from statistics: the more events you
have, the more accurate the results.
7. Printed slides were placed in an uncovered storage box,
laid in a sealed chamber, saturated with NaCl and incubated at room temperature overnight. To realize a humidity saturated chamber, add as much solid NaCl to water as
needed to form a 1 cm deep slurry in the bottom of a
plastic container fitted with an airtight lid. In this way, a
chamber with a relative humidity of approximately 75% is
obtained.
8. The most common strategy to prevent non-specific
adsorption in the assay is to treat the microarray slides
with BSA (2% w/v BSA in PBS for 1 h to overnight).
However, BSA can also mask the spotted peptides and
block the interaction with peptides; therefore, a treatment
with a non-protein quencher such as ethanolamine is
often preferred with peptides arrays.
9. This buffer can be prepared in advance and stored as a
stock solution except for BSA that has to be freshly
added.
10. An anti Mouse IgG was used for the slides incubated with
monoclonal antibodies and an anti Rabbit IgG for the
slides incubated with polyclonal antibody. Since the secondary antibodies are fluorescently labelled, protect the
slides from light during the incubation and the following
steps.
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Chapter 11
Antimicrobial Peptide Arrays for Detection of Inactivated
Biothreat Agents
Chris R. Taitt, Stella H. North, and Nadezhda V. Kulagina
Abstract
Arrays of immobilized antimicrobial peptides are used to detect bacterial, viral, and rickettsial pathogens,
including inactivated biothreat agents. These arrays differ from the many combinatorial peptide arrays
described in the literature in that the peptides used here have naturally evolved to interact with and disrupt
microbial membranes with high affinity but broad specificity. The interaction of these naturally occurring
peptides with membranes of pathogens has been harnessed for the purpose of detection, with immobilized
antimicrobial peptides acting as ‘‘capture’’ molecules in detection assays. Methods are presented for
immobilizing the antimicrobial peptides in planar arrays, performing direct and sandwich assays, and
detecting bound targets.
Key words: Biothreat, detection, array, antimicrobial peptide.

1. Introduction
Planar arrays have become an important tool for bioanalytical
sensing and detection. A wide range of arrays are commercially
available with immobilized recognition molecules as varied
as oligonucleotides (Affymetrix, Agilent Technologies, Combimatrix), peptides and proteins (Invitrogen, LC Sciences, New
England Peptide), oligo- and polysaccharides (QIAGEN, Glycominds), aptamers (LC Sciences), antibodies (Clontech, Thermo
Scientific, and Sigma-Aldrich, BD Biosciences, Schleicher &
Schuel, Xyomyx), and various cells/tissues (3H Biomedical AB).
In addition to commercial microarrays, researchers can create
custom arrays in their own laboratories using techniques such as
ink-jet printing, photoimmobilization, and physically isolated patterning. Our laboratory has been producing planar ‘‘macro’’ arrays
Marina Cretich, Marcella Chiari (eds.), Peptide Microarrays, Methods in Molecular Biology 570,
DOI 10.1007/978-1-60327-394-7_11, ª Humana Press, a part of Springer Science+Business Media, LLC 2009
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for over a decade, with the goal of detecting various pathogens,
toxins, and physiological markers in rapid biosensor assays (1–5).
A subset of these latter arrays comprises those using antimicrobial
peptides.
The concept of a peptide-based array is not new. A variety of
papers have described the use of peptide arrays for proteomics (6, 7),
determination of enzymatic specificity (8–10), therapeutics (7, 11,
12), and screening of ligand-binding interactions (13, 14). Arrays
using antimicrobial peptides for recognition differ from most of these
other multiplexed peptide-based arrays in the following aspects:
l
Antimicrobial peptides are not combinatorially derived or
randomly generated but, rather, are found in nature and possess well-documented binding interactions with microbial
surfaces;
l

The immobilized antimicrobial peptides have defined secondary structures, unlike randomly generated libraries of peptides,
aptamers, sugars, etc.;

l

The mechanism for detection of the target species is affinitybased, rather than enzymatically based as with arrays using
peptide substrates (e.g., arrays for determining kinase specificity (8)); and

Antimicrobial peptides used in the arrays have overlapping
specificities. Therefore, they may be used to detect a larger
number and broader variety of microbial targets than more
specific recognition species.
Antimicrobial peptides have evolved naturally as part of the
‘‘innate’’ immune system designed to protect the host from microbial invasion; most perform this function by binding to and disrupting the target cells’ membranes (15–17), although other
modes of killing action have been described (18, 19). Given their
natural affinity for microbial membranes, we and others have
demonstrated that immobilized antimicrobial peptides can be
used for detection of microbial targets and their products (20–
25). The ability to detect these targets is presumably mediated
through the native interactions between the peptides and invariant
components of cell surfaces. Our own work has emphasized development of rapid detection assays for inactivated bacterial, viral, and
rickettsial biothreats using these peptides. Here we present methods and materials for preparation and use of antimicrobial peptidebased planar arrays.
Immobilization of peptides onto planar arrays will first be
described (Fig. 11.1). This procedure consists of activating the
surface with silane, followed by treatment with a crosslinker; the
crosslinker used possesses a reactive group (N-hydroxysuccinimidyl ester, NHS) that is specific for amine moieties and is used to
attach the peptides to the surface (Fig. 11.1, left panel). Patterns
of peptides are created on the activated slides through use of a
l
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Fig. 11.1. Preparation of antimicrobial peptide arrays. Left schematic: overview of the immobilization chemistry. Cleaned
slides are treated with a thiol-terminated silane (A), leaving the slide endowed with a thiol-decorated surface. Surface
thiols are subsequently reacted with the maleimide moiety of GMBS (B), leaving the surfaces decorated with NHS
moieties. The pendant NHS moieties react with primary amines on the peptides, resulting in direct covalent immobilization
of the antimicrobial peptides on the slide surface. Although only the N-terminal amine is shown as the point of
immobilization, any primary amine on the peptide can react with the surface-attached NHS groups. Right schematic:
formation of the array patterns. (A) Patterning. Antimicrobial peptides are immobilized on the slide in a series of stripes
using patterning templates whose channels are oriented across the short axis of the slide. (B) Assay. Patterned slides are
placed in contact with assay templates whose channels are oriented orthogonal to the stripes of immobilized peptides.
When flowed across the slide, each sample is exposed to each stripe of immobilized peptide, resulting in a cross-hatch
pattern.

patterning template molded to contain multiple channels that,
when filled with solutions of peptides, result in stripes of immobilized peptides on the surface of the slide (Fig. 11.1, upper right).
Once patterned with these stripes, slides can be used for direct and
sandwich assays to detect various categories of bacteria, rickettsiae,
viruses, and even toxins. For both types of assays, an assay template
is used to flow sample solutions over the patterned arrays
(Fig. 11.1, lower right). The orthogonal arrangement of the
assay channels to the patterned stripes allows each sample to
encounter each stripe of immobilized peptide, where microbial
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components may bind. In sandwich format assays, a fluorescent
tracer solution is then used to detect bound targets. Protocols for
both types of assays are presented, as well as a subset of results
obtained using inactivated biothreat agents.

2. Materials
2.1. Preparation
of Patterning and
Assay Templates

1. Molds for poly(dimethyl) siloxane (PDMS): reverse molds for
PDMS patterning and assay templates can be milled to the
user’s specifications (26) and are illustrated schematically in
Fig. 11.2. For the six-channel patterning templates used in
our laboratory, for example, molds are typically milled with
six pillars of dimensions of 22 mm (L)  1 mm
(W)  2.5 mm (H), separated by 2 mm; these pillars are
oriented across the width of the mold. For six-channel assay
templates, molds are milled to final dimensions of 40 mm
(L)  1 mm (W)  2.5 mm (H), separated by 2 mm; these
pillars are oriented along the length of the mold. Analogous
molds can be made for patterning and assay templates containing up to 12 (patterning) or 15 (assay) channels; dimensions of the channels are given in (27) (for Section 3.1).
2. PDMS: PDMS is made from a two-component silicone system that, once mixed, forms a slurry that is cast and cured
within the molds (Nusil Silicone Technology, Carpinteria,
CA) (26).

Fig. 11.2. Schematic of the molds used to make PDMS patterning templates (left) and assay templates (right). Each mold
is milled in plastic (most commonly, Plexiglas or poly(methyl) methacrylate) as a positive relief of the channels desired.
After the components of the PDMS are mixed, the mixture is poured into the mold and allowed to cure.
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1. Coplin jar: eight-slot Coplin jar to process 16 slides
(for Section 3.2).
2. Microscope slides: standard clear (unfrosted) microscope
slides can be purchased from any scientific supply source.
For real-time, on-line kinetic analyses using the NRL Array
Biosensor, slides coated with a patterned silver ‘‘cladding’’ are
purchased from Opticoat Associates, Protected Silver
(Chelmsford, MA) (see Note 1).
3. KOH/methanol: dissolve 10 g KOH (Sigma-Aldrich, St.
Louis, MO) in 100 mL methanol. This solution is corrosive
and should be handled with care (see Note 2).

2.3. Activation of the
Glass Slide Surface (for
Section 3.3)

1. Cleaned slides (from Section 3.2).
2. Glove bag.
3. Silane–toluene mix: mix 1 mL 3-mercaptopropyl triethoxy
silane (Fluka, Sigma-Aldrich) with 49 mL anhydrous toluene
(Sigma-Aldrich) (see Note 3). Prepare this solution immediately before use in a glove bag filled with nitrogen. To prevent
polymerization of the silane, 1–2 mL aliquots should be made
when the bottle is first opened. These aliquots should be
stored in a desiccator at 4C; each aliquot is warmed to
room temperature before opening and is used once, with
any remaining silane disposed of as hazardous waste (see
Note 4).
4. Toluene: anhydrous toluene poured into three 150 mL beakers (see Note 4).
5. GMBS/ethanol: dissolve 12.5 mg N-[g-maleimidobutyryloxy]succinimide ester (GMBS) crosslinker (Pierce,
Rockland, IL) in 0.25 mL anhydrous dimethyl sulfoxide
(DMSO, Sigma-Aldrich), then add to 43 mL absolute
ethanol, mixing well. Use immediately (see Note 5).

2.4. Immobilization of
Antimicrobial Peptides
(for Section 3.4)

1. PDMS assay templates (from Section 3.1).
2. PLEXIGLAS supports for the slide and PDMS templates:
supports are manufactured from PLEXIGLAS or other
clear plastic for reproducible placement of the patterning
and assay templates on the slides. The lower piece is
milled with a single groove to hold the slide in place.
Upper pieces are milled to possess two openings to allow
insertion of syringe needles (inlets, outlets) into the
PDMS templates.
3. Activated slides (from Section 3.3).
4. Phosphate-buffered saline (PBS), pH 7.3.
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5. Antimicrobial peptides: antimicrobial peptides can be purchased from Anaspec, Sigma, American Peptides or several
other commercial sources; amino acid sequences of these
peptides are shown in Table 11.1. Dissolve the peptides in
PBS at final concentrations of 1 mg/mL (most peptides,
except as noted), 10 mg/mL (polymyxin B, polymyxin E),
50–250 mg/mL (bactenecin, lactoferricin). Hydrophobic
peptides such as alamethicin are dissolved in methanol at
1 mg/mL final concentration. When performing assays on
silver-cladded slides, 10 mM phosphate buffer pH 7.4 must
be used in place of PBS (26, 28) (see Note 6).
6. Syringes: syringe barrels (without plungers) will be used as
outlets for each channel in the patterning template; syringes
equipped with needles and plungers will be used to inject
solutions into the channels.
7. Antibodies (controls): antibodies directed against biothreat agents can be obtained from any number of
sources, including the Department of Defense Critical
Reagent Program (CRP; Edgewood, MD). For an additional positive control, we utilize rabbit anti-chicken IgY

Table 11.1
Amino acid sequences of antimicrobial peptides used in this study
Alamethicin

Ac–UPUAUAQUVUGLUPVUUEQF–OH U= methylalanine

Bactenecin

RLCRIVVIRVCR

Cecropin A

KWKLFKKIEKVGQNIRDGIIKAGPAVAVVGQATQIAK–CONH2

Cecropin B

KWKVFKKIEKMGRNIRNGIVKAGPAIAVLGEAKAL

Cecropin P1

SWLSKTAKKLENSAKKRISEGIAIAIQGGPR

CecA/Mel hybrid

KWKLFKKIGIGAVLKVLTTG–CONH2

Lactoferricin

RRWQWRMKKLG

Magainin I

GIGKFLHSAGKFGKAFVGEIMKS

Melittin

GIGAVLKVLTTGLPALISWIKRKRQQ–CONH2

Parasin

KGRGKQGGKVRAKAKTRSS

Polymyxin B

fa-BTBBBFLBBT

fa=fatty acid; B= diaminobutyrate

Polymyxin B nonapeptide

TBBBFLBBT

B= diaminobutyrate

Polymyxin E (colistin)

fa-BTBBBLLBBT

fa=fatty acid; B= diaminobutyrate

(intramolecular disulfides)
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from Jackson Immunoresearch (West Grove, PA). Control
capture antibodies are diluted in PBS to a final concentration of 10 mg/mL.
8. PBSTB: PBS supplemented with 0.05% Tween-20 and 1 mg/
mL bovine serum albumin (BSA).
9. Blocking buffer: 1 g gelatin (type B, 75 bloom; SigmaAldrich) in 100 mL PBS. Let it soak for 1 h, then heat,
with stirring, on a stirplate set to 100C. After the gelatin is
fully dissolved, cool and store at 4C; remove and warm
gently before using.
2.5. Fluorescent
Labeling
2.5.1. Labeling of Cells,
Viruses (for Section 3.5.1)

1. Borate buffer: 50 mM borate buffer, pH 8.5.
2. Target analytes: inactivated biothreat agents (Francisella
tularensis Schu4 and LVS strains, Bacillus anthracis Ames
and Sterne strains, Yersinia pestis CO-92, Venezuelan
equine encephalitis, vaccinia virus) were obtained from
CRP. B. globigii spores were obtained from Dugway
Proving Ground (Dugway, UT) and B. thuringiensis
(Kurstaki strain) spores were obtained as Dipel insecticidal
powder (Abbott Laboratories, North Chicago, IL).
Targets are diluted in borate buffer to 108 cells/mL
(bacteria, rickettsiae) or 109 plaque-forming units (pfu)/
mL (viruses).
3. Cy3 bisfunctional N-hydroxysuccinimidyl ester (GE Healthcare Life Sciences, Piscataway, NJ).
4. DMSO, anhydrous.
5. Dialysis tubing: dialysis tubing with an appropriate molecular
weight cutoff (>1000 Da) can be obtained from many
sources including Fisher, VWR, and Sigma-Aldrich.
6. PBS.

2.5.2. Labeling of
Antibodies (for Section
3.5.2)

1. Borate buffer: 50 mM borate buffer, pH 8.5.
2. Antibodies: antibodies directed against biothreat agents and
other pathogens are commercially available. CRP served as
the antibody source for our own studies. Dilute antibodies
(1 mg) in borate buffer to an approximate final concentration
of 2 mg/mL, ensuring that the final buffer concentration
remains at approx. 50 mM (this can be done by using a
10  buffer stock if necessary) (see Note 7).
3. Cy3 bisfunctional N-hydroxysuccinimidyl ester. Each vial
should be sufficient to label 3 mg antibody.
4. DMSO, anhydrous.
5. PBS.
6. Sizing

column:

chromatography

column

(dimensions
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approx. 1.5 cm diameter  11–15 cm height), filled with
approx. 20–25 mL swollen Bio-Gel P-10 gel (Bio-Rad, Hercules, CA). Pre-equilibrate with PBS.
2.6. Assays

1. PDMS assay templates (from Section 3.1).

2.6.1. Direct Assays
(for Section 3.6.1)

2. Slides patterned with stripes of immobilized antimicrobial
peptides (from Section 3.4). For kinetic studies using the
NRL Array Biosensor, silver-cladded slides must be used.
3. PBSTB.
4. Cy3-labeled cells, viruses (from Section 3.5.1): 100–108
cells/mL (bacterial, rickettsial cells) or 100–109 pfu/mL
(viruses) diluted in PBSTB. A positive control, Cy3-labeled
chicken IgY (Jackson Immunoresearch), was added to each
sample to a final concentration of 100 ng/mL.

2.6.2. Sandwich Assays
(for Section 3.6.2)

1. PDMS assay templates (from Section 3.1).
2. Microscope slides patterned with stripes of immobilized antimicrobial peptides (from Section 3.4).
3. PBSTB.
4. Targets: inactivated biothreat agents were obtained from
CRP. Dilute targets in PBSTB to concentrations ranging
from 100 to 108 cells/mL (bacteria, rickettsiae) or 100–109
pfu/mL (viruses).
5. Cy3-labeled ‘‘tracer’’ antibodies (from Section 3.5.2): dilute
Cy3-labeled tracer antibodies in PBSTB to a final concentration of 10 mg/mL. Antibodies directed against the inactivated
biothreat agents were also obtained from the Critical
Reagents Program. A positive control, Cy3-labeled chicken
IgY (Jackson Immunoresearch), was added to the tracer to a
final concentration of 100 ng/mL.

3. Methods
3.1. Preparation of
Patterning and Assay
Template

The use of different patterning and assay templates – each with
channels oriented orthogonal to the other – is essential to the
creation of patterned arrays (Fig. 11.1, right schematic). Patterning and assay templates can be prepared well ahead of time and
reused many times over. These templates are created using a
reverse mold milled in PLEXIGLAS (Fig. 11.2). Upon mixing
of a two-component PDMS kit, the slurry is poured into the mold
and left to cure for 1–3 days. The patterning (or assay) template is
then removed from the mold and is treated with a blocking solution to render the surfaces less hydrophobic and ‘‘sticky.’’
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1. In a large disposable plastic beaker, combine part A and part B
of the PDMS kit at a 10:1 ratio (26). Mix well with a disposable spatula. The mixture should appear opalescent after
mixing.
2. Degas the mixture in vacuum at room temperature until most
bubbles have been removed. This first degassing often takes
30 min or longer (see Note 8).
3. Pour the degassed PDMS mix into the PLEXIGLAS mold,
avoiding bubbles whenever possible.
4. Place the PLEXIGLAS mold with PDMS mix into the
vacuum and degas until all bubbles are at the surface of the
PDMS. This step may take as long as 60 min or as short as only
a few minutes.
5. Remove the PLEXIGLAS mold with degassed mix from the
vacuum and cure at room temperature for 1–3 days. It may
likewise be cured for 30 min at 60C.
6. After curing, remove the PDMS from the mold and trim the
edges.
7. Wash with soap and water.
8. Place the template in a large beaker and cover with a solution
of 2% BSA in PBS.
9. Incubate the template in the BSA solution for >2 h, rinse
briefly with distilled water, and dry. The PDMS template is
now ready to use (see Note 9).
3.2. Cleaning of Slides

It is imperative that the slide surfaces be kept scrupulously clean for
optimal attachment of the peptides.
1. Etch an appropriate marking on all slides using a carbide-tipped
pencil. Typically, the upper right corner is marked with a number for later identification and orientation of the arrays.
2. Rinse each slide under a stream of distilled water, rubbing
both sides to remove particulates.
3. Dry each slide under an air stream.
4. Place slides back-to-back (etched sides facing out) and insert
into an upright Coplin jar.
5. Pour KOH/methanol solution over the slides and incubate
1 h.
6. Remove KOH/methanol solution from Coplin jar and discard into an appropriate waste container.
7. Rinse each slide individually with deionized water, separating
the pairs of slides. Ensure that all KOH/methanol solution is
removed from the slides by rinsing both sides and all edges of
each slide. Cleanliness is indicated by the absence of schlieren
lines and sheeting of the rinse water on the slide surface.
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8. Dry each slide individually under a stream of air (or nitrogen)
(see Note 10). Ensure that no water remains on the edges of
the slides.
3.3. Surface
‘‘Activation’’

3.3.1. Silanization

‘‘Activation’’ of the slide surface to display specific reactive moieties
is a two-step process. The first step, silanization (Section 3.3.1),
deposits a layer of thiol-terminated silane on the slide surface. The
second step, attachment of the crosslinker (Section 3.3.2),
involves reaction of the linker’s (thiol-reactive) maleimide group
with the thiol-decorated surface, leaving a pendant N-hydroxysuccinimyl ester for later binding to the peptides (see Note 11). A
schematic of the overall attachment chemistry for immobilizing
the antimicrobial peptides is shown in Fig. 11.1.
1. Place cleaned slides (from Section 3.2) back-to-back and
insert into a clean, dry Coplin jar.
2. Place the Coplin jar inside a nitrogen-filled glove bag within a
chemical hood and insert all necessary glassware and reagents
(glass pipette, flask for mixing, glass-graduated cylinder,
silane, toluene) before closing.
3. Prepare the silane–toluene mix within the glove bag and
immediately pour over the slides (see Note 4).
4. Replace the lid on the Coplin jar and incubate for 1 h in the
glove bag.
5. Remove the Coplin jar from the glove bag and place elsewhere in the hood.
6. Using forceps to handle the slides, rinse each slide in toluene
three times by swishing the slide 3–5 times sequentially in
three 150 mL beakers filled with fresh toluene. Great care
should be taken to avoid exposure to toluene and its vapors
(see Notes 4 and 12).
7. Dry each slide under a stream of nitrogen or air. Ensure that
no solvent remains on the sides of each slide.
8. Place slides back-to-back within a clean, dry Coplin jar and
cover. Silanized slides may be kept dried under nitrogen for
up to 1 week.

3.3.2. Attachment
of Crosslinker

1. Immediately after preparation of GMBS/ethanol solution, pour
over dried, silanized slides in the Coplin jar (from Section 3.3.1).
2. Replace the lid on the Coplin jar and incubate for 30 min
(room temperature) on the benchtop.
3. Rinse each slide separately in three beakers of deionized water
as described for the toluene washes.
4. Immediately after rinsing, dry each slide under a stream of
nitrogen or air. Proceed immediately with patterning.
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After the slide surface has been activated with silane and the GMBS
crosslinker, pendant N-hydroxysuccinimidyl active groups react
with amines present on the peptides. After the PDMS patterning
template is placed atop the GMBS-treated slide, each channel in
the template can be filled with a different peptide or antibody
solution. Arrays of immobilized peptides are created as a series of
stripes oriented across the short axis (3 cm) of the GMBS-treated
slide (Fig. 11.1, upper right schematic).
1. Place the dried GMBS-treated slide (Section 3.3.2) into the
channel in the PLEXIGLAS support.
2. Place the dried, blocked PDMS patterning template (Section
3.1) atop the slide, such that the molded channels are in
contact with the slide and run across the width of the slide.
Ensure that the ends of each channel do not overlap the slide’s
edges.
3. Place the upper PLEXIGLAS support atop the PDMS template, such that the ends of each channel are accessible
through the windows. Tighten into place.
4. Fill a 1 mL syringe with patterning solution and insert the
needle into one end of the appropriate channel. At the other
end of the same channel, insert the needle of an open syringe
barrel; this syringe barrel serves as an outlet.
5. Inject the patterning solution into the channel, watching the
meniscus as the solution fills the channel.
6. Repeat injection of patterning solution(s) until all channels
have been filled.
7. Remove all syringe barrels and incubate overnight at 4C.
8. The following day, connect one end of each channel to a
multi-channel peristaltic pump using a needle attached to
the end of the pump tubing.
9. To the opposite end of each channel, insert the needle of an
open syringe barrel. This syringe barrel will serve as an inlet
and reservoir for wash solution.
10. Start the pump flowing at 1 mL/min flow rate, allowing the
solution to be sucked out of all channels.
11. After all channels have been evacuated, fill the syringe barrel
reservoirs with 1 mL PBSTB and allow the pump to pull this
solution through all channels.
12. After all channels have been rinsed and evacuated, stop the
pump, remove all needles and disassemble the patterning
assembly.
13. Place the patterned slide into blocking buffer for 1 h.
14. Rinse briefly, and dry under a stream of nitrogen or air. Slides
patterned with peptides can be stored at 4C for 2 weeks.
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3.5. Fluorescent
Labeling

Depending on the type of assay format used – direct or sandwich –
one component of the assay must be labeled with an appropriate
dye for use in a fluorobiosensor such as the NRL Array Biosensor
or a confocal scanner. For direct assays, the target itself is labeled
and binding to surface-immobilized peptides is measured directly.
For sandwich assays, an unlabeled target cell or virus is first captured onto the surface and is subsequently detected using a fluorescent ‘‘tracer’’ antibody.

3.5.1. Labeling of Cells,
Viral Particles

Cells and viral particles are labeled using an NHS–ester derivative of
Cy3; other NHS–ester dyes can be used with other detection platforms.
These derivatives label surface amines on the cells or viral targets.
1. Dissolve the packet of Cy3 NHS–ester in 25 mL DMSO.
2. Add the entire vial of dissolved dye to the diluted cells or
viruses (108 cells/mL bacteria or 109 pfu/mL virus in borate
buffer).
3. Incubate 30–60 min at room temperature with agitation.
4. Place labeled cells/viruses into dialysis tubing and dialyze
overnight at 4C with at least three changes of buffer.
5. Store the labeled cells/viruses in the dark at 4C until used.

3.5.2. Labeling of
Antibodies

Antibodies are labeled with dye in the same manner as cells and
viruses. However, unincorporated dye is more easily (and more
rapidly) removed by gel filtration on a sizing column.
1. Dissolve the packet of Cy3 NHS–ester in 25 mL DMSO.
2. Add approx. 8 mL dissolved dye to 1 mg of antibody (diluted
to 2 mg/mL in borate buffer).
3. Incubate for 35 min in the dark at room temperature.
4. During this incubation, prepare the sizing column by rinsing
with at least one column volume of PBS. Ensure that the buffer
is drained from the gel bed before the incubation is complete.
5. Pipette the entire volume of dye/antibody onto the top of the
sizing column, ensuring that the top of the gel bed is not
disturbed.
6. Allow the dye/antibody to enter the gel and wash the sides of
the column and top of the gel bed with a small (500 mL)
aliquot of PBS. Allow the PBS to drain into the gel bed.
7. Pipette PBS onto the top of the column, filling the reservoir.
Allow buffer to run into the column, filling the reservoir as
necessary.
8. As the PBS is running through the column, watch the dye
front as it proceeds down the column. The dye should separate out into two distinct bands. The first colored band consists of labeled protein (desired product), whereas the second
colored band consists of unincorporated dye.
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9. Collect the first colored band as a single fraction. The second
colored band can be collected as waste and discarded.
10. Determine the antibody concentration and extent of labeling
by UV/Vis spectroscopy. Typically, absorbances are taken at
280 and 553 nm and concentrations of antibody and incorporated dye determined using equations provided by the
manufacturer.
11. Store the labeled antibodies in the dark at 4C until use.
3.6. Assays

Two assay formats are most commonly used for detection of cells,
viruses, and relatively large molecules (at least several kDa in
molecular weight): direct and sandwich. ‘‘Direct’’ assays are most
commonly used to demonstrate initial proof-of-concept that a
binding interaction occurs. However, since most targets are not
naturally fluorescent, a ‘‘sandwich’’ format is generally used by
researchers who do not wish to process their samples before analysis. Each assay type utilizes a PDMS assay template that has been
molded to possess channels oriented to run along the length of the
slide (perpendicular to the stripes of immobilized peptide)
(Fig. 11.1, lower right schematic; Fig. 11.3).

3.6.1. Direct Assays

This assay format utilizes naturally fluorescent or fluorescently
labeled targets and directly measures binding of the target to the
immobilized peptide (or other capture species). This format can
also be used to determine kinetic parameters of the binding

Fig. 11.3. Schematic of the slide setup for assays. The patterned slide is placed underneath the assay template, such that
the channels run perpendicular to the stripes of immobilized peptides. Syringe barrel reservoirs are placed at the end of
the channels, whereas samples or tracers are injected from the opposite ends using syringes with plungers. For all steps
requiring flow, the syringe/plungers are replaced with tubing to a peristaltic pump that is used to pull solutions from the
reservoirs over the slide. An analogous setup is used for patterning, although the channels are oriented across the short
axis of the slide.
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interaction (25, 29), but the researcher must be cautioned that any
modification of the target analyte may affect binding characteristics (25, 29).
1. Place the patterned slide (Section 3.4) into the channel in the
PLEXIGLAS assay support.
2. Place the PDMS assay template (Section 3.1) atop the slide,
such that the molded channels are in contact with the slide
and run along the length of the slide. Ensure that the ends of
each channel do not overlap the slide’s edges.
3. Place the upper PLEXIGLAS support atop the PDMS template, such that the ends of each channel are accessible
through the windows. Tighten into place.
4. At one end of each channel, insert the needle of an open
syringe barrel; this syringe barrel serves as a reservoir.
5. Hook the opposite end of each channel to a multi-head
peristaltic pump (Fig. 11.3).
6. Add 1 mL PBSTB to each of the syringe barrel reservoirs and
start the pump flowing at 0.8 mL/min flow rate. Rinse the
buffer through each channel and allow the pump to evacuate
all channels.
7. Disconnect the slide from the pump, keeping the syringe
barrel reservoirs in place.
8. Inject sample solution into the appropriate channel, watching
the meniscus as the solution fills the channel. Typically, the buffer
blank is injected first to ensure that there are no leaks.
9. Repeat sample injections until all channels have been filled.
10. Incubate 1 h at room temperature.
11. After 1 h, connect the opposite end of each channel to a
multi-channel peristaltic pump using a needle attached to
the end of the pump tubing.
12. Start the pump flowing at 0.3 mL/min flow rate, allowing the
sample solution to be sucked out of all channels (see Note 13).
13. After all channels have been evacuated, fill the syringe barrel
reservoirs with 1 mL PBSTB and allow the pump to pull this
solution through all channels.
14. After all channels have been rinsed and evacuated, stop the
pump, remove all needles, and disassemble the assay assembly.
15. Rinse the slide briefly with deionized water to remove salts,
and dry under a stream of nitrogen or air.
16. Keep slide dark until imaging.
3.6.2. Sandwich Assays

Sandwich assays are performed essentially in two steps, separated
typically by one or more washes. The target analyte is first bound
to the immobilized peptide. After the non-bound sample
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components are washed away, the fluorescent ‘‘tracer’’ antibody is
then incubated with the capture surface to measure the amount of
bound target.
1. Place the patterned slide (Section 3.4) into the channel in the
PLEXIGLAS assay support.
2. Place the PDMS assay template (Section 3.1) atop the slide,
such that the molded channels are in contact with the slide
and run across the length of the slide. Ensure that the ends of
each channel do not overlap the slide’s edges.
3. Place the upper Plexiglas support atop the PDMS template,
such that the ends of each channel are accessible through the
windows. Tighten into place.
4. At one end of each channel, insert the needle of an open syringe
barrel; this syringe barrel serves as a reservoir (Fig. 11.3).
5. Inject sample solution into the appropriate channel, watching the meniscus as the solution fills the channel. Typically,
the buffer blank is injected first to ensure that there are no
leaks.
6. Repeat sample injections until all channels have been filled.
7. Incubate 1 h at room temperature.
8. After 1 h, connect the opposite end of each channel to a
multi-channel peristaltic pump using a needle attached to
the end of the pump tubing.
9. Start the pump flowing at 1 mL/min flow rate, allowing
the sample solution to be sucked out of all channels
(see Note 13).
10. After all channels have been evacuated, fill the syringe barrel
reservoirs with 1 mL PBSTB and allow the pump to pull this
solution through all channels.
11. After all channels have been rinsed and evacuated, stop the
pump and disconnect the slide assembly from the pump. Keep
the syringe barrel reservoirs in place.
12. Inject fluorescent tracer antibody into all lanes. Incubate
30 min in the dark at room temperature.
13. Connect one end of each channel to the pump again and start
the pump flowing at 0.3 mL/min flow rate (see Note 14).
14. After the tracer antibody has been flowed through and each
channel is filled with air, add 1 mL PBSTB to each syringe
barrel reservoir.
15 Increase the flow rate to 1 mL/min and rinse each channel
with 1 mL PBSTB as above.
16. Stop the pump, remove all needles, and disassemble the assay
assembly.
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17. Rinse the slide briefly with deionized water to remove salts,
and dry under a stream of nitrogen or air.
18. Keep slide dark until imaging.
3.7. Data Collection
and Analysis

Data can be collected using a standard confocal microarray scanner
or alternatively a rapid analysis system such as the NRL Array
Biosensor (1–5) if real-time binding analyses are desired. Each
system is equipped with its own imaging and data extraction software. The researcher is directed to the appropriate resources for
this information and is cautioned that each system may have
limitations on the specific fluorophores detected.

3.8. Examples of
Bacteria, Viruses
Detected

Immobilized antimicrobial peptides can be used for rapid
(<120 min) detection of Gram-positive and Gram-negative bacteria, rickettsiae, viruses, and surprisingly, toxins. The data shown
below demonstrate the potential for these arrays to detect various
targets considered as select agents. In each case shown, an inactivated target was used to demonstrate proof-of-concept; final confirmation with live, active agents will be required before these tests
can be transitioned to the field.

3.8.1. Detection of GramNegative Threat Agents

Radiation-inactivated cell preparations of Y. pestis CO-92 and F.
tularensis were obtained from CRP and were confirmed non-viable
prior to shipment. These samples were diluted in PBSTB to final
concentrations ranging from 100 to 108 cells/mL and assayed using
a sandwich format using Cy3-labeled rabbit anti-Y. pestis and goat
anti-F. tularensis tracer antibodies, respectively (see Note 15). Assayed
slides were imaged using a Packard ScanArray Lite confocal microarray scanner (Packard Biochip Technologies, Billerica, MA) and
fluorescence data were extracted from the images using the associated
microarray analysis program (QuantArray). Figures 11.4 and 11.5
show representative images from assays for Y. pestis and F. tularensis,
respectively, (left panels) and dose–response curves from data
extracted from these images (right panels).

3.8.2. Detection of GramPositive Threat Agents

Radiation-inactivated cell preparations of B. anthracis Ames and
Sterne strains were obtained from CRP and were confirmed nonviable prior to shipment. Samples were diluted in PBSTB to final
concentrations ranging from 100 to 108 cells/mL and assayed using
a sandwich format using Cy3-labeled rabbit anti-B. anthracis antibodies. Assayed slides were imaged using a Packard ScanArray Lite
and data extracted as indicated above (Fig. 11.6). Sterne strain cells
were readily detectable using antibody as an immobilized capture
molecule, but these cells did not bind to any of the peptides tested.
Ames strain cells, on the other hand, bound readily to immobilized
peptides cecropin P1 and parasin. Dose–response curves could be
determined for B. anthracis Ames binding to immobilized peptides
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Fig. 11.4. Detection of inactivated Y. pestis CO-92 using sandwich assays. Left: representative image from array of
immobilized antimicrobial peptides. Right: dose–response curve generated from data extracted from images. Solutions
patterned included controls – anti-chicken IgY (Chicken), buffer (PBS), and anti-Y. pestis (anti-Yp); and antimicrobial
peptides – polymyxin B (PB), polymyxin E (PE), melittin (Mel), cecropin A (CecA), parasin, and cecropin-melittin hybrid
peptide (Cec-Mel).

Fig. 11.5. Detection of inactivated F. tularensis using sandwich assays. Left: representative image from array of
immobilized antimicrobial peptides. Right: dose–response curve generated from data extracted from images. Solutions
patterned included controls – anti-chicken IgY (Chicken), buffer (PBS), anti-B. anthracis (anti-Ba), and anti-F. tularensis
(anti-Ft); and antimicrobial peptides – polymyxin B (PB), polymyxin E (PE), cecropin P1 (CecP), melittin (Mel), parasin,
magainin-I (Mag 1), polymyxin B nonapeptide (nPB), and bactenecin (Bac).
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Fig. 11.6. Detection of inactivated B. anthracis using sandwich assays. Left: representative image from array of
immobilized antimicrobial peptides. Right: dose–response curves generated for B. anthracis Ames strain from data
extracted from images. Solutions patterned included controls – anti-chicken IgY (Chicken), buffer (PBS), anti-F. tularensis
(anti-Ft), and anti-B. anthracis (anti-Ba); and antimicrobial peptides – polymyxin B (PB), polymyxin E (PE), cecropin P1
(CecP), magainin-I (Mag 1), parasin, melittin (Mel), cecropin B (CecB), and bactenecin (Bac). The cecropin A dose–
response curve shown on the right is derived from other slides patterned with this peptide (not shown).

(Fig. 11.6, right panel), but no curve could be generated with the
antibody control, since no signal was detected on these spots with
Ames strain cells. Shown on this graph are summary dose–response
curves (n = 3 slides) for binding to cecropin A and parasin. Although
not shown on the image to the left, binding of B. anthracis Ames to
cecropin A was the strongest response, similar in magnitude to
cecropin P1. B. globigii and B. thuringiensis were also tested on
similar arrays using Cy3-labeled rabbit anti-B. globigii (obtained
from the Naval Medical Research Command, Bethesda, MD) and
goat anti-B. anthracis (a kind gift from Dr. John Ezzell, USAMRIID, Frederick, MD), respectively. Somewhat different patterns
of binding were observed for these species when compared to
B. anthracis (Fig. 11.7). B. globigii bound to immobilized cecropin
B and melittin and only marginally to cecropins A and P, whereas
signals for B. thuringiensis bound to cecropin A were higher than
those for the other peptides.
3.8.3. Detection of
Enveloped Viruses

Radiation-inactivated preparations of Venezuelan equine
encephalitis (VEE) and vaccinia virus were obtained from
CRP and were certified inactive prior to shipment. The
inability of the supplied antibodies to bind strongly to these
viral preparations precluded development of sandwich format

Peptides to Detect Inactivated Biothreats

251

Fig. 11.7. Analysis of other Bacillus species using sandwich assays. Representative
images from assays for B. globigii (left panel) and B. thuringiensis (right panel). Solutions
patterned included controls – anti-chicken IgY (Chicken), buffer (PBS), anti-B. anthracis
(anti-Ba), anti-B. globigii (anti-Bg), anti-F. tularensis (anti-Ft); and antimicrobial peptides –
polymyxin B (PB), polymyxin E (PE), melittin (Mel), cecropins A, B and P1 (CecA, CecB,
CecP), cecropin-melittin hybrid peptide (Cec-Mel), parasin, magainin-I (Mag 1), and
Bactenecin (bac). The lack of strong signal in the image for B. thuringiensis may be due
to the low affinity of the tracer antibody for this strain; the positive control (anti-Ba) also
gave low fluorescence.

assays, and it was necessary to label the viral particles with
Cy3 and perform direct assays (24). Figure 11.8 shows
representative images from direct assays for these two viruses;
dose–response curves showed that the patterns of binding
were virtually identical (24).

4. Notes
1. The silver ‘‘cladding’’ is necessary to confine excitation
light within the slide/waveguide when using the NRL
Array Biosensor. The pattern and dimensions of the cladding are given in (26). If using the NRL Array Biosensor,
the fluorescent component (cells, viruses, antibodies) must
be labeled with Cy5, rather than Cy3; all procedures
described herein are appropriate for use with Cy5 derivatives also.
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Fig. 11.8. Detection of enveloped viruses in a direct assay (labeled viruses). Representative image from direct assay for Venezuelan equine encephalitis (VEE) and vaccinia
viruses; the viral particles were labeled with Cy3 to allow detection. Solutions patterned
included controls – anti-chicken IgY (Chicken), buffer (PBS), anti-VEE, and anti-vaccinia
(anti-Vacc); and antimicrobial peptides – polymyxin B (PB), polymyxin E (PE), melittin
(Mel), cecropins A, B and P1 (CecA, CecB, CecP), parasin, bactenecin (Bact100), and
magainin-I (Mag 1).

2. 10% KOH in isopropanol was originally described as one of
the easiest and most effective methods for cleaning glass slides
(30). Replacement of isopropanol with methanol expedites
dissolution of the KOH without significantly affecting the
cleanliness of the slides.
3. 3-Mercaptopropyl triethoxy and 3-mercaptopropyl trimethoxy
silanes can be used interchangeably. However, as the methoxy
derivative poses a more significant health hazard (it is an eye
hazard), we typically prefer to use the ethoxy derivative.
4. Toluene is a reproductive hazard and hepatotoxin. All
manipulations of solutions containing toluene should be
performed in a chemical hood by personnel equipped
with an appropriate respirator and other personal protective equipment.
5. GMBS is moisture-sensitive and hydrolyzes rapidly when
exposed to water. After opening, tightly cap the vial when
not in use, seal it with parafilm, and store in a desiccator at
4C. Warm both the desiccator and capped vial to room
temperature before opening the vial to avoid condensation.
6. Low-salt buffers must be used with silver-cladded slides to
prevent delamination of the silver coating (28).
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7. Antibodies can also be labeled at lower concentrations, as well
as at neutral pH. However, the degree of labeling (dyes/
antibody) is often lower under these non-optimal conditions.
8. Place a Kimwipe or paper towel under the beaker prior to
applying vacuum and ensure that the beaker used is large
enough to support a large increase in volume while degassing.
During the first few minutes of degassing, it is prudent to
observe the mix, decreasing the vacuum applied if the PDMS
mix appears as though it will overflow the container.
9. PDMS patterning and assay templates can be reused many
times. After each use, they should be scrubbed with soap
and water, then incubated for 30 min in bleach. After
bleach treatment, the templates are then rinsed exhaustively under running water and treated for >60 min with
2% BSA in PBS to render the surfaces more hydrophilic
and decrease non-specific binding of different assay components. After blocking with BSA, the templates are then
rinsed briefly with water and dried; they are then ready to
reuse.
10. When processing large numbers of slides, rinsed slides
should be placed into a fresh Coplin jar filled with deionized water until after the entire batch of cleaned slides
are rinsed. The slides can then be individually removed
and dried immediately, preventing any spotting due to
non-uniform drying.
11. Although our own studies have shown that GMBS is optimal
for most peptides, crosslinkers other than GMBS may be used,
provided that maleimide and NHS–ester terminal moieties are
present. The researcher should be cautioned that, even though
their reactive moieties are identical, use of crosslinkers such as
SMPB, SMCC, and sulfo-LC-SMPT (Pierce) may result in
greatly altered binding affinities of the immobilized capture
molecule (peptides, sugars, other small molecules) (31).
12. The rinsing step can be performed within the nitrogen-filled
glove bag. Manipulating large numbers of slides within the
glove bag is very cumbersome however, and we have found
that moving this step elsewhere in the chemical hood is more
convenient. Care must be exercised to ensure that adequate
airflow is maintained within the hood to prevent airborne
exposure to the toluene. See especially Note 3.
13. When using any potential biohazard, the waste should be
inactivated/disinfected before disposal. For solutions flowing
through the peristaltic pump, the flowthrough is pumped
directly into a beaker containing bleach.
14. This rate of flow was used for all samples except Bacillus spp.
For Bacillus samples, a rate of 0.1 mL/min was used.
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15. We have found that use of Cy3-labeled tracer antibodies often
results in lower background signals and non-specific sticking
than Cy5-labeled equivalents (23). For this reason, preparation and use of Cy3 conjugates are described in this manuscript, although all protocols are appropriate for Cy5 also.
The final choice of fluorophore, however, rests on the
requirements of the imaging system.
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Chapter 12
Mapping Functional Prion–Prion Protein Interaction Sites
Using Prion Protein Based Peptide-Arrays
Alan Rigter, Jan Priem, Drophatie Timmers-Parohi, Jan PM Langeveld,
and Alex Bossers
Abstract
Protein–protein interactions are at the basis of most if not all biological processes in living cells. Therefore,
adapting existing techniques or developing new techniques to study interactions between proteins are of
importance in elucidating which amino acid sequences contribute to these interactions. Such new insights
may in turn lead to improved understanding of the processes underlying disease and possibly provide the
basis for new therapeutic approaches. Here we describe the novel use of an ovine prion protein-based
peptide-array normally used for determining prion-specific antibody epitopes, with the prospect that this
would yield information on interaction sites between its PrP moiety and the ovine prion protein derived
linear peptides. This adapted application of the peptide-array shows, by incubating the mature part of ovine
(ARQ) PrPC fused to maltose binding protein (MBP), binding with between the PrP moiety and the ovine
prion derived peptides occurs and indicates that several specific self-interactions between individual PrP
molecules can occur; hereby illustrating that this adapted application of a peptide-array is a viable method
to further specify which distinct amino acid sequences are involved in protein–protein interaction.
Key words: Protein–protein interaction, binding site, mapping, amino acid sequence, prion, peptidearray.

1. Introduction
Central in many biological processes is the interaction between
proteins. This encompasses interaction with other as well as ‘‘self’’
proteins, resulting in a multitude of effects. One example is signal
transduction, in which extracellular signals are conferred to the
inside of a cell by protein–protein interactions of the signalling
molecules. Another is the long-term interaction between proteins
as part of a protein complex, in which one protein helps another
from one to another cellular compartment (i.e. importins). Also
Marina Cretich, Marcella Chiari (eds.), Peptide Microarrays, Methods in Molecular Biology 570,
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brief interactions between proteins occur, resulting in modification of the target protein (i.e. post-translational modification),
which in itself can change protein–protein interactions. Thus,
protein–protein interactions are of importance for most if not all
biological processes in living cells. Therefore, studying these interactions and elucidating the contributing amino acid sequences
involved in these interactions may lead to improved understanding
of the processes underlying disease and may provide the basis for
new therapeutic approaches.
The common event in transmissible spongiform encephalopathies
(TSEs) or prion diseases is the conversion of host-encoded protease
sensitive cellular prion protein (PrPC) into strain-dependent isoforms of scrapie-associated protease resistant isoform (PrPSc) of
prion protein (PrP). Formation of PrPSc is a post-translational
process and involves refolding (conversion) of the host-encoded
prion protein (PrPC) into partially protease resistant forms
(PrPSc) (1).
These processes are determined by similarities as well as
strain-dependent variations in the PrP structure (2–11). Selective
self-interaction between PrP molecules is the most probable basis
for initiation of these processes, potentially influenced by chaperone molecules; however, the mechanisms behind these processes
are far from understood. Here we describe the utilization of a
peptide-array consisting of 15-mer overlapping peptides systematically covering the whole mature part of the cellular prion protein
(Fig. 12.1) in order to elucidate the interaction domains involved
in self-interaction of PrPC (12). To this end, an ovine PrP peptidearray consisting of 15-mer overlapping peptides was probed with
recombinant sheep PrPC fused to maltose binding protein
(MBP–PrP).

1

256

PrP-ORF
455 well minicard

15-mer
peptides

Fig. 12.1. Basic setup of the prion peptide-array. The mature PrP-ORF (excluding N- and C-terminal signal sequences) is
divided into 15-mer overlapping peptides, resulting in a grid where in each well the amino acid sequence has shifted by
one amino acid.
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2. Materials
2.1. MBP–PrP
Construction
and Verification

1. DifcoTM LB Broth (Miller)
2. DifcoTM LB Agar (Miller)
3. 100 mg/ml Ampicillin stock (Sigma, –20C)
4. Amplitaq1 Gold DNA polymerase (Applied Biosystems)
5. GeneAmp1 PCR buffers (Applied Biosystems)
6. GeneAmp1 dNTP blend (Applied Biosystems)
7. Agarose (Merck)
8. TA cloning vector (Invitrogen, –20C)
9. One Shot1 TOP10 Chemically Competent E. coli (Invitrogen,
–20C)
10. Wizard1 Plus Minipreps DNA Purification System (Promega)
11. Enzymes DraI and EcoRI (New England Biolabs, –20C)
12. pMAL-c2X expression vector (New England Biolabs, –20C)
13. Monoclonal PrP-specific antibody (9A2; in house, –20C, see
Note 1)
14. Monoclonal MBP-specific antibody (New England Biolabs, –
20C, see Note 1)
15. Factor Xa (New England Biolabs)
16. 10% SDS stock (Merck)
17. NuPAGE gel-electrophoreses system (Invitrogen):
a. XCell SureLock1 Mini-Cell
b. 12% NuPAGE1 Novex Bis-Tris Gel (4C)
c. 20X NuPAGE1 MOPS SDS Running Buffer (4C)
d. NuPAGE1 Antioxidant (4C)
e. MagicMarkTM XP Western Protein Standard (4C)
f. XCell IITM Blot Module CE Mark
g. NuPAGE1 Transfer Buffer (20X) (4C)
h. Ureum sample buffer (4M ureum + 10% b-mercaptoethanol, –20C)
18. HybondTM-C Extra (Amersham, optimized for protein transfer)
19. 0.05% PBS–Tween tablets (Calbiochem, RT)
20. SYPRO1 Orange protein gel stain (Invitrogen, 5000X concentrate in DMSO, 4C)
21. STORM 840/Typhoon (GE Healthcare, Life Sciences)
22. ECFTM substrate for Western blotting (GE Healthcare, –
20C, see Note 2)
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2.2. MBP–PrP
Expression and
Analysis

1. DifcoTM LB Broth (Miller, freshly made and autoclaved prior
to use)
2. 100 mg/ml Ampicillin stock (Sigma, –20C)
3. 2 g/l Glucose (Merck)
4. 0.1 M IPTG stock (Sigma, –20C)
5. E. coli containing pMAL–MBP–PrP (glycerol-stock, –80C)
6. Protease inhibitors (1000X stock) (–20C, see Note 3):
a. 25 mg/ml Pefabloc-Sc (AEBSF) in dH2O (500 mg,
Roche)
b. 700 mg/ml Pepstatine (1 mM) in MeOH (10 mg,
Roche)
c. 500 mg/ml Aprotinine (0.15 mM) in dH2O (10 mg,
Roche)
d. 500 mg/ml Leupeptine (1 mM) in dH2O (25 mg, Roche)
e. 0.5 M EDTA, pH 8.0 (Merck, RT)
7. Demineralized water (MiliQ)
8. Methanol, analysis grade (Merck)
9. Column-buffer (RT): 20 mM Tris-HCl pH 7.4, 200 mM
NaCl, 1 mM EDTA pH 8.0, 10 mM b-mercaptoethanol
(added fresh prior to use).
10. Cuphorn sonicator (Branson)
11. 10% Triton X-100 stock (BDH, RT)
12. Amylose slurry (New England Biolabs, supplied pre-swollen
in 20% ethanol, 4C)
13. 5 ml Disposable columns (Qiagen)
14. 1 M Maltose stock (Merck, 4C)
15. 0.5 ml siliconized screw-cap tubes (BioPlastics)
16. NuPAGE gel-electrophoreses system (Invitrogen)
17. HybondTM-C Extra (Amersham, optimized for protein
transfer)
18. 0.05% PBS–Tween tablets (Calbiochem, RT)
19. SYPRO1 Orange protein gel stain (Invitrogen, 5000X concentrate in DMSO, 4C)
20. 10% non-immune goat serum (Zymed laboratories inc.)
21. Monoclonal MBP-specific antibody (New England Biolabs, –
20C, see Note 1)
22. STORM 840/Typhoon Trio (GE Healthcare, Life Sciences)
23. ECFTM substrate for Western blotting (GE Healthcare, –
20C, see Note 2)
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Materials needed for synthesis and coupling of 15-mer peptides to form the ovine prion protein peptide-array are to a
certain extent described in (13–16); however, the exact methodological details are the intellectual property of Pepscan Systems BV, who perform these experiments on a contractual
basis. Measurement of colouration of the substrate and subsequent translation to the optical density requires a specialized
digital camera and analysis software setup as described by
Slootstra et al. (15). The whole procedure, except for subsequent analysis of the final density values, was performed by
Pepscan Systems BV.
1. SQ-buffer (4C): 5% (v/v) horse serum, 5% (v/v) hen
albumin, 1% (v/v) Tween 80 in PBS
2. Monoclonal MBP-specific antibody (New England Biolabs, –
20C, see Note 1)
3. Rabbit anti-mouse-IgG antibody coupled horse radish peroxidase antibody (Dako, 4C)
4. 0.05% PBS–Tween (Calbiochem, RT)
5. ABTS peroxidase substrate (Sigma-Aldrich)
6. Hydrogen peroxide (Merck, H2O2)
7. CCD camera and image processing system:
a. Sony CCD Video Camera XC-77RR
b. Nikon micronikkor 55 mm f/2.8 lens
c. Camera adaptor (Sony Camera adaptor DC-77RR)
d. Image processing softwarepackage TIM, v. 3.36 (Difa
Measuring Systems, Breda, The Netherlands).

3. Methods
3.1. MBP–PrP
Construction and
Verification

Polymerase chain reaction (PCR) was performed conforming to
standard conditions. Cloning of the PCR-product into the
TA-cloning vector and sub-cloning into pMAL-c2X were
performed conforming to the protocols supplied by the
manufacturers.
1. In order to obtain the PrP gene suitable for cloning into the
pMAL protein fusion and purification system, the mature part
of the ovine PrP (ARQ) open reading frame (ORF) was PCR
amplified using platinum Taq polymerase and PrP specific
primers ShBo-F-DraI (50 -GGTGGTTTTAAAAAGCGACCAAAACCTGG-30 ) and Sh-R-STOP (50 -GGTGGTCTA
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TGCCCCCCTTTGGTAATAAGCC-30 ) using standard
50 ml PCR reaction containing: 100 ng DNA template, 5 ml
PCR buffer (10X), 0.5 ml dNTPs (50 mM), 1.0 ml of each
primer (10 mM), sterile water to a total volume of 49 ml and 1
unit of Taq polymerase.
2. In order to check the integrity and purity of PCR product,
5.0 ml of the PCR reaction was run on a 1% agarose gel. The
PCR produced a single band of appropriate size; therefore,
the PCR product was directly cloned into the TA-vector (see
Note 4).
3. The resulting PrP (AA25-233), without its N- and Cterminal signal sequences, was cloned into a general TAcloning vector using the TA Cloning1 Kit, by adding
1.0 ml of fresh PCR-product to 50 ng of the TA-vector,
1.0 ml of 10X ligation buffer, 1.0 ml of T4 DNA Ligase
(4 Weiss units) and make up to a total volume of 10.0 ml
with sterile water.
4. After ligation of the PCR-product in the TA-vector, the
complete ligation reaction was transformated in the commercial TOP10 chemically competent E. coli and the
transformated cells spread on LB-agar plates containing
100 mg/ml ampicillin.
5. Single colonies were picked and grown overnight at 37C
while shaking in 2 ml LB-broth containing 100 mg/ml
ampicillin.
6. Plasmid DNA was isolated using the Wizard1 Plus Minipreps
DNA Purification System for further use.
7. Before sub-cloning the mature PrP ORF in the pMAL-c2X
expression plasmid, the PrP ORF was sequenced to exclude
PCR artefacts.
8. The PrP fragment was subsequently sub-cloned using DraI
and EcoRI into the pMAL-c2X expression vector, resulting in
the maltose binding protein (MBP) fusion to the N-terminus
of PrP (MBP–PrP).
In order to assess whether the complete mature part of PrPC
was expressed correctly and whether the fusion protein had accessible folding, MBP–PrP was expressed and analysed as described in
Section 3.2. MBP–PrP was digested with factor Xa as described in
the manual of the pMAL protein fusion and purifications system.
Expression of maltose binding protein N-terminally fused to PrP
(MBP–PrP) revealed a mainly soluble recombinant MBP–PrP of
approximately 70 kDa (Fig. 12.2, lanes 1 and 2) and the naked
PrP protein could be obtained by digestion with protease Factor Xa, indicating accessible folding (Fig. 12.2, lanes 3–6).
After 24 h approximately 45% of MBP–PrP was digested by
factor Xa; however, when aided by addition of 0.01% SDS

Mapping Functional Prion–Prion Protein Interaction Sites
1

kDa

2

3

4

5

6

263

7

220 120 100 80 -

- MBP-PrP

60 50 -

40 -

- MBP-β-gal α frag.
- MBP
- intact factor Xa

30 -

- heavy chain
of factor Xa

- PrP

A
20 -

1

2

3

4

5

6

1

C

B

2

3 4

5

6

7
- MBP-PrP
- MBP-β-gal α frag.
- MBP

- PrP

Fig. 12.2. Analysis of MBP–PrP and MBP expression and MBP–PrP digestion by Factor Xa. Lane 1 contains untreated
MBP–PrP, whereas lane 2 contains a mock digestion of MBP–PrP. MBP–PrP was digested with 1% w/w factor Xa and
during digestion samples were taken at 2, 4, 7 and 24 h (lanes 3,4, 5 and 6, respectively). All samples were run on SDSPAGE and the gel was stained with Sypro Orange (total protein stain, panel A) before Western blotting and subsequent
immunodetection using either a PrP-specific monoclonal antibody (9A2, panel B) or MBP-specific monoclonal antibody
(a-MBP, panel C). Expression of MBP, expressed from the pMAL-c2X vector with no insert (MBP-b-gal a fragment), was
analysed by Western blot using either 9A2 or a-MBP (lane 7, panels A and C, respectively). Reproduction of Fig. 1,
published in BMC Biochemistry by Rigter et al. (12).

factor Xa completely digested MBP–PrP within 24 h (data not
shown). Furthermore, MBP–PrP is readily detected in Western
blot using both a PrP-specific antibody (9A2, Fig. 12.2B) and
a MBP-specific antibody (Fig. 12.2C). Several monoclonal and
polyclonal antibodies with recognition sites dispersed throughout the PrP protein detected MBP–PrP in Western blot, indicating complete expression of the mature part of sheep PrPC
(data not shown). MBP expressed without additional fusion
protein (PrP), which frequently served as negative control in
this study, was also of homogeneous quality (Fig. 12.2, lane 7)
and of expected size (MBP-b-gal a fragment, 50.8 kDa) which
is somewhat larger (as expected) than MBP cleaved from the
fusion protein after factor Xa digestion (42.5 kDa).
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3.2. MBP–PrP
Expression and
Analysis

Expression and purification by affinity chromatography was
performed as described in the manual of the pMAL protein fusion
and purifications system (method I) with the following
adaptations:
1. The litre of rich broth (LB-broth containing 2 g/l glucose
and 50 mg/ml ampicillin) was inoculated with 50 ml overnight culture.
2. To improve binding of MBP–PrP by preventing formation of
interchain disulphide bonds upon lysis (as suggested in the
protocol), 10 mM b-mercaptoethanol was added to the column buffer.
3. Before sonication of the cell suspension, an inhibitor cocktail
(pefabloc sc, pepstatine, aprotinine, leupeptine and EDTA)
was added and the cell suspension was sonicated eight times
for 15 s, resting the cell-extract on ice for 45 s between
sonication rounds.
4. To ensure optimal lyses of the cells 1% (v/v) Triton X-100 was
added to the sonicated cell suspension and incubated for
20 min at 4C, while gently rocking.
5. After lyses the dilution of the crude extract with column
buffer was not necessary.
6. A column was prepared using 2 ml of 20% amylase slurry and
the MBP–PrP fusion protein was eluted after binding with
column buffer containing 10 mM maltose in 10 fractions of
250 ml.
Quantity and quality of the eluted MBP–PrP was determined
by SDS-PAGE as follows.
1. From each collected fraction a 10 ml sample was taken and run
on a 12% NuPAGE1 Novex Bis-Tris Gel together with a
bovine serum albumin (BSA) concentration curve samples
(2.0, 1.0, 0.5 and 0.25 mg, see Note 5).
2. After separation by electrophoresis, the gel was taken out of
its casing, trimmed and washed in 1X NuPAGE1 transfer
buffer for 10 min to remove excess unbound SDS from the
gel (see Note 6).
3. The gel was then transferred to fresh 1X NuPAGE1 transfer
buffer containing 1:5000 diluted Sypro1 Orange and incubated for 1 h (see Note 7).
4. The gel was then rinsed in 1X NuPAGE1 transfer buffer and
scanned using the STORM 840 using standard settings (see
Note 8).
5. After scanning, the gel was blotted for 1 h at constant voltage
of 30 V onto nitrocellulose (HybondTM-C Extra) using the
XCell IITM Blot Module CE Mark and NuPAGE1 transfer
buffer (see Note 9).
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6. The resulting blot was transferred to a 50 ml falcon tube
containing 40 ml blocking buffer (5% milk protein in PBS)
and incubated for 1 h at room temperature while gently
shaking. Alternatively the blot can be incubated overnight
at 4C.
7. After blocking the blot was rinsed once in 40 ml of 0.05%
PBS–Tween.
8. The blot was then incubated in 5 ml PBS–Tween containing
1% non-immune goat serum (NGS) and either 1:1500
diluted MBP-specific antibody or 1:1000 diluted PrP-specific
antibody 9A2 as primary antibody, for 1 h at room temperature while gently shaking.
9. After incubating with the primary antibody, the blot was
rinsed once in 40 ml of PBS–Tween (0.05%).
10. After rinsing the blot was washed two times in 25 ml 0.05%
PBS–Tween for 10 min while gently shaking.
11. The blot was then incubated in 5 ml 0.05% PBS–Tween
containing 1% NGS and 1:2000 diluted goat-anti-mouseIgG coupled with alkaline phosphatase as the secondary
antibody, for 1 h at room temperature while gently
shaking.
12. After incubating with the secondary antibody, the blot was
rinsed once in 40 ml of 0.05% PBS–Tween.
13. After rinsing the blot was washed two times in 25 ml 0.05%
PBS–Tween for 10 min while gently shaking.
14. The 0.05% PBS–Tween of the final wash is discarded and
50 ml of fresh 0.05% PBS–Tween was added for transport
and storage at 4C (see Note 10).
15. The surface area of the blot was determined and 24 ml/cm2
ECF was pipetted directly onto the glass plate of the STORM
840.
16. The blot was taken out of the 0.05% PBS–Tween in which it
was stored, and gently dried before placing the blot onto the
ECF, making sure the ECF spreads underneath the whole
blot (see Note 11).
17. The blot was immediately scanned using the STORM 840
scanning software and standard settings (see Note 12) for
ECF and the scan was repeated after 5, 10, 15 and if
necessary 20 min (see Note 13) of the start of the initial
scan.
18. Using the ImageQuant software supplied by the
manufacturer, the band density was determined for further
analysis.
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3.3. Peptide-Array
Analysis

Synthesis of complete sets of overlapping 15-mer peptides
(Fig. 12.1) were carried out on grafted plastic surfaces, covering
the ovine PrP amino acid sequence of mature PrPC (residues 25–
234 of ovine and 25–242 of bovine PrP) (17). The plastic surface
consisted of 455, 3 ml wells on a credit-card size plastic (minicard)
carrier. In each well the peptides were coupled to the grafted
plastic surface in two ways: either by direct step-by-step coupling
of amino acids or by coupling complete 15-mer peptides at their
C-terminus (13–16) and subsequent ELISA analyses were performed. The established procedures for peptide-array analysis are
used to determine antibody recognition domains (Fig. 12.3A);
however, when using the prion protein peptide-array to determine
interaction domains of PrP, direct detection with a-PrP antibodies
can possibly recognize peptides that did not bind PrP and thus
frustrate the results. However, by incubating MBP–PrP as the
antigen that binds to the peptide, detection of the fusion protein
is possible using a-MBP antibody, followed by rabbit a-mouseHRP (Fig. 12.3B), preventing frustration of the results due to
cross-reaction between the primary antibody and the ovine prion
protein derived peptides. The procedure described below is not
extensive; however, points 2–4 entail the necessary adaptation of
the standard peptide-array analysis protocol, which allows for
elucidation of the amino acid sequences involved in protein–protein interaction.
1. Support-coupled peptides were pre-coated with SQ-buffer
for 1 h at 37C to block non-specific absorption of antibodies.

A

peptide

α−PrP

RαM-PO

B
PrP(26 kDa)

peptide

MBP (44kDa)

PrP-MBP

M-α-MBP RαM-PO

Fig. 12.3. ELISA-based detection principle of peptide-array analysis. (A) Standard
detection setup for a peptide-array in order to determine antibody epitope; (B) Alternative
setup used to determine peptide–protein interaction in this study.
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2. MBP–PrP was diluted in SQ-buffer (standard buffer used by
Pepscan B.V.) to a concentration resulting in a sufficient
relative density value, allowing differentiation between peaks
(Fig. 12.4, column graph), without affecting the background
and preventing the relative density value reaching its plateau.
In the case of MBP–PrP a concentration of 7.5–10 mg/ml was
optimal (see Note 14).
3. MBP–PrP was incubated overnight at 4C as an antigen on
the peptide-array minicard.
4. The peptide-array minicard was washed three times in
0.05% PBS–Tween and all buffer was removed from the
wells.
5. The peptide-array minicard was incubated with the primary
MBP-specific antibody diluted 1:2000 in SQ-buffer for 1 h at
25C.
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Fig. 12.4. Overview of PrPC secondary structures and antibody epitopes versus peptide-array binding pattern and Kyte–
Doolittle hydrophilicity plot. Schematic representation of PrPC showing signal sequences, b-sheets (S1, S2), a-helices
(H1, H2, H3), disulphide bridge site (S–S) and glycosylation sites (CHO). The sequence of PrP is lined up with both the
Kyte–Doolittle hydrophilicity plot (line graph; negative is hydrophobic and positive is hydrophilic) and the relative binding
pattern found (column graph) with the ovine prion peptide-array. Adaptation of Fig. 5, published in BMC Biochemistry by
Rigter et al. (12).
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6. The peptide-array minicard was washed three times in
0.05% PBS–Tween and the buffer was removed from all
the wells.
7. The peptide-array minicard was incubated with the
secondary rabbit anti-mouse-IgG antibody coupled horse
radish peroxidase antibody diluted 1:1000 in SQ-buffer for
1 h at 25C.
8. The peptide-array minicard was washed three times in
PBS–Tween (0.05%) and the buffer was removed from all
the wells.
9. After washing the peroxidase substrate ABTS and 2 ml/ml
3% H2O2 was added and incubated for 1 h at room
temperature.
10. The optical density of the signals in the separate wells we
measured using a CCD camera and an image processing
system as described by Slootstra et al.(15).
11. The measured density values were further analysed as follows:
The background was determined by calculating the mean
value of 20 peptides with low density values of which at least 5
peptides were in consecutive order. The relative density value
(r.d.v.) was calculated by dividing the optical density value
(o.d.v.) by the background and binding was considered relevant when at least three consecutive peptides showed binding
values of at least three times the background.
Interaction between the individual PrP sequences (peptides) and
MBP–PrP was sufficient for immunodetection, resulting in a
reproducible binding pattern (Fig. 12.4, column graph). This
binding pattern, expressed in relative density values was characterized by two distinct high binding areas (peptides 35–102 and 134–
102, respectively) as well as some lower binding areas. Analysis of
the correlating peptide sequences revealed that these areas usually
were characterized by consensus sequences which suggested the
existence of distinct interaction domains for the mature part of
PrPC (for detailed analysis see (12)). To further assess the extent of
the specificity of the binding pattern found, MBP–PrP was also
tested against a bovine PrP peptide-array. This yielded a similar
binding pattern comparable to the results with ovine PrP peptidearray but with some slight differences, which can be correlated to
differences in amino acid differences between the ovine and bovine
prion protein (12) (data not shown).
To find a correlation with structural properties, the relative
binding pattern of MBP PrP on the peptide-array was compared to the Kyte–Doolittle hydrophilicity plot of mature PrPC
(Fig. 12.4, line graph) revealing a high correlation between
hydrophilic (exposed) regions of PrPC and the observed
binding pattern regions.
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4. Notes

1. Storage of the antibody stocks is done best at –20C. Stocks
are best divided in aliquots before storage. When an aliquot is
taken into use it is best to store this aliquot at 4C to prevent
antibody degradation by repeated thawing and freezing until
finished.
2. ECF is best stored as aliquots of 1 ml (about two blots) to
minimize decline of the substrate as a result of repeated
thawing and freezing.
3. For ease of use it is best to aliquot the protease inhibitors
(except EDTA) and store at –20C, for prolonged storage. The aliquot in use can be stored at 4C until
finished.
4. When the PCR does not produce a single band it is pertinent
to run the whole PCR reaction on an agarose gel and excise
the band that correlates to the specific PCR product wanted.
Extract the DNA from the gel size using a commercially
available kit. However, the amount of PCR product recovered
is usually low and if possible it is advised to optimize the PCR
reaction in order to get a single band. Then the procedure
described can be followed, with greater chance of success.
5. After staining with Sypro Orange and visualization using the
STORM 840, the ImageQuant software supplied by the
manufacturer can be used to determine the (relative) density
of the BSA bands, these densities (‘‘volumes’’) can be extrapolated against the concentration of BSA loaded in the lane,
resulting in a (linear) concentration curve. From this curve
the concentration of the protein present in the fractions can
be estimated using the determined band volumes for these
fractions.
6. Wash at least for 10 min, but no more than 30 min. Sypro
Orange binds to protein-bound SDS. Washing helps
eliminate background colouring; however, prolonged
washing diminishes the protein staining.
7. Sypro Orange is light sensitive; therefore, incubating in a
closed light-impermeable container is advised for optimal
results.
8. Sypro Orange has an excitation max of 300 and 470 nm, and
an emission max of 570 nm; use Blue fluorescence mode
(automatically coupled to emission filter) on STORM 840.
9. Correct stacking of the gel, nitrocellulose and blot-pads is
described in the information provided by the manufacturer.

270

Rigter et al.

10. The blot can be stored at 4C in PBS–Tween for several weeks
without loss of signal. However, storage may cause the signal
to come up later compared to direct measuring using ECF
and the STORM 840.
11. When placing the blot onto the ECF, make sure no bubbles
are trapped underneath the blot. It is easier to add extra ECF
when necessary afterwards, when to much ECF is present this
will flow out from underneath the blot and will create smearing during scanning.
12. ECF has an excitation max of 440 nm and an emission max of
560 nm; use the Blue fluorescence mode (automatically
coupled to emission filter) on STORM 840.
13. Scanning at different time-intervals allows for choosing the
scan in which good signal is present, but in which the highest
signal has not yet reached its plateau. This ensures that the
subsequent density measurements of the bands can be compared in further analysis.
14. During the experiments we discovered that soluble MBP–PrP
protein interacts with the peptides on the peptide-array.
Aggregation of MBP–PrP resulted in disappearing of signal;
therefore, slight differences in optimal MBP–PrP concentration are likely due to differences in solubility between different batches of MBP–PrP used.
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Chapter 13
A Designed Peptide Chip: Protein Fingerprinting Technology
with a Dry Peptide Array and Statistical Data Mining
Kenji Usui, Kin-ya Tomizaki, and Hisakazu Mihara
Abstract
There has recently been increased interest in the potential for microarray technologies to study protein
networks in a whole cell system within a single experiment. Protein-detecting microarrays are composed of
numerous agents immobilized within a tiny area on solid surfaces to capture targeted proteins and to detect
interactions in a high-throughput fashion. In this chapter, in order to extend the usability of peptide
microarrays, we describe a novel dry peptide microarray format to obtain protein fingerprint (PFP) data
sets and a statistical PFP data manipulation technique to quantitatively analyze targeted proteins.
Key words: Protein-detecting chip, designed peptide, dry peptide array, fluorimetric assay, statistical
data mining.

1. Introduction
In the past decade, protein-detecting microarray technology has
been widely studied as a promising tool for understanding interactions among biomolecules (1–5). The microarray is composed of
numerous agents immobilized onto solid supports such as glasses
and membranes (sometimes embedded in gels). Capturing agents
that selectively bind to targeted proteins, such as proteins, peptides, antibodies, small molecules, or carbohydrates, are immobilized onto solid surfaces. This technology allows us to obtain
important information on molecular interactions for a whole cell
lysate within a single experiment.
The use of peptides as capturing agents for the preparation of
protein-detecting microarrays has the following advantages:
(i) peptides can be designed to form secondary structures such as
a-helices, b-strands, b-sheets, or b-turns by arranging amino acid
Marina Cretich, Marcella Chiari (eds.), Peptide Microarrays, Methods in Molecular Biology 570,
DOI 10.1007/978-1-60327-394-7_13, ª Humana Press, a part of Springer Science+Business Media, LLC 2009
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sequences by request; (ii) peptides can be prepared in large quantities by well-established chemical synthetic procedures; (iii) peptides are stable against oxidative degradation and dryness
compared with proteinic capture agents; and (iv) peptides can be
site-selectively modified with functional groups such as unnatural
amino acid residues and fluorophores.
In general, peptide microarrays have been employed as substrates to detect enzymatic activities and to screen for inhibitors of
targeted enzymes because peptides usually bind to proteins more
weakly than antibodies, not enough to ‘‘fish’’ targeted proteins.
However, we have been focusing on the use of synthetic peptides as capturing agents for obtaining information about the
interactions between a targeted protein and fluorophore-labeled
synthetic peptides by a protein fingerprint (PFP) technique
(6–12). The PFP is the pattern of changes in fluorescence intensity
of the fluorophore-labeled synthetic peptides upon interacting
with a targeted protein and allows us to discriminate target proteins from contaminants in sample solutions by comparing their
PFP patterns. This technique does not require capturing agents
such as antibodies that strongly and selectively bind to the targeted
proteins.
In this chapter, in order to extend the usability of the peptide
microarray, we describe the preparation of PFPs to discriminate
targeted proteins with libraries of fluorophore-labeled synthetic
peptides arrayed on a novel dry peptide array format which does
not require covalent immobilization of peptides onto the supports, but is instead spotted onto the surfaces and dried in preparation. We also describe a technique for manipulating PFP data
to statistically analyze protein–peptide interactions.

2. Materials
2.1. Construction of a
Designed Peptide
Library

1. Fmoc peptide synthesis (13) reagents: TentaGel S RAM resin is
used as a Rink amide resin for peptide synthesis. The coupling
cocktail contains Fmoc amino acids (Fmoc-AA-OH), 2-(1Hbenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU), 1-hydroxybenzotriazole (HOBt), and
diisopropylethylamine (DIEA) in N-methyl pyrrolidone
(NMP) (see Note 1). Fmoc removal solution is 25% piperidine
in NMP (v/v).
2. Peptide synthesizer: Advanced ChemTech Model 348 MPS.
3. Mtt (4-methyltrityl) protecting group removal solution:
dichloromethane/triisopropylsilane/trifluoroacetic
acid
(TFA) (94/5/1, v/v).
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4. Fluorophore coupling reagents: 5-(and-6)-carboxytetramethylrhodamine (TAMRA), O-(7-azabenzotriazol-1-yl)1,1,3,3-tetramethyluronium hexafluorophosphate (HATU),
and DIEA in NMP (see Note 2).
5. Cleavage solution: TFA/H2O (20/1, v/v) (see Note 3).
6. HPLC: HPLC is performed on the Hitachi L7000 or the
Shimadzu LC2010C system using a Wakosil 5C18 or a
YMC-Pack ODS-A (4.6  150 mm) for analysis, and a
YMC ODS A323 (10  250 mm) for preparative purification
with a linear gradient of acetonitrile/0.1% TFA at a flow rate
of 1.0 ml/min for analysis and 3.0 ml/min for preparative
separation, respectively.
7. Amino acid analysis is carried out using a Wakopak WS-PTC
column (4.0  200 mm; Wako Pure Chemical Industries)
after hydrolysis in 6 M HCl at 110C for 24 h in a sealed tube
followed by phenyl isothiocyanate labeling.
8. MALDI-TOFMS is measured on a Shimadzu KOMPACT
MALDI III with 3,5-dimethoxy-4-hydroxycinnamic acid as
the matrix.
9. Peptide absorbance is measured on a Benchmark Multiplate
Reader (Bio-Rad Laboratories) with a 490 nm filter using
microtiter plates (Assay Plate, IWAKI) in 50 mM KH2PO4
containing 5.0 M guanidine hydrochloride (pH 9.0).
2.2. Dry Peptide Array
System and Assay

1. Peptide solution: 2.0 mM peptide in H2O (see Note 4).
2. Flat glass plate for the array: SuperAmine Microarray substrates (TeleChem International).
3. Microarrayer: SpotBot Personal Microarrayer (TeleChem
International) (Fig. 13.1A).

Fig. 13.1. (A) Illustration of printing mechanism using a Micro Spotting Pin of SpotBot
(CMP10, TeleChem International) for sample spotting. (B) Scheme of the dry peptide
array system. Reproduced from (6) with permission from the Royal Society of Chemistry.

276

Usui, Tomizaki, and Mihara

4. Protein solution: various concentrations of proteins of interest with 100 mM CaCl2 in H2O (see Note 5).
5. Reference solution: 100 mM CaCl2 in H2O (see Note 5).
6. Fluorescence intensities of the fluorescent-labeled peptides in
nano-spotted plates are measured by a CRBIO IIe (Hitachi
Software Engineering) at room temperature; 532 and
573 nm filters are used for excitation and emission,
respectively.
2.3. Generation of PFP
from Raw Data and
Data Analyses from
PFPs

1. Data sets obtained from the microarray assay.
2. PC applications: a spreadsheet application, a text editor, a graphic
viewer, and data analysis and graphing software (see Note 6).

3. Methods
To obtain information on protein function and structure, as
well as binding properties, the designed peptide microarray is
constructed. First, we should choose an appropriate peptide
library that can detect proteins of interest properly. The synthetic strategy is then optimized to acquire highly pure library
peptides. After synthesizing the peptide library, these library
peptides should be arrayed in nanoliter amounts by the dry
peptide array method (6). The dry peptide array system is a
novel system which contains an array preparation and assay
procedures with dried samples including non-immobilized
capturing agents (designed peptides) (Fig. 13.1). The system
has the following advantages: (1) peptides are tolerant of dry
conditions; (2) the array is easily portable; (3) the preparation
and assay procedures are much easier than those of immobilization methods; (4) target proteins need not be labeled, since
peptide capture agents are fluorescently labeled; (5) plate
washing processes are not required; and (6) vaporization of
the sample solution need not be taken into account for nanoliter solution measurements. In Sections 3.1 and 3.2, protocols for the above are described in detail.
Upon adding various proteins to these peptide arrays, the
library peptides with fluorescent probes for protein detection
will show different responses against different proteins in
fluorescent increments depending on the peptide sequences.
The patterns of these responses can be regarded as ‘‘protein
fingerprints’’ (PFPs), which establish the identity of target
proteins (7–10). In addition, the PFPs correlate with the
recognition properties of the target proteins to peptides.
Furthermore, the data generated from PFPs have been
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analyzed using several statistical methods such as the hierarchical clustering analysis (HCA) and the principal component
analysis (PCA) (11). These PFP data analysis methods enable
high-throughput peptide array-based analyses of protein functions and structural properties as well as binding properties.
These protocols are described in detail in Sections 3.3
and 3.4.
3.1. Construction of a
Designed Peptide
Library

1. The peptide library is designed. We have recently constructed designed peptide libraries with loop (7), a-helical
(8, 12), or b-sheet (9) structures and also constructed
these designed peptide libraries with functional groups
such as an alkyl chain (9) or sucrose (10). A suitable
secondary structure and/or functional group can be
selected for effective detection and analysis of proteins of
interest. For example, the loop library (7) is composed of
peptides having random sequences in turn structures, so it
can effectively detect proteins that preferably bind to turn
structures. The a-helical libraries (8, 12) consist of peptides
with systematically changed sequences. Consequently, proteins such as EF-hand motif families can be powerfully
monitored. Also, if a functional group is added to the
peptides, the library may distinguish proteins that interact
with that functional group.
2. The fluorescent detection method is selected. This choice
may influence the synthetic strategy. For example, we have
already shown that a dual-labeled a-helical peptide library
gave efficient FRET responses in detection (8). However,
the synthetic strategy was more complicated than that of
single-labeled peptides.
3. The designed library is synthesized. The synthetic strategies are
different depending on which library you choose. We describe
a mini-library consisting of 20 designed a-helical peptides with
various charges and/or hydrophobicities (Fig. 13.2A,B) to
detect a variety of proteins including calmodulin (CaM) as
reported in the literature (10) as an example (see Note 7).
4. The designed peptide library sequences (Ac-Lys(Mtt)-[various sequences]-Gly-resins) are synthesized on Rink amide
resin by a combination of automatic and manual syntheses
with Fmoc chemistry. Initially, Fmoc-Gly-resin is manually
synthesized with Fmoc-Gly-OH (1/3 eq.) using HBTU (1/
3 eq.), HOBt (1/3 eq.), and DIEA (2/3 eq.) to reduce the
loading amount of resin (0.25 mmol/g). Then, Ac-Lys(Mtt)[various sequences]-Gly-resins are synthesized using the
synthesizer with Fmoc-AA-OH (10 eq.), HBTU (10 eq.),
HOBt (10 eq.), and DIEA (12 eq.).
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Fig. 13.2. (A) Strategy for the construction of the a-helical peptide mini-library, showing
the sequence of No. 1 L8K6 peptide and construction of the a-helical peptide mini-library
(upper side), diagrams of the a-helix structure with a wheel representation of L8K6
(lower-left side), and the structure of TAMRA (lower-right side) (see Note 7). (B) Numbers
and names of peptides in the a-helical peptide mini-library (see Note 7). (C) The ‘‘protein
fingerprints’’ (PFPs) of calmodulin (CaM), apoCaM (CaM with 150 pmol EDTA), S-100
proteins (S-100), and insulin (75 ng, 4.5 pmol). In this figure, the obtained PFPs were
converted into gray scale PFPs. Reproduced from (6) with permission from the Royal
Society of Chemistry.

5. The fluorophore is attached to the peptides. The Mtt
group is removed by treatment with the Mtt removal
solution (2 min  8 times). Then, the TAMRA moiety
is introduced by using TAMRA (1.5 eq.) with HATU
(1.5 eq.) and DIEA (3 eq.).
6. The peptides with fluorescent probes are cleaved from the
resin and the side chain protections are removed with the
cleavage solution for 2 h. The peptides are precipitated by
the addition of diethylether and collected by
centrifugation.
7. The crude peptides are purified by RP-HPLC (see Note 8)
and characterized by MALDI-TOFMS and amino acid analysis. The purified samples are lyophilized.
8. The purified peptides are dissolved in methanol at ca. 1 mM
and stored at 4C. In order to estimate the concentration of
the stock solution of the library peptides, fluorophore absorbance of the library peptides can be measured.
3.2. Dry Peptide Array
System and Assay

1. The following protocol is illustrated (see Fig. 13.1).
2. The peptide solution (3.9 nl) is spotted onto flat glass plates
using the microarrayer.
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3. The spotted solution is allowed to dry for a few minutes.
4. The protein solution (3.9 nl) and the reference solution
(3.9 nl) are arrayed on the spots of the peptides.
5. The spotted solution is again allowed to dry for a few
minutes.
6. The fluorescence intensities of the spots containing peptide
alone (I0) and the spots containing peptide and protein (I) are
measured. The peptide response to the proteins is expressed
using the intensity ratio, I/I0.
3.3. Generation of PFP
from Raw Data

1. The raw data is converted to PFP images. If you have an
appropriate data analysis application and graphing software, you may skip the following protocol. In this section, we describe the manual data conversion (14) and the
concept.
2. A color scale type is chosen. There are different kinds of
color scale candidates such as black–red–yellow (warm
colors), black–green–blue (cold colors), and gray scale.
We used warm colors for increasing the data set intensity
ratio (I/I0 > 1) and/or cold colors for decreasing it
(I/I0 < 1).
3. The lower limits and upper limits of the color scale are
defined. The color image is changed significantly depending
on these values. Generally, the upper limit should be around
the maximum value within the data set, and conversely, the
lower limit should be around the minimum value. But there
will be a certain amount of trial and error before an impressive
PFP is obtained.
4. PFP dimensions and the library peptide distribution are determined. These also influence the characterization. For example, in the a-helical peptide library (8), 2D PFP, whose
column heading and row heading represent, respectively,
hydrophobicity and charge, was mostly applied because this
library consists of designed a-helical peptides with systematically changed charges and/or hydrophobicities. Consequently, we may analyze the protein binding properties
from the 2D PFPs.
5. Here is a description of the warm colors scale conversion
using the dry array data (6) (Fig. 13.2C). The RGB color
code numbers of the grid are saved as a comma-separatedvalue (.csv) file. Each grid position is first assigned three
whole numbers corresponding to RGB color codes from (0,
0, 0) (full black, minimum value) to (255, 0, 0) (red) to (255,
255, 0) (yellow, maximum value), which correspond to the
range from the lower limit to upper limit divided into 511
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levels. Thus, a grid with X columns and Y lines is coded with
3X columns and Y lines of whole numbers between 0
and 255.
6. This file is then opened in a text editor and the following three
(or four) lines are inserted at the top of the file:
P3
# (optional line with identifier)
XY
255
. . .where X is the number of columns in the image table and Y
is the number of lines in the image table.
7. The file is saved from the text editor in the portable-pixelmap
format by simply adding ‘‘.ppm’’ to the filename.
8. This file is then opened by graphic viewer software, resized,
and saved in other formats such as the bitmap file
format (.bmp).
3.4. Data Analyses
from PFPs

1. Data analyses are conducted. In this section, we use the
standard protocol described in the literature (11) as an
example.
2. If the library size is big (>50 library peptides), you can select
peptides for the analyses in order to make the analyses simpler
and more effective. For example, as reported in the literature
(11), we removed some peptides that show low responses to
all proteins to filter out the background noise. Then the
representative peptides (15 peptides), which had higher standard deviations, were selected (see Note 9).
3. The PFP is normalized before the Euclidean distance analyses
are conducted. The normalization formula is as follows:
(Pori–Pave)/d = Pnorm
(Pori, a value of a cell in a PFP; Pave, the average of all values of a
PFP; d, the standard deviation of all values of a PFP; Pnorm, a
normalized value of a cell in a PFP).
4. Euclidean distance is calculated (Fig. 13.3A,B). This is a
common measure when considering the distance between
two vectors. Similarity between the normalized PFP patterns
is measured by Euclidean distance in multidimensional space
defined by each PFP. These can be represented by color
coding (yellow for the highest similarity and black for the
lowest) as described in the previous section.
5. The HCA among the normalized PFPs is conducted
(Fig. 13.3C,D). Ward’s clustering algorithm is used and
the dendrogram is obtained with the analyses of Euclidean distances using a statistical processing application.
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Fig. 13.3. (A and B) Euclidean distance matrices among various PFPs with selected
peptides. (A) PFP differences among various proteins (CaM, S-100, myosin, protein
kinase A (PKA), b-lactoglobulin (b-LG), a-amylase, and insulin). (B) PFP differences
among EF-hand proteins and CaM at various concentrations. Numbers with CaM denote
the concentrations, 500, 50, and 5 mg/ml (these are solution assay results). ‘‘CaM+Ins’’
denotes a mixture of CaM (50 mg/ml) and insulin (50 mg/ml). In this figure, the obtained
matrices were converted into gray scale. (C and D) The clustering dendrograms of
various PFPs. (C) Various proteins. (D) EF-hand proteins and CaM at various concentrations generated by analysis of Euclidean distances with selected peptides. The horizontal
axis indicates the distances among PFPs (left for PFPs with the highest similarity and
right for PFPs with the lowest similarity). All analyses showed (1) proteins within an EFhand family are clustered successfully; (2) the PFP pattern analysis can be conducted
regardless of the concentration of a protein sample; (3) concentration of a protein sample
can be evaluated from the fluorescence intensities; and (4) structural change could be
monitored by PFPs, as with the apoCaM PFP being completely distinguishable from CaM
PFPs (with Ca2+) (Euclidean distance > 30). Reproduced from (11) with permission from
the Royal Society of Chemistry.

The horizontal axis represents the distance among normalized PFPs (left for PFPs with the highest similarity
and right for PFPs with the lowest similarity).
6. Data manipulation using PCA is conducted (Fig. 13.4).
PCA is a dimension reduction technique, i.e., PCA reduces
the number of variables (features) to a more manageable
size. In the previous study, the Varimax rotation algorithm
was used.
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Fig. 13.4. (A) Projection of proteins according to principal components PC1 and PC2.
Three groups are identified visually (dashed lines). In this analysis, EF-hand proteins
were also grouped successfully and apoCaM PFP was distinguished from EF-hand family
proteins. These results were highly correlated with the results of the HCA (Fig. 13.3C). (B)
Coefficients per selected peptides of the first principal components (PC1 and PC2), which
account for 33% (PC1) and 20% (PC2) of observed variability. Numbers represent peptide
numbers. Positive coefficients represent positive effects on the PC axis of the score
plots. Conversely, negative numbers represent negative effects on the PC axis, and ‘‘0’’
represents non-effects. The analysis showed that the pattern of PC1 coefficients
reflected positive charges of peptides and that the pattern of PC2 coefficients reflected
numbers of Ala, i.e., hydrophobicity (lower hydrophobicity with higher numbers of Ala).
Reproduced from (11) with permission from the Royal Society of Chemistry.

4. Notes
1. These are standard peptide synthetic reagents. If necessary,
HBTU–HOBt can be replaced with stronger reagents such as
HATU depending on the library peptide sequences.
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2. These are examples of fluorophore coupling reagents. The
fluorophore and its coupling method are changeable depending on the strategy for the peptide microarray system.
3. Other scavengers such as triisopropylsilane should be added if
this does not work well for the library peptides.
4. This is just an example of peptide concentration. The concentration should be determined depending on what is
needed to detect fluorescence. The concentration can be
made much lower after the optimization of the detection.
5. A solution that does not contain any salts is preferable because
salt may be precipitated under dry conditions which may
influence the assay. In this case, because the proteins of interest include CaM, which needs Ca2+ to bind to peptides, CaCl2
is added to the protein and reference solutions.
6. All of these are not absolutely necessary to obtain the PFPs.
Having a standard spreadsheet application, a standard text editor, and a standard graphic viewer is enough to make the PFPs.
To acquire many PFPs and to do all of the following analyses,
data analysis software and graphing software are needed.
7. The strategy for the construction of the a-helical peptide minilibrary is shown in Fig. 13.2A,B. On the basis of the L8K6
sequence, which is a cationic amphiphilic a-helical peptide with
the sequence LKKLLKLLKKLLKL (15) and is known to bind
to CaM in the presence of Ca2+ (16, 17), the eight Leu residues
were replaced systematically with Ala, and the six Lys residues
were replaced systematically with Glu. This mini-library was a
subset of the a-helical peptide library described previously (8).
8. This step can be skipped if the library size is too big and the
synthetic protocol is optimized enough to obtain highly pure
peptides. In this case, we recommend that instead of HPLC
purification, the crude peptides should be quickly purified by
gel permeation chromatography using Sephadex LH-20
(Amersham Biosciences KK) swelled with methanol in order
to remove the byproducts and reagents from the cleavage step.
9. How to select the peptides (11) is briefly described as follows.
The similarities among the responses of each peptide upon
addition of the proteins were analyzed quantitatively by the
HCA with Euclidean distances. As a result, the library could
be sorted into eight groups (Groups A–H). The averages and
standard deviations of the PFP values of each peptide against
the seven proteins were also obtained. Three peptides, which
were ranked in the first–third for highest values in standard
deviations within a group, were chosen from each group
(Groups A–E) and no peptides were chosen from Groups F–
H, which have lower averages and standard deviations of the
PFP values for each peptide.
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Section III
Technological Advancements

Chapter 14
Peptide Microarrays on Bisphenol A Polycarbonate
Vianney Souplet, Clément Roux, and Oleg Melnyk
Abstract
Microarrays are frequently prepared on microscope glass slides. However, glass substrates can break or cut
and thus can lead to the contamination of the manipulator during the analysis of biological samples.
Alternately, bisphenol A polycarbonate (PC) is shock-resistant and, in addition, is easily eliminated by
incineration. We show here that PC is a useful substrate for peptide microarray preparation. We describe in
particular the preparation of peptide microarrays on PC using semicarbazide-functionalized silica nanoparticles and in situ semicarbazone ligation with glyoxylyl-peptides. The microarrays were used for the
detection of antibodies using fluorescence detection.
Key words: Peptide microarrays, bisphenol A polycarbonate, silica, nanoparticles, semicarbazide,
alpha-oxo aldehyde, glyoxylyl, semicarbazone.

1. Introduction
Peptide microarrays are often used for the specific detection of
proteins such as antibodies (1–8). The parallel detection of antibodies in biological samples has a wide range of potential applications in the diagnosis of allergies, autoimmune and infectious
diseases as well as in epitope-mapping studies and the development
of vaccines (9–12). They are also used for the serodetection of
infections (13–16). Microarrays are frequently prepared on microscope glass slides or silica-based materials. However, glass substrates can break or cut and thus can lead to the contamination
of the manipulator during the analysis of biological samples. The
widespread use of microarrays for diagnostic applications needs the
development of safer substrates.

Marina Cretich, Marcella Chiari (eds.), Peptide Microarrays, Methods in Molecular Biology 570,
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We show here that PC can be used instead of microscope glass
slide for peptide microarray preparation. Bisphenol A polycarbonate (PC) is shock-resistant, cheap and can be easily eliminated by
incineration. We describe in particular the preparation of peptide
microarrays on PC using semicarbazide-functionalized silica nanoparticles and in situ semicarbazone ligation with glyoxylyl-peptides. The microarrays were used for the detection of antibodies
using fluorescence detection (17–19).

2. Materials
2.1. Preparation of
Silica Nanoparticles

1. 9-Fluorenylmethoxycarbonyl–NHNH2 (Fmoc–NHNH2, see
Note 1)
2. Absolute ethanol (EtOH, ACROS Organics, Geel, Belgium)
3. 3-(Triethoxysilyl)propyl isocyanate (Sigma-Aldrich)
4. Freshly distilled
Organics)

dichloromethane

(CH2Cl2,

ACROS

5. Pentane (ACROS Organics)
6. Ludox AS-40 silica nanoparticles (40% w/v aqueous suspension, Sigma-Aldrich)
7. Benzyltrimethylammonium hydroxide solution at 40% v/v in
MeOH (Triton B, Sigma-Aldrich)
8. N,N0 -dimethylformamide (DMF, JT Baker, Phillisburg,
USA)
9. Piperidine (ACROS Organics)
10. Dowex 1  4 ion-exchange resin (100–200 Mesh, Cl,
Fluka)
11. Dowex 50 W  4 ion-exchange resin (100–200 Mesh, Hþ,
Fluka)
12. Ammonia 6% v/v in water (Sigma-Aldrich)
13. Methanol (MeOH, ACROS Organics)
2.2. Preparation
of PC Slides

1. Polycarbonate sheets 300  300  1 mm (Goodfellow,
Huntingdon, UK)
2. Absolute ethanol (ACROS Organics)

2.3. Printing

1. Semicarbazide silica nanoparticles (2% w/v in DMF), 20 mL
for each CHOCO–peptide
2. CHOCO–peptides (see Note 3)
3. 5 mM Sodium acetate buffer (pH 5.5)
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4. V-bottomed 96-well microtitre plates (ABgene, Surrey, UK,
AB-1058)
5. BCA1 Microarrayer (Perkin Elmer, MA, USA)
2.4. Incubations
and Scanning

1. 0.01 M Sodium phosphate buffer pH 7.2 containing 150 mM
NaCl (PBS)
2. Tween120 (Sigma-Aldrich)
3. Bovine serum albumin (BSA)
4. Primary antibodies: anti-HA murine antibody (HA.11 from
ascites, Eurogentec, Belgium), anti-FLAG1 M2 murine antibody (F 1804, affinity purified, Sigma-Aldrich, MI, USA),
mouse IgG (ref 015-000-003, Jackson Immunoresearch, PA,
USA)
5. Tetramethylrhodamine-labelled goat anti-murine antibody
(Sigma-Aldrich)
6. Absolute ethanol (EtOH, ACROS Organics)
7. Microplate microarray hardware 96 wells (4  24) (ref.
MMH4  24) equipped with a silicone gasket (ref.
GMMH4  24, TeleChem International, Inc. CA, USA).
The microarray hardware can accept four slides
8. Standard incubator/agitator for 96-well microtitre plates
(ref. PST-60HL-4, Biosan, MI, USA)
9. Standard 96-well microtitre plate washing station (wellwash
AC, Thermo Electron, Finland)
10. Fluorescence microarray scanner (532 nm, Innopsys scanner,
France) and Mapix1 image analysis software (Innopsys, France)

3. Methods
Polycarbonate (PC) is a useful substrate for the preparation of
microfluidic devices (20, 21). Recently, its utility for bioanalysis
has attracted much attention owing to the possibility of using
compact discs as platforms for the high-throughput analysis of
biomolecular interactions (20, 22–24). PC is known to be
degraded by aqueous bases, swelled or solubilized by various
organic solvents. It cannot be exposed to temperatures exceeding
115C. The method described here does not damage the PC surface despite the use of organic solvents such as DMF.
The method used for making peptide microarrays on PC is
described in Fig. 14.1. Semicarbazide-functionalized silica nanoparticles (Ø 27 nm) are prepared as a suspension in DMF (see Note 2).
This suspension is mixed with an equal volume of the CHOCO–
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CHOCO-peptides
Semicarbazide silica nanoparticle

Peptide nanoparticle conjugate

FLAG

HA
+

+
HA
FLAG

Printing and ligation
Polycarbonate

HA

1) Primary antibody
(anti-HA antibody)

FLAG

fluorescence
scanner

2) Secondary
antibodies

Fig. 14.1. Preparation of peptide microarrays on PC by in situ site-specific reaction of
semicarbazide-functionalized silica nanoparticles with CHOCO–peptides (COCHO–HA:
CHOCO–GYPYDVPDYAGYPYDVPDYAGYPYDVPDYAS–NH2, COCHO–FLAG: CHOCO–DYKDH
DGDYKDHDIDYKDDDDKGGS–NH2). Semicarbazide-functionalized Ø 27 nm nanoparticles
in suspension in DMF are mixed with CHOCO–peptides dissolved in pH 5.5 acetate buffer
and printed on PC. In the model study described here, the microarrays were incubated
with primary murine antibodies and then tetramethylrhodamine-labelled anti-murine
goat secondary antibody. Finally, the PC slides are scanned using a standard microarray
fluorescence scanner at 532 nm.

peptide (see Note 3). We used CHOCO–HA and COCHO–FLAG
peptides in this model study (see Note 4). The mixture is printed on
PC substrates using a microarrayer (see Note 5). Ligation results in
the formation of an alpha-oxo semicarbazone bond –NHCONHN¼
CHCO– between the semicarbazide group –NHCONHNH2 on
the nanoparticles and the glyoxylyl group CHOCO– on the peptide
(25–27) (Scheme 14.1). Once the microarray is printed, it can be
used for the detection of antibodies using standard protocols. The
surface between the spots is left unchanged. In the work presented
here, the microarrays were incubated with commercially available
murine anti-HA, anti-FLAG1 M2 monoclonal antibodies or murine
IgG used as negative control. We used a tetramethylrhodaminelabelled anti-murine goat secondary antibodies to reveal captured
primary antibodies. Detection was achieved using a standard fluorescence scanner. The results are presented in Fig. 14.2.
O
O
O Si
O
OH

N
H

peptide

H
N
H

NH2

O
DMF/AcONa pH 5.5

O
O Si
O
OH

N
H

O
N
H

N

peptide
H

Scheme 14.1. a-Oxo semicarbazone ligation between semicarbazide groups on the silica nanoparticles and a glyoxylyl
peptide.
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Fluorescence (A.U.)
anti-HA Ab
anti-FLAG Ab
murine IgGs
buffer
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FLAG
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none

Fig. 14.2. Peptide patterns on PC (FLAG or HA peptides printed at 105 M in DMF/5 mM
sodium acetate pH 5.5 buffer, three drops/spot, 1 nL overall, peptides printed in
triplicate) were incubated in triplicate with anti-FLAG1, anti-HA, murine IgGs (10 mg/
mL) or the buffer (PBS-B) at 37C during 1 h and then with tetramethylrhodaminelabelled goat anti-murine antibodies (10 mg/mL, 1 h, 37C). Incubations and washings
were performed in a microplate microarray hardware (four PC slides, 96 wells). Slides
were scanned at 532 nm and 16-bit images were analysed with the Mapix1 software.
Data represent the median and inter-quartile range after background subtraction.

3.1. Preparation of
Silica Nanoparticles

1. Suspend Fmoc–NHNH2(2 g, 7.86 mmol) in 60 mL of EtOH
in a round-bottomed flask equipped with a septum, and flush
with argon. Add 3-(triethoxysilyl)propyl isocyanate (2.28
mL, 8.80 mmol) using a syringe and a needle, and the reaction mixture is stirred for 1 h. The completion of the reaction
is indicated by the disappearance of solid Fmoc–NHNH2.
After 1 h, concentrate the reaction mixture under reduced
pressure to obtain a white solid. Dissolve the solid in 2 mL of
freshly distilled CH2Cl2, and precipitate by adding 50 mL of
dry pentane. The suspension is filtered on a sintered funnel
and dried in vacuum, yielding 3.1 g of silane 1 (EtO)3Si(CH2)3NHCONHNH–Fmoc as a white solid (78% yield).
1
H NMR (300 MHz, CDCl3 see Note 6): d¼0.66
(t, J¼8.1 Hz, 2H), 1.24 (t, J¼6.7 Hz, 9H), 1.6 (m, J¼6.7 Hz,
2H), 3.26 (q, J¼6.6 Hz, 2H), 3.82 (q, J¼7 Hz, 6H), 4.25
(t, J¼6.82 Hz, 1H), 4.51 (d, J¼6.79 Hz, 2H), 5.46 (m, 1 H),
6.46 (s, 1 H), 6.71 (s, 1 H), 7.34 (t, J¼7.61 Hz, 2H), 7.43
(t, J¼7.01 Hz, 2 H), 7.61 (d, J¼7.28 Hz, 2H), 7.79
(d, J¼7.39 Hz, 2 H) (see Note 6).
2. Rinse 1.5 g of Dowex 1  4 resin (Cl-) and 1.5 g of Dowex
50 W  4 resin (Hþ) with 5 mL of water (see Note 7) and 15
mL of MeOH (see Note 8). Transfer the 1  4 resin to a
stoppered glass Erlenmeyer containing 200 mL of Triton B.
After 2 h of vigorous shaking, filter the resin and shake with
another 200 mL of fresh Triton B solution. Filter the resin
and rinse with 2  150 mL of water. Meanwhile, rinse the
50 W  4 resin with 3 mL of ammonia (6% in water) and 20
mL of water. Once both resins are ready, Ludox AS-40 silica
nanoparticles (3 mL, initial concentration 40% w/v, see
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Note 9) are diluted by dropwise addition of 3 mL of water
under continuous shaking. The suspension is then filtered
successively through the 1  4 resin and the 50 W  4
resin (see Note 10). The concentration of the resulting solution is usually close to 20% w/v.
3. Dilute this 20% w/v colloidal suspension with EtOH so as to
obtain a 1% w/v suspension, and further dilute it with enough
DMF (see Note 11) to obtain a 0.5% w/v suspension. Transfer the suspension to an argon-flushed distillation set-up, and
heat to 150C for 1 h to evaporate water and EtOH. Allow
the suspension to cool to room temperature.
4.
Dissolve silane 1 (1.725 g, 3.44 mmol) in a solution of
piperidine at 10% v/v in EtOH (40 mL). After 15 min stirring, add the silane solution to the colloidal suspension in the
distillation unit, and heat the mixture to 150C for 2 h under
vigorous stirring. Allow the suspension to cool to room temperature. The colloidal suspension is split into four equal parts
and centrifuged in 50 mL centrifuge tubes at 21,000g for
30 min at 10C. Replace the supernatant by the same amount
of fresh DMF. Resuspend the nanoparticles by alternating
vortexing and sonication (see Note 12). The purification
process is repeated three times. The nanoparticles are stored
in a hermetical polypropylene container (see Note 13) at 4C
until use. The density of the suspension is estimated as
described above, and is usually close to 1% w/v.
The nanoparticle suspension can be concentrated at will by
centrifugation and resuspension in a lower volume of DMF.
3.2. Preparation
of PC Slides

3.3. Printing

Commercially available polycarbonate sheets 300  300  1 mm
(Goodfellow, Huntingdon, UK) are cut by high-pressure water jet
at the size of microscope glass slides 75  25  1 mm (Economos, Dunkerque, France). Polycarbonate slides are washed twice
with deionized water and absolute ethanol, respectively, before use
(see Note 14).
1. Prepare nanoparticle–CHOCO–peptide mixtures in microtitre plates by mixing semicarbazide silica nanoparticles with
CHOCO–peptides dissolved at 20 mM in acetate buffers. Add
the peptide solution to the nanoparticles. The final peptide
concentration is 10 mM.
2. Print the mixtures (three drops, 300 pL each, three replicates
per peptide) on PC slides using the microarrayer. Up to 24
patterns can be printed per PC slide. The position of these
patterns must be carefully controlled to allow the correct
positioning of the patterns in the microplate microarray hardware 96 wells (see Section 3.4).
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3. Incubate the slides overnight in an oven at 37C at 60%
relative humidity to favour ligation of the peptides to the
nanoparticles.
4. Printed slides are stored under nitrogen atmosphere at room
temperature until use.
3.4. Incubations
(see Note 15)

1. Prepare PBS-A buffer by dissolving 0.05% v/v Tween120 in
PBS.
2. Prepare PBS-B buffer by dissolving 2% w/v BSA in PBS.
3. Insert the PC slides in the microplate microarray hardware 96
wells and place the assembled plate in the incubator at 37C
for 15 min.
4. Use three patterns per primary antibody. The patterns are first
saturated 5 min at 37C in PBS-B (150 mL per well).
5. In the meantime, dilute primary antibody in PBS-B (typically
from 10 mg/mL to 10 ng/mL).
6. Wash the microarrays three times with PBS-A and incubate
immediately with the primary antibody (120 mL per well, 1 h
at 37C, see Note 16).
7. In the meantime, dilute secondary antibody in PBS-B (final
concentration 10 mg/mL).
8. The microarrays are washed three times with PBS-A and
incubated immediately with secondary antibody (120 mL per
well, 1 h at 37C).
9. Wash three times with PBS-A and water.
10. Remove the slides from the microplate hardware and wash the
slides with absolute ethanol. Dry the slides under a flush of
nitrogen.
11. Analyse with the microarray scanner at 532 nm.

4. Notes
1. Fmoc–NHNH2 can be purchased from various suppliers, or
easily prepared from Fmoc–chloroformate and hydrazine
hydrate, according to (30).
2. In this work, the diameter of the silica semicarbazide nanoparticles was 27 nm. Other diameters can be used as well up to
300 nm. The influence of surface curvature on protein stability is a subject of intense research today and the advantage of
the method is the possibility to adjust the diameter of the
nanoparticles to the detection issues.
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3. Experimental conditions were optimized to avoid aggregation
of the nanoparticles after mixing. The best results in terms of
nanoparticle stability were obtained at around 10 mM CHOCO–
peptide concentration. Higher peptide concentrations lead
usually to nanoparticle aggregation and sedimentation.
4. The use of a CHOCO–Pro motif at the N-terminus must be
avoided due to unwanted cyclization (28). Lyophilized
CHOCO–peptides are stable for months when stored
at 20C. CHOCO–peptides can be synthesized using solution or solid-phase protocols. CHOCO–peptides can be prepared by periodic oxidation of a serine or threonine residue
present at the N-terminus of the peptide. This method was
used for the preparation of CHOCO–HA and COCHO–
FLAG peptides used in this study. However, periodate can
damage cysteine, methionine or sometimes tryptophane residues depending on the experimental conditions. Clearly, it is
usually difficult to avoid the partial oxidation of methionine
(29). In this case, we recommend the use of masked forms of
glyoxylic acid which can be coupled to the peptide chain on
the solid phase, and which can be converted into CHOCO
group using mild experimental conditions. The later method
is compatible with the parallel and automated synthesis of
COCHO–peptides as needed in peptide microarray projects.
5. The experiment described here was performed using a noncontact piezoelectric microarrayer (BCA1, Perkin Elmer). The
parameters of the piezoelectric tips must be adjusted to allow
the use of a DMF/water mixture. Water content lower than
50% in DMF is not compatible with this printing technique (and
could damage the PC slides). Typically, three drops (300 pL
each) were printed per spot. Other printing machines can be
used as well. We have obtained excellent results using a Qarray2
contact microarrayer (Genetix, New Milton, UK). The extent of
the doughnut effect due to the migration of the nanoparticles to
the periphery of the spot seems to depend on the printing
technique. The Qarray2 arrayer led to negligible doughnut
effects compared to the BCA1 piezoelectric arrayer may be
due to the smallest volume printed.
6. Care must be taken as to perform the analysis quickly after
dissolution of the silane in CDCl3 in order to avoid its hydrolysis in the NMR tube. Alternately, the analysis can be performed in DMF-d7.
7. Deionized water has a resistivity of 18 M cm.
8. Commercially available Ludox AS-40 nanoparticles contain
traces of Naþ and Cl ions. The thorough removal of these
ions was crucial for the successful grafting of silane 1 on the
silica nanoparticles.
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9. The density of the colloidal suspension is estimated by evaporating under vacuum 100 mL aliquots of the suspension in
tared microtubes and weighting the resulting solid.
10. High resistance is encountered when filtering the suspension
through the Cl resin. This is normal and the resin bed must
not be disturbed. On the contrary, the H+ resin offers no such
resistance.
11. In our experience, DMF other than that supplied by JT Baker
has led to colloidal instability and sedimentation with time. It
is, therefore, essential that fresh JT Baker DMF is used
throughout the whole preparation process. The origin of
this instability is unknown.
12. One cycle of resuspension of the nanoparticles can take up to
1 day. It is important to vortex the suspensions on a very
frequent basis (e.g. every 10 min).
13. Although we have never checked, it is probable that any
glassware that had been in contact with the colloidal suspension will be covered with an invisible layer of nanoparticles.
14. PC sheets are covered by a protective film which remains on
the slides after the cutting step. This film must be removed
before washing steps. Be careful when removing this film to
avoid the bending and deformation of the slides.
15. It is of prime importance to avoid the drying of the microarrays during the incubations, otherwise high background
levels will be obtained.
16. Incubating at 37C rather than at 25C accelerates antigen–
antibody complex formation. The microarray hardware is
metallic and thus problems of heat transfer between metallic
parts of the hardware and plastic slides were sometimes
observed. This leads to temperature heterogeneities within
the device and thus to a greater variability of the results. To
avoid this problem, it is better to perform the incubations at
25C. For the automated washings, standard washing protocols are usually satisfactory.
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Chapter 15
Self-Assembly of PNA-Encoded Peptides into Microarrays
Francois Debaene and Nicolas Winssinger
Abstract
Several technologies have been described to immobilize libraries of small molecules or peptides in a
microarray format. Herein, we describe protocols for an alternative strategy whereby each small molecule
or peptide within a library is labeled with a peptide nucleic acid (PNA) tag such that they self-assemble in a
microarray format upon hybridization with readily available DNA arrays. An important asset of the method
is that it allows the library to be used in solution prior to hybridizing and as such offers the opportunity to
separate the inhibitors bound to the protein from the rest of the library. Two methods based on size
exclusion filtration or gel electrophoresis to separate protein-bound inhibitors from the remaining library
are described.
Key words: Microarray, peptide nucleic acid (PNA), proteases, multiplexed screening, combinatorial
libraries.

1. Introduction
The success of DNA microarrays to measure the expression level of
thousands of genes simultaneously has inspired researchers from
other disciplines to embrace this powerful analytical format. A
number of methods have been described to immobilize small
molecules, including peptides, to the surface of the array chemoselectively (1). Two applications of small molecule microarrays
have already yielded important results beyond the proof of concept: enzyme profiling and ligand discovery. In both cases, the
microarrays are incubated with the enzyme or protein of interest.
We have developed an alternative approach where the members of
a library are labeled with a PNA tag which enables a library present
in solution as a mixture to be converted to the microarray format
by a simple hybridization to a DNA microarray (2).An important
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asset of this approach is that libraries can be used in solution prior
to hybridization. Aside from minimizing potential problems associated with the display of ligands or substrates on a surface (unspecific interactions with the surface, high local concentration), it also
allows separation of ligands that are bound to a protein from
unbound ones prior to hybridization and as such offers a detection
method which is not possible with covalently immobilized compounds. A second asset of the PNA tag is that it can be used to
encode libraries prepared by mix-and-split combinatorial synthesis
using a unique PNA codon for every building block in the library.
Upon cleavage from the solid phase, the library is obtained as a
mixture in solution; however, it sorts itself into an addressable
microarray upon hybridization (Fig. 15.1).

Fig. 15.1. Starting from a bifunctional linker such as a lysine with orthogonal protecting groups (such as Fmoc and Alloc), a
library is prepared by mix-and-split combinatorial syntheses where a specific PNA codon is used to encode every amino
acid or building block of the library. The library is then cleaved from the solid phase to obtain a mixture in solution which is
converted to the microarray format by hybridization to an oligonucleotide microarray.

As the ligands bound to a protein can be separated from the rest
of the library prior to hybridization, the ligand can be labeled with a
fluorophore thus allowing the screen to be performed with crude
protein extracts without the necessity of a secondary antibody or
other means of detecting the protein on the microarray. The PNAencoded strategy has been used to screen cysteine protease inhibitors directly from allergenic dustmite extracts (3) as well as to detect
substrate specificities of purified enzyme samples (4). Identified
inhibitors were shown to be sufficiently specific to discriminate
closely related enzyme from the same family. For screens against
crude proteomic mixtures, the inhibitor’s target can be identified by
affinity column coupled to mass spectrometry. Thus far, two
approaches have been validated to separate protein–inhibitor–
PNA adducts: a simple filtration through a size exclusion filter and
gel electrophoresis. Both techniques require the use of denaturing
conditions for efficient separation and are thus limited to inhibitors
which form a covalent bond to their target. The advantage of the gel
separation is that the formation of a protein–inhibitor complex is
clearly visible by band shift on the gel (Fig. 15.2).
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Fig. 15.2. Screening a PNA-encoded library and isolation of inhibitors by gel electrophoresis. A protease (cathepsin K) is
incubated with the PNA-encoded library of inhibitors and loaded on a 4–12% SDS-PAGE gel. Lane 1: cathepsin K alone;
Lane 2: cathepsin K incubated with an inhibitor library; Lane 3: cathepsin K inactivated with an indiscriminate inhibitor
(E64); Electroelution of the protein–inhibitor complex followed by hybridization reveals the structure of the fittest inhibitor.

2. Materials
2.1. Optimized Codon
System for Libraries

The codons used to encode the library were optimized such that
the solution set of all permutations of final PNA tags fall within a
narrow distribution of Tm to insure a homogeneous detection of
every library member at a given concentration. The codon system
shown below was thoroughly validated for homogeneity, fidelity
of hybridization, and sensitivity (4). The codon system shown
below can be used to encode a library of 625 compounds with
four elements of diversity (R1–R4) such as a tetrapeptide.

sequence of the PNA codon for each element of diversity (R)
in a PNA-encoded combinatorial library

PNA-Nterminus

R4

R3

R2

R1

GGAA

CCG

GCA

GAGA

AAGG

CGA

CGA

GACG

CGGC

GCA

ACG

CAGG

GCCG

TGG

GTG

CGAA

GAAC

GGC

AGC

AGGC

PNA-cterminus
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2.2. Microarray
Spotting

1. The oligonucleotides were purchased as desalted without
further purification and diluted to 100 mM in 50% DMSO
using a Biomek 2000 pipetting robot (using BioArchimed
sofware, TDZ ingenierie) in a 1536-well spotting plate
(Greiner).
2. Spotting was performed on aminosilane-coated slides subdivided into 16 subarrays (Schott Nexterion mpx 16, slide A)
using a Microgrid II arrayer (Genomic Solutions) with Microspot 10 K Microarray Pins (Genomic Solutions).
3. Crosslinking was performed with UV at 600 mJ (Stratalinker,
Stratagene).

2.3. Library Synthesis

1. The Rink (0.2–0.7 mmol/g, 1%DVB) peptide synthesis
reagents can be purchased from Novabiochem (http://
www.emdbiosciences.com/html/NBC/home.html). Solvents
and general chemicals can be purchased from Sigma-Aldrich.
2. Fmoc-protected PNA monomers may be purchased from
ASM research chemicals, Germany (http://www.asmresearch-chemicals.com/index.html) or Panagene, Korea
(http://www.panagene.com/).
3. Aminoacids protected in the form of an allyl ester can be
obtained from Bachem (http://www.bachem.com/).
4. The library synthesis can be performed in an automated fashion using an Applied Biosystems Expdite 9000 with screw top
cartridges from Glen Research (G51226), in a semi-automated fashion using an Argonaut Quest 210 or in a manual
fashion using disposable filter cartridges from Supelco. All
reactions are performed at room temperature (21–25C).

2.4. Microarray
Hybridization

All solvents and buffers used for microarray experiment were
filtered through a 0.2 mm filter.
1. Blocking solution: 50% formamide, 25% 20X SSC pH 7,
0.002% BSA, and 0.002% SDS in deionized water. (20X
SSC: 175.3 g NaCl, 88.2 g sodium citrate in 800 mL of
H2O. Adjust the pH to 7.0 with a few drops of HCl. The
volume was then adjusted to 1 L with H2O).
2. Hybridization solution: 40% formamide in deionized water.
3. Washing solutions: First washing solution: SSC 2X, SDS
0.02%; Second washing solution: SSC 2X, Third washing solution: SSC 0.2%.

2.5. Microarray
Scanning and Analysis

1. The arrays were scanned with a Genepix microarray scanner at
10 mm resolution using filter corresponding to Cy3 fluorophore (550/570 nm) with a 0.4 s constant exposure time.

Self-Assembly of PNA-Encoded Peptides into Microarrays

303

2. Array images were analyzed and quantified using Imagene
Software.
2.6. Separation of
Enzyme-Bound
Inhibitor–PNA Adduct
by Gel Electrophoresis

1. Centrifugations can be performed on an Eppendorf 5417R at
14,000 rfc (20,000g) without refrigeration or equivalent
instrument for 10 min to pellet precipitates.
2. Samples were concentrated using an iCON filter (Pierce) with
a molecular weight cutoff of 20 kDa on an Eppendorf 5417R
at 14,000 rfc (20,000g) without refrigeration.
3. 12% SDS-PAGE denaturing gel (Invitrogen) was used
according to the manufacturer’s instruction using MES buffer
(MES, 2-(N-morpholino)ethanesulfonic acid).
4. The gel was stained with Gel Code Blue Stain (Pierce).
5. Electroelution of the band of interest was performed with
D-Tube dialyzer mini dialysis device with a molecular weight
of 12–14 kDa (Novagen).

2.7. Separation of
Enzyme-Bound
Inhibitor–PNA Adduct
from the Rest of the
Library

1. Centrifugations can be performed on an Eppendorf 5417R at
14,000 rfc (20,000g) or an equivalent instrument for 10 min
to pellet precipitates.
2. An ultra-free 30 kDa molecular weight cutoff filter (Millipore,
MA) was used to separate unbound library members from the
protein–inhibitor–PNA adduct.

3. Methods
3.1. Microarray
Spotting

1. The oligonucleotides (100 mM in 50% DMSO) were transferred (3 mL) to a 1536-well spotting plate. In order to facilitate subsequent analysis by plain visualization, the
oligonucleotides were organized such that each codon represents a column or a row in the array (25  25 matrix). Trends
regarding the activity of particular residues within a library,
thus emerge as horizontal or vertical lines in the array.
2. The oligonucleotides were spotted on aminosilane-coated
slides with a Microgrid II arrayer spotting robot at 40–45%
relative humidity and 19–21C.
3. After spotting, aminosilane-coated slides were dried for 48 h
in a desiccator before crosslinking with UV at 600 mJ.

3.2. Library Synthesis

1. General procedure for Alloc or Allyl deprotection: the resin is
treated with a solution of Pd(PPh3)2Cl2 (0.2 eq), Ph3P
(0.8 eq), and TMSN3 (10 eq) as a CH2Cl2 solution (0.1 M)
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followed by a solution of nBu3SnH (5.0 eq) in CH2Cl2 (1 M)
for 15 min. The reaction is repeated twice and the resin is then
washed three times with CH2Cl2 andthree times with DMF.
2. General procedure for amino acid coupling: the polymer
bound acid is pre-activated with DIC (4.5 eq) and HOBt
(4.5 eq) in DMF (0.15 M) for 5 min followed by the addition
of the amine (5.0 eq) and 2,6-lutidine (10 eq) as a DMF
solution (1 M for the amine) and the reaction is continued
for 10 h. The resin is then washed three times with DMF.
3. General procedure for PNA encoding: the resin is treated with
20% piperidine in DMF for 5 min, washed five times with
DMF, and treated with a pre-mixed (5 min) solution of PNA
monomer (5.0 eq), EtiPr2N (5.0 eq), HBTU (4.4 eq), and
2,6-lutidine (7.5 eq) in NMP (0.17 M) for 1 h. The resin is
filtered without washing and acetic anhydride (5.0 eq) followed by 2,6-lutidine (5.0 eq) in DMF (0.17 M) is added.
The resin is agitated for 5 min and then washed three times
with DMF. The procedure is repeated three times with the
appropriate PNA monomers for the first and last codons and
twice for the second and third codons.
4. Rink resin is loaded with Fmoc–Lys(Alloc)–OH at a loading
of 0.2 mmol/g (see Note 1).
5. The Alloc group is removed according to the general
deprotection condition and the resulting amine is reacted
with diglycolic anhydride (0.1 M), 2,6-lutidine (0.1 M) in
DMF (0.17 M). The resin is then washed three times with
a wet solution of DMF (0.1 M H2O) with 2,6-lutidine
(0.1 M) followed by three washes with a solution trichloroacetic acid (0.1 M) in CH2Cl2 followed by three washes
of CH2Cl2.
6. The resin is then split into five pools, and the first residue is
added according to the general procedure for amino acid
coupling followed by the PNA encoding according to the
general procedure (see Note 2).
7. The resin is then removed from all the cartridges, mixed, and
suspended in DMF/CH2Cl2. After thorough mixing, the
resin is redistributed to new cartridges with a pipette (see
Note 3).
8. The allyl is removed according to the general procedure and
another amino acid is introduced followed by the PNA
encoding according to the general procedures (steps 2 and
3, respectively).
9. Steps 7 and 8 are reiterated twice. The terminal coupling for
the inhibitor may be performed with any amine.

Self-Assembly of PNA-Encoded Peptides into Microarrays

305

10. The final Fmoc is removed from the PNA and Boc–Lys
(Fmoc)–OH is coupled to the resin according to the same
procedure as for the PNA couplings. Removal of the final
Fmoc with 20% piperidine in DMF or DBU (5 eq) in
CH2Cl2 for 10 min afforded a free amine which can be labeled
with Cy3 using Cy-3-NHS (10 eq) in DMF with 2,6-lutidine
(10 eq) for 3 h (see Note 4).
11. The library is released from the resin by cleaving with a 4:1
solution of TFA:m-cresol for 1–3 h. The resin is removed by
filtration and the TFA solution is added to Et2O (10–30 times
the TFA volume) to obtain a dark pink solution which is
pelleted by centrifugation. The pellet is washed three times
with Et2O, redissolved in a acetonitrile:water solution (1:4)
and lyophilized.
3.3. Microarray
Hybridization
and Detection

1. Slides are blocked by incubation with the blocking solution in
a 50 mL conical tube for 1 h at 50C.
2. Slides are then washed four times for 5 min in 200 mL of
deionized water and dried with a nitrogen spray or by centrifugation (Note 5).
3. The silicon superstructure is then glued to the array and 40 mL
of sample in the hybridization buffer (40% formamide with
deionized water) are added to each well of the microarray.
The slides are hybridized with gentle shaking at 50C during
4–12 h (Note 6).
4. Samples are then removed with a multichannel pipette and
the subarrays are washed with 100 mL of the first washing
solution before removing the silicon superstructure. The glue
from the superstructure must be cautiously removed.
5. Microarrays are then washed by immersion in two succeeding
baths of the second washing solution at room temperature.
Each slide is then was placed in a 50 mL conical tube where it
was washed two times with pure water (Note 7).
6. The slides are spun dry by centrifugation at 2000 rpm for 10 s.
7. The arrays are scanned and analyzed.

3.4. Gel Isolation of
Enzyme-Bound PNAEncoded Inhibitors

1. The enzyme of interest (0.1–50 nmol) is incubated with the
library at such a concentration that enzyme inhibition is
observed. For convenience, the enzyme may be incubated
with three-fold dilutions of the library to find the appropriate
inhibitory concentration (IC50), the optimal concentration
can be assessed by gel-shift of the protein.
2. The samples are then centrifuged at 14,000 rfc (20,000g) for
10 min to remove all precipitates.
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3. The soluble fraction is diluted in 5 mL of 1X MES buffer and
the sample is concentrated by size exclusion filtration.
4. Concentrated samples are diluted in denaturing buffer and
incubated for 5 min at 80C before being loaded on a
SDS-PAGE.
5. The gel is run for 10 min at 100 V and 35 min at 180 V in 1X
MES buffer.
6. The gel is then removed from its plastic structure and washed
two times for 1 min in 200 mL bath of pure water.
7. Comassie staining of the gel (1 h at room temperature),
followed by a 1 h wash with water enable the visualization of
the protein–inhibitor–PNA adduct. A shift in molecular
weight corresponding to the inhibitor–PNA adduct
(3–5 kDa) should be observed relatively to a control band
containing the protein alone.
8. The corresponding band is cut out and electroeluted in an
electrophoresis chamber at a constant current of 100 V for 1 h
in MES 1X buffer.
9. The recovered sample is then diluted in hybridization buffer
(60 mL) and serially diluted by taking 20 mL of this solution in
40 mL of hybridization buffer.
10. The samples are hybridized on a microarray for 4–12 h.
3.5. Enzyme Activity
Profile from Crude Cell
Lysates

1. A mixture of enzymes or crude lysates of interest is incubated
with the library.
2. After appropriate incubation, the sample is loaded on an ultrafree 30 kDa molecular weight cutoff filter (Millipore, MA)
and washed with 1X PBS buffer (5 mL  500 mL). The
volume of the sample retained in the 30 kDa filter was then
adjusted to 60 mL solution of 40% formamide and deionized
water and serially diluted by taking 20 mL of this solution in
40 mL of hybridization buffer.
3. The samples are hybridized on a microarray for 4–12 h.

4. Notes
1. Higher loading than 0.2 mmol/g leads to lower efficiency in
the PNA couplings. PEG-resin was also successfully used, but
without notable improvements. Rink resin purchased with a
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loading higher than 0.2 mmol/g was coupled to a substoichiometric amount of the first residue and capped with acetic
anhydride.
2. Depending on the nature of the library, one or two Fmoc–
Lys(Boc)–OH residue may be introduced before and after the
PNA to enhance the water solubility of the final library.
3. The resin sinks in DMF and floats in CH2Cl2. The resin is
most conveniently suspended in a minimum amount of DMF,
and CH2Cl2 is added with intermittent agitations until an
even suspension is obtained. The use of glass pipette should
be avoided to prevent electrostatic adherence of the resin to
the glass. The resin is most easily manipulated as wet using
disposable Eppendorf tips.
4. Depending on the final use of the library, the resin may be
recombined before step 10.
5. Caution must be applied not to touch the side of the slide
containing the DNA as physical contact may be sufficient to
damage the surface and invalidate further experiments.
6. Control experiments showed very little increase in signal
intensity after 4 h of incubation.
7. Prologue washing with deionized water leads to a decrease in
signal intensity.
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Chapter 16
A Novel Combinatorial Approach to High-Density
Peptide Arrays
Mario Beyer, Ines Block, Kai König, Alexander Nesterov,
Simon Fernandez, Thomas Felgenhauer, Christopher Schirwitz,
Klaus Leibe, Ralf F. Bischoff, Frank Breitling, and Volker Stadler
Abstract
Combinatorial synthesis of peptides on solid supports (1), either as spots on cellulose membranes (2) or
with split-pool-libraries on polymer beads (3), substantially forwarded research in the field of peptide–
protein interactions. Admittedly, these concepts have specific limitations, on one hand the number of
synthesizable peptide sequences per area, on the other hand elaborate decoding/encoding strategies, falsepositive results and sequence limitations. We recently established a method to produce high-density
peptide arrays on microelectronic chips (4). Solid amino acid microparticles were charged by friction
and transferred to defined pixel electrodes onto the chip’s surface, where they couple to a functional
polymer coating simply upon melting (Fig. 16.1A–D,F). By applying standard Fmoc chemistry according
to Merrifield, peptide array densities of up to 40,000 spots per square centimetre were achieved
(Fig. 16.1G). The term ‘‘Merrifield synthesis’’ describes the consecutive linear coupling and deprotecting
of L-amino acids modified with base-labile fluorenylmethoxy (Fmoc) groups at the N-terminus and
different acid-sensitive protecting groups at their side chains. Removing side chain protecting groups
takes place only once at the very end of each synthesis and generates the natural peptide sequence thereby.
Key words: Solid-phase peptide synthesis, peptide array, combinatorial peptide libraries, atom
transfer radical polymerization (ATRP), amino acid microparticles, peptide chips.

1. Introduction
Peptide libraries are important tools for the investigation and
understanding of biological and immunological interactions at
the protein level. Due to the high number of individual building
blocks, the proteinogenic amino acids, the use of combinatorial
approaches is advisable to flexibly generate arrays of truly high
diversities.
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Fig. 16.1. Synthesis of peptide arrays on microchips. Activated amino acids are
embedded within particles that are addressed onto a chip’s surface by electrical fields
generated by individual pixel electrodes (A). A whole layer of consecutively addressed
amino acid particles (B,E) is melted at once to induce the coupling reaction (C).
Repetitive coupling cycles finally generate a peptide array (D). Melted particles delimit
individual coupling areas. For better visualization, pixel areas are overloaded (F).
Particle-based in situ synthesis of chessboard arranged Flag1 (white spots) and HA
epitopes (grey spots) with a density of 40,000 cm2; peptides were stained with
fluorescently labelled specific antibodies (G). Reproduced from (4) with permission
from AAAS.

A fundamental change in providing and addressing those
building blocks via small, chargeable microparticles with activated
amino acids embedded within enables us to increase spot densities
and thereby complexities of peptide arrays. By generating localized
electric fields on very small pixel electrodes on a microelectronic
chip, we can successively deposit these ‘‘so-called’’ amino acid
microparticles with micron resolution. Peptide synthesis is
induced simply by melting the particles at elevated temperature
(T90C) for a certain time. Based on higher homologues of
DMF, the particle matrix then liquefies and serves as solvent for
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the embedded and activated amino acid derivatives during the
coupling step. A specific and optimized chip surface modification
ensures a functionalized, nanometre thin support coating, similar
to conventional PEG-coated or PEG-based polymer beads for
solid-phase peptide synthesis (SPPS). Additionally, this coating
has protein-repelling properties that suppress interfering background signals due to non-specific protein adsorption. Therefore,
we can obviate any additional blocking with BSA or milk powder,
when we stain our peptide arrays with primary or secondary
antibodies.

2. Materials
2.1. Chips

2.2. Chip Surface
Modification

Microchips were designed in our research group and processed by
the Institute for Microelectronics Stuttgart (IMS CHIPS, Stuttgart, Germany). They were glued onto a circuit board and bonded
at the Kirchhoff Institute for Physics (University of Heidelberg,
Germany).
1. Synthesized 2-bromo-2-methyl-N-propyltriethoxysilyl isobutyramide (5); methylene chloride p.a., ethanol p.a., methanol p.a., poly(ethylene glycol) methacrylate (PEGMA, n  5),
copper(I) bromide p.a., 2,20 -bipyridyl (bipy) 98%, N,N0 -diisopropyl carbodiimide (DIC) purum and N-methylimidazole
(NMI) p.a. were purchased from Sigma-Aldrich (Taufkirchen, Germany), Fmoc-ß-alanine >99% from Iris Biotech
(Marktredwitz, Germany).
2. High-pressure mercury lamp and power supply (UV-Consulting
Peschl, Mainz, Germany); 100 mL Schlenk flask with stirring
bar, ultrasonic bath, vacuum desiccator, vacuum pump (>102
mbar) and inert gas for silanization and polymerization under
oxygen-free and dry gas phase conditions.

2.3. Amino Acid
Microparticles

1. Side chain protected Fmoc amino acid pentafluorophenyl
esters (OPfp) as combinatorial building blocks from Merck
Biosciences GmbH (Bad Soden, Germany).
2. Formulating, milling, sieving and characterizing of amino
acid microparticles were done according to literature (4).

2.4. Peptide Synthesis

1. Solvents and liquids: N,N-dimethylformamide (DMF) peptide grade (Biosolve BV, Valkenswaard, The Netherlands)
was dried over molecular sieve; methanol p.a., ethanol p.a.,
chloroform p.a., methylene chloride p.a., piperidine 99%,
acetic anhydride p.a., N,N-diisopropylethylamine (DIPEA)
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p.a., triisobutylsilane (TIBS) puriss. were purchased from
Sigma Aldrich (Taufkirchen, Germany) and were used without further purification. Trifluoroacetic acid (TFA) 99%
(Acros Organics, Geel, Belgium).
2. Plexiglas aerosol generators for charging and deposition of
amino acid microparticles onto the chip’s surface; washing
chamber made from PTFE (Teflon1) (both from Kirchhoff
Institute for Physics, University of Heidelberg, Germany)
with stirring bar; temperature-controlled, gas-proofed reaction container.
2.5. Immunostaining

1. Tris-buffered saline: prepare a 10X stock with 0.5 M (60.57 g)
Trisma1 base and 1.5 M (87.66 g) NaCl (adjust to pH 7.4
with concentrated HCl). Prepare working solution by dilution of one part with nine parts of water. Add 0.1 v% of Tween
20 to obtain TBS-T buffer for washing and antibody dilution
(see Note 1).
2. Primary antibodies: mouse monoclonal anti-FLAG1 M5 and
rabbit anti-HA antibody (both from Sigma Aldrich, Taufkirchen, Germany).
3. Secondary antibodies: Alexa Fluor1 647 goat anti-rabbit IgG
(H+L) and Alexa Fluor1 546 goat anti-mouse IgG (H+L)
(both from Invitrogen GmbH, Karlsruhe, Germany).
4. GenePix 4000B fluorescence scanner and GenePix Pro 4.0
Microarray Image Analysis software (both from Molecular
Devices, Sunnyvale, CA, USA).

3. Methods
3.1. Graft
Polymerization
of Poly(ethylene glycol)
methacrylate (PEGMA)
on the Chip Surface

1. Before silanization, chips were cleaned and pre-activated
by irradiation with a 150 W mercury vapour lamp positioned at a distance of 4 cm for 1 h in air. Afterwards,
they were immediately incubated in a 10 mM solution of
2-bromo-2-methyl-N-propyltrimethoxysilyl isobutyramide
in anhydrous methylene chloride over night. The reaction
was stopped by addition of ethanol (p.a.), followed by
extensive rinsing with ethanol and distilled water. After
that chips were carefully dried in a stream of dried air. To
achieve full condensation of silanol groups, silanized chips
were heated for 1 h at 100C in an oven. Storage was
done under nitrogen atmosphere at –20C. Chips were
solely handled with PP tweezers to avoid scratching of the
surfaces (5).

Novel Combinatorial Approach to High-Density Peptide Arrays

313

2. Graft polymerization of PEGMA was typically carried out
with 5 mL monomer (15.3 mmol) and 10 mL of a water/
methanol mixture (1:1) in a 100 mL Schlenk flask. Then,
64 mg of copper (I) bromide (CuBr, 0.45 mmol) and
141 mg of 2,20 -bipyridyl (bipy, 0.90 mmol) were added as
ATRP catalyst under nitrogen atmosphere.
3. The brown reaction mixture was immediately degassed and
sonicated under nitrogen atmosphere to dissolve the CuBr
before the silanized chips were immersed. Polymerization
took place under nitrogen atmosphere in a desiccator for at
least 24 h.
4. Afterwards, the chips were extensively rinsed with distilled
water for 15 min and washed in dimethylformamide (DMF)
for 15 min.
5. The coated microchips are rinsed with ethanol and distilled
water. Finally, they are dried in a stream of nitrogen and
stored under nitrogen atmosphere at –20C.

3.2. Surface
Modification for SPPS

Terminal amino groups for anchoring the first amino acid were
introduced by coupling Fmoc-b-alanine to the PEGMA side
chains: carboxyl groups were activated in situ with N,N 0 -diisopropyl carbodiimide (DIC) and N-methylimidazole (NMI), followed
by Fmoc deprotection with piperidine/DMF. Due to a better
accessibility of growing peptide chains, three b-alanine residues
were consecutively coupled to generate a NH2–(b-alanine)3
sequence.
1. Pre-swell the coated microchip surface with dry DMF for
30 min.
2. Mix 62.26 mg (0.2 M) of Fmoc-b-alanine and 37.2 mL (0.24
M) of DIC in 1 mL of dry DMF for at least 5 min.
3. Add 31.8 mL (0.4 M) of NMI to the DMF solution; shake
your vessel thoroughly. Remove remaining DMF for swelling
from the chip and add the mixture to it.
4. Incubate the chip with gentle agitation over night under
nitrogen for at least 16 h.
5. Wash three times for 1 min each with DMF and treat the chip
with capping solution (acetic anhydride:DIPEA:DMF,
5:10:35; see Note 2) over night to block residual reactive
hydroxyl groups.
6. Remove the mixture (dark red coloured) and wash five times
for 2 min each with DMF.

314

Beyer et al.

7. Remove the DMF and add 1 mL of 20% piperidine in DMF to
remove N-terminal Fmoc groups for 20 min. You can determine the amount D of coupled b-alanine in (nmol/cm2) by
measuring the extinction E of the piperidine/DMF solution
at 301 nm by using equation [1]:
D½nmol=cm2  ¼

E  V ½L  109
"  A½cm2 

½1

where V is the volume (L) of piperidine solution; " (¼5129) is
the molar extinction coefficient (6) and A is the area of
derivatized chip surface (cm2).
8. Wash three times for 2 min each with DMF. Repeat steps 1–8
until three ß-alanine units are introduced.
9. Wash two times for 2 min each with methanol and dry the
chip in a stream of nitrogen. Store the functionalized microchips under nitrogen in dark at 0C or proceed with step 3.4.
3.3. Amino Acid
Microparticles

3.4. Solid-Phase
Peptide Synthesis on
Chip’s Pixel Electrodes

Fabrication of amino acid microparticles was done according to
the following procedure: in order to produce a toner mass, one of
20 different Fmoc-amino-acid-OPfp-esters (Merck Biosciences
GmbH, Bad Soden, Germany, 10% w/w), a toner resin (SEKISUI
CHEMICAL, Tokyo, Japan; 84.5% w/w), pyrazolone orange
(ABCR GmbH, Karlsruhe, Germany; 4.5% w/w) and an iron
(III)-bis (naphthoic acid) complex (self-synthesized; 1% w/w)
were melted, mixed and finally solidified. The homogenized and
crushed toner mass was then mixed with 4% w/w silica particles,
and slowly fed into an air jet mill where grinded particles were
collected within a narrow lattice (4).
1. Each sort of amino acid microparticles is stored in a particular
aerosol generator. For selective particle deposition, the particles were dispersed by a stream of dry air and charged by
friction due to collision with Plexiglas generator walls.
Charged amino acid microparticles were addressed onto the
microchip’s surface by directing electric forces. After each
deposition of one particle sort, the chip is shortly heated up
(<3 min) to fix addressed particles onto the surface.
2. After all different amino acid particles are directed with
micron resolution, the chip is transferred into a pre-warmed,
nitrogen-flushed reaction chamber. Here, the coupling reaction is initiated upon melting at 90C for 90 min under inert
gas.
3. After cooling to room temperature, the chip is mounted into
the Teflon washing chamber. All washing steps are recommended to do under a fuming hood. Wear gloves and protective safety glasses!
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4. Wash 1 min and then 20 min with 1 mL of a mixture of acetic
anhydride, DIPEA and DMF (5:10:35) to remove residual
particle material and to block residual amino groups at the
same time (see Note 2).
5. Wash five times for 5 min each with DMF and remove the
N-terminal Fmoc protecting group by incubating the microchip with 1 mL of 20 v% piperidine in DMF. Remove the
piperidine–DMF solution.
6. Wash five times for 5 min each with DMF and two times for
5 min each with methanol (MeOH).
7. Dry the chip in a stream of nitrogen, remove it from the
washing chamber and repeat steps 1–7 until your peptide
sequence is completed.
8. To finally deprotect the amino acid side chains, keep the chip
in the washing chamber and wash two times for 5 min each
with methylene chloride. Mix 51% trifluoroacetic acid (TFA;
very hygroscopic and corrosive!), 44% methylene chloride, 3%
triisobutylsilane (TIBS) and 2% water (see Note 3).
9. Remove the methylene chloride and treat the chip six times
for 15 min each with the TFA solution under stirring. Keep
the chamber closed carefully. Remove the TFA solution and
dispose it together with other halogenated waste materials.
Avoid mixing TFA and DMF.
10. Wash the chip four times for 2 min each with methylene
chloride and DMF, followed by two times for 2 min each
with ethanol. Rinse the chip with water and dry it in a stream
of nitrogen. Proceed to 3.5 or store the chip under nitrogen
at –20C.

3.5. Immunostaining
with Fluorescently
Labelled Antibodies

1. Rehydrate the chip surface by incubating in 1 mL of TBS-T
buffer for at least 30 min. Because of the protein-repelling
properties of the PEGMA coating on the chip, no additional
surface blocking is necessary.
2. Dilute specific antibodies (e.g. mouse anti-Flag1 and
rabbit anti-HA) to 1:1000 each in TBS-T. Incubate the
chip with 1 mL antibody solution for 1 h. Remove the
buffer solution.
3. Wash six times for 5 min each in TBS-T with gentle shaking.
Avoid dehumidification of the chip’s surface (see Note 4).
4. Dilute secondary antibodies [e.g. Alexa Fluor1 647 goat antirabbit IgG (H+L) and Alexa Fluor1 546 goat anti-mouse
IgG (H+L)] to an appropriate ratio and incubate the chip
for 1 h.
5. Wash six times for 5 min each in TBS-T under gentle shaking.
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6. Dry the chip in a stream of nitrogen and remove it carefully
from the circuit board.
The chip can then be analysed with a fluorescence scanner (e.g.
GenePix 4000B, Axon Instruments) at corresponding wavelengths (532 nm for Alexa Fluor1 546 and 635 nm for Alexa
Fluor1 647 dyes, respectively).

4. Notes
1. Unless stated otherwise, all aqueous solutions like buffers,
e.g. should be prepared with Millipore1 water (resistivity of
about 18.2 M .cm).
2. At all times, the capping solution mixture should be prepared
freshly prior to incubating the chip.
3. Because of the high volatility of methylene chloride, it is
recommended to add it to the TFA:TIBS:water mixture at
last to avoid its evaporating.
4. Keeping the chip wet is crucial to avoid Langmuir–Blodgettlike protein or antibody transfer onto the surface upon dehydration. That would result in non-specific adsorption of proteins and thus reduced signal-to-noise ratios in
immunostainings.
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Chapter 17
Polypyrrole–Peptide Microarray for Biomolecular Interaction
Analysis by SPR Imaging
Marie-Bernadette Villiers, Sandra Cortès, Carine Brakha, Patrice Marche,
André Roget, and Thierry Livache
Abstract
Nowadays, high-throughput analysis of biological events is a great challenge which could take benefit of
the recent development of microarray devices. The great potential of such technology is related to the
availability of a chip bearing a large set of probes, stable and easy to obtain, and suitable for ligand-binding
detection. Here, we describe a new method based on polypyrrole chemistry, allowing the covalent
immobilization of peptides in a microarray format and on a gold surface compatible with the use of surface
plasmon resonance. This technique is then illustrated by the detection and characterization of antibodies
induced by hepatitis C virus and present in patients’ serums.
Key words: Peptide chips, pyrrole, SPR imaging, antibody, hepatitis C virus.

1. Introduction
Among the miniaturized devices used for biological analysis, chips
bearing an array of peptides are of special interest. Indeed, peptide
arrays open many applications such as enzyme–substrate interaction measurement (1) and epitope mapping (2, 3) (for reviews, see
(4, 5)). Among them, the screening of antibodies in biological
samples is an important topic related to the detection of infectious
diseases and the monitoring of the evolution of the disease (6–8).
Beyond this application side, peptide arrays are very attractive from
a chemical point of view because peptides are much shorter and
more stable than proteins, suitable for the production of stable
microarrays. Nevertheless, the stability of the device is dependent
on a strong linkage between the peptides and the surface of the
microarray, allowing the chip to be easily regenerated to perform
high-throughput assays. Screening analyses require a detection
Marina Cretich, Marcella Chiari (eds.), Peptide Microarrays, Methods in Molecular Biology 570,
DOI 10.1007/978-1-60327-394-7_17, ª Humana Press, a part of Springer Science+Business Media, LLC 2009

317

318

Villiers et al.

method compatible with microarray format. Surface plasmon
resonance imaging (SPRi) is a good alternative as it is an
accurate one-step method for real-time measurement of ligand
binding without labelling or previous purification (9). This
optical detection allows the monitoring of biological recognitions occurring on the surface of a biochip bearing spots
containing different biomolecules. This is performed by following the change in the reflected light intensity induced by
ligand binding (Fig. 17.1). Moreover, the SPRi signal is
correlated with the amount of ligand present in the injected
solution (10).

Fig. 17.1. Detection of ligand binding by SPRi: sensorgram obtained on two spots (control
and assay) upon ligand injection.

We describe in this chapter an approach combining the use
of peptide chips and the SPRi. In order to be compatible with
the gold layer used because of its optical properties, we have
developed an electrochemical-based process allowing the fast
grafting of biomolecules into a matrix of polypyrrole: the
biomolecule is first modified with a pyrrole moiety and then
copolymerized with free pyrrole (11). In the case of peptide
chip, the pyrrole moiety is added on the N-extremity of each
peptide to be arrayed before its copolymerization. The peptide
chip is constructed on a glass prism covered with a thin gold
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layer and an application example is given, dealing with the
screening of serums from patients infected with hepatitis C
virus (HCV) for their content in anti-HCV antibodies.

2. Materials
2.1. Synthesis of N-(2Mercaptoethyl)-6-(1Hpyrrole-1-yl)
hexanamide (=PyrroleSH)

1. 2,5-Dimethoxytetrahydrofuran, mixture of cis and trans isomers 98% (Sigma-Aldrich).
2. 6-Aminocaproic acid 99+ % (Acros Organics).
3. Cysteamine 98% (Sigma-Aldrich).
4. 1,4-Dioxane anhydrous 99.8% (Sigma-Aldrich).
5. Acetic acid puriss (Fluka).
6. N-Hydroxysuccinimide 98% (Sigma-Aldrich).
7. N,N’-Dicyclohexylcarbodiimide (Fluka).
8. N,N-Dimethylformamide (DMF) for analysis (Carlo Erba).
9. Dichloromethane (CH2Cl2) puran (SdS).
10. Ethyl alcohol anhydrous (EtOH)), for analysis (Carlo Erba).
11. Chloroform-d, 99.9% D, stabilized with 0.5 wt silver foil
(Sigma-Aldrich).
12. Silicagel PF254 containing CaSO4for preparative layer
chromatography.

2.2. Preparation of
Pyrrolylated Peptides

1. Dimethylsulphoxide (DMSO) analytical reagent (Prolabo).
2. Peptides modified with a maleimide group at their NH2
terminus (Neosystem, Strasbourg, France).
3. Reacting buffer: 50 mM NaH2PO4, 50 mM NaCl, 10% (p/
v) glycerol, final pH adjusted at 6.8 with a NaOH solution.
Store at 4C (20C for a conservation longer than 2
weeks).

2.3. Immobilization of
the Peptides on the
Chip

1. 1 M Pyrrole in acetonitrile (Tokyo Kasei, Japan). Store at
20C in a dark bottle to minimize pyrrole oxidation.
2. 2 mM Pyrrole–peptide conjugate (prepared as described in
Section 3.2).
3. Reacting buffer: 50 mM NaH2PO4, 50 mM NaCl, 10% (p/v)
glycerol, final pH adjusted at 6.8 with a NaOH solution.
Store at 4C (–20C for a conservation longer than 2 weeks).
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4. The chips consist in glass prisms coated with a 50 nm-thick
layer of gold (Genoptics, Orsay, France).
5. The microarrayer required for immobilizing the peptides
on the chip is available commercially (Genoptics, Orsay,
France). It mainly consists in an inox needle (260 nm
internal diameter) which is filled with the solution
(6 nL) containing the peptide to be grafted and which
can move to a precise location on the chip. An electrical
pulse between the needle (counter electrode) and the
gold surface of the chip (working electrode) induces the
synthesis of the polypyrrole film and its deposition on the
gold surface.
2.4. SPRi Interaction
Monitoring

1. Injection and washing buffer (PBS): 8 mM Na2HPO4,
1.5 mM KH2PO4, 2.7 mM KCl, 138 mM NaCl, pH 7.2.
Store at 4C.
2. Saturation buffer: bovine serum albumin (BSA, SigmaAldrich) 1% (w/v) in PBS.
3. Regeneration buffers:
(a) 0.1 M Glycine, final pH adjusted at 2.3 with a HCl
solution. Store at 4C.
(b) 1% (w/v) Sodium dodecyl sulphate (SDS) in water. Store
at room temperature.
4. The SPRi apparatus is a SPRiPlex (Genoptics, Orsay,
France). The prism is inserted in the apparatus and a
flow cell (6 mL) inside the instrument is hermetically
sealed over the prism. A light source (660 nm) illuminates
the prism and a CCD camera monitors the ligand–probe
interactions. Data are analysed with dedicated software
(SPRi-view).

3. Methods
3.1. Synthesis of N-(2Mercaptoethyl)-6-(1Hpyrrole-1-yl)
hexanamide (=PyrroleSH)

1. A mixture of 2, 5-dimethoxytetrahydrofuran (0.49 mol,
65 mL), 6-aminocaproic acid (0.43 mol, 56 g), acetic acid
(450 mL), and dioxane (600 mL) is heated under reflux for
4 h and stirred at room temperature overnight (12).
2. Remove the volatiles under reduced pressure. The residue is
co-evaporated in ethanol (2 mL  100 mL) to eliminate
acetic acid.
3. Dissolve the residue in 500 mL of dichloromethane. This
organic solution is washed with 2 mL  250 mL of water
and evaporated to dryness.
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Product 1 (Fig. 17.2) is obtained with a yield of 82% after
purification by flash chromatography on a silicagel (600 g)
column with a discontinuous gradient of ethanol in
CH2Cl2. After deposition in the minimum amount of
CH2Cl2, the elution starts with CH2Cl2 (500 mL), then
CH2Cl2/EtOH: 98/2 (300 mL), CH2Cl2/EtOH: 95/5
(400 mL), and finally CH2Cl2/EtOH: 90/10 to elute the
product. Product 1 is obtained after evaporation of the
solvents as a brownish oil.

Fig. 17.2. Structures of the intermediates (products 1 and 2) and final product (3) for N(2-mercaptoethyl)-6-(1H-pyrrole-1-yl) hexanamide synthesis (= pyrrole–SH).

M. S. product 1 (m/z) ¼ 182.1 (Mþ).
1H-NMR product 1 (200 MHz; CDCl3) d: (ppm): 1.72 (m,
6H, -CH2-(CH2)3-CH2-); 2.34 (t, 2H, -CH2-COOH);
3.87 (t, 2H, CH2-N); 6.13 (dd, 2H, 3-H and 4-H pyrrole);
6.64 (dd, 2H, 2-H and 5-H pyrrole).
4. Product 1 (144 mmol, 26.05 g), N-hydroxysuccinimide
(144 mmol, 16.56 g), and N, N 0 -dicyclohexylcarbodiimide
(159 mmol, 32.75 g) are dissolved in DMF (1 l) and stirred
overnight at room temperature.
5. Eliminate the white precipitate of N,N 0 -dicyclohexylurea by
filtration on a sinter glass.
6. Remove the solvent by evaporation on a rotavapour. Product
2 can be used without further purification. Alternatively it can
be purified on a silicagel column in the same way than product
1 (elution CH2Cl2/EtOH 95/5).
M. S. product 2 (m/z) ¼ 279.3 (Fig. 17.2)
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1H-NMR product 2 (200 MHz; CDCl3) d: (ppm):1.72 (m, 6H,
-CH2-(CH2)3-CH2-); 2.33 (t, 2H, -CH2-CO); 2.88 (tt, 4H,
CH2 of NHS); 3.87 (t, 2H, CH2-N); 6.13 (dd, 2H, 3-H and
4-H pyrrole); 6.64 (dd, 2H, 2-H and 5-H pyrrole).
7. Product 2 (5 mmol, 1.89 g) and cysteamine (6 mmol,
463 mg) are dissolved in DMF and stirred overnight at
room temperature.
8. Evaporate the solvent and dissolve the residue in 50 ml of
dichloromethane. This organic solution is washed by 2 mL
 50 mL of water and evaporated to dryness. The oily residue
is taken off in 5 mL of dichloromethane and filtered on a small
column of silicagel. After elution and evaporation of the solvent
the product is obtained as pale yellowish oil with a yield of 76%.
M. S. product 3 (m/z) ¼ 266.1 (M+) (Fig. 17.2).
1H-NMR product 3 (200 MHz; CDCl3) d: (ppm): 1.72
(m, 6H, -CH2-(CH2)3-CH2-); 2.17 (t, 2H, -CH2-CONH
spacer); 2.68 (t,2H, CH2-SH cysteamine); 3.53 (t,2H, CH2N cysteamine); 3.87 (t, 2H, CH2-N spacer); 6.13 (dd, 2H, 3H and 4-H pyrrole); 6.64 (dd, 2H, 2-H and 5-H pyrrole).
3.2. Preparation of
Pyrrolylated Peptides

1. Each peptide-maleimide is solubilized in DMSO at 5 mM
concentration (Fig. 17.3A) (see Note 1).
2. Prepare the reacting solution by mixing 40 mL of 5 mM peptide-maleimide with 10 mL of 0.2 M pyrrole-SH and complete
to 100 mL final volume with reacting buffer. These conditions
lead to a 2 mM final concentration of peptide-maleimide with a
molar ratio peptide/pyrrole-SH ¼ 10 (see Note 2).

Fig. 17.3. Pyrrole–peptide conjugates. (A) Schematic representation of the coupling
reaction between maleimide functional group at the N-Ter of the peptide and thiol group
in the pyrrole to form a thioether linkage. (B) Structure of pyrrole–peptide conjugates
provided by Altergen.
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3. Incubate 2 h at room temperature under stirring and in the
dark to minimize pyrrole oxidation. Store at –20C.
3.3. Immobilization of
the Peptides on the
Chip (‘‘Electrospotting’’)

All solutions are prepared extemporaneously.
1. Prepare a 40 mM pyrrole solution by diluting 20 mL of the
1 M stock solution with 480 mL of reacting buffer.
2. Prepare a 200 mM pyrrolylated peptide solution by diluting
5 mL of the 2 mM solution with 45 mL of reacting buffer.
3. Prepare the spotting solution in a 96-U-well plate by mixing
15 mL of the 200 mM pyrrolylated peptide solution with 15 mL
of the 40 mM pyrrole solution. Final concentration for pyrrole–peptide and free pyrrole are 100 mM and 20 mM, respectively, (see Note 3), in a 30 mL final volume (see Note 4). Be
careful to ensure a good homogenization of the spotting
solution without introducing air bubbles (see Note 5).
4. Immediately put the plate containing the spotting solutions in
the microarrayer and carry out the spotting on the chip. The
spotting conditions consist of a 2 V electrical pulse for 100 ms
(see Note 6) on defined areas of the gold prism (Fig. 17.4).

Fig. 17.4. General scheme of the peptide addressing on a glass prism coated with gold.
Different pyrrole–peptide conjugates and pyrrole monomer solutions are in the 96-well
plate. The ‘‘electrospotting’’ is carried out on the gold surface via the needle containing
the solution to be copolymerized.
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5. When all peptide spots have been realized (see Notes 7 and 8),
the chip is removed from the microarrayer, rinsed with water
and gently dried with an argon or air jet. Chip is kept dry at
room temperature.
3.4. SPRi Interaction
Monitoring

1. Insert the chip into the SPRiPlex and start the apparatus. The
conditions are as follows: flow rate ¼ 37.5 mL/min; room
temperature, injection loop ¼ 500 mL; working buffer ¼ PBS.
Be careful to avoid air bubbles which can be eliminated by
flushing PBS through the circuit (see Note 9).
2. Saturate the chip by injecting PBS–BSA saturation buffer
during 10 min (see Note 10).
3. Rinse the chip with PBS during 10 min.
4. Inject regeneration buffer during 5 min to stabilize and condition the chip according to the following tests (see Note 11).
5. Rinse the chip with PBS during 10 min. The chip is ready for
sample injections. Each analysis includes the following steps:
– injection of the sample diluted in PBS (see Note 12) during
10 min
– washing with PBS during 10 min
– regeneration with 0.1 M glycine pH 2.3 during 5 min
– washing with PBS during 10 min.
6. After a large number of analyses, depending on the complexity
of the samples (see Note 13), it is possible that the chip becomes
less responsive. In this case, it could be useful to inject 1% SDS in
water during 5 min, followed by PBS during 15 min.

3.5. Application to
Antibody Detection

Detection and analysis (quantitative and qualitative) of antibodies in
serum are crucial not only to diagnose a disease, but also to evaluate
its developmental stage and its evolution. SPRi technology allows
high-throughput analyses in real time using a label-free detection
process suitable for screening a large number of analytes. This
technology requires the construction of biochips. The approach
described here is based on electropolymerization of pyrrole and
presents several advantages: easy and rapid preparation, versatility,
high reproducibility, and control of the density of immobilized
probes. Moreover, the immobilization process used to prepare the
peptide chips leads to a low background, making them suitable for
the analysis of complex biological samples such as serums.
Recently, this technology has been used to analyse the
humoral response induced by hepatitis C virus (HCV). A set of
20 aa-peptides (62) has been grafted in triplicates on two chips as
described above, and 45 serums from patients with HCV infection
were injected (1/50 dilution, in PBS). Representative sensorgrams
are shown in Fig. 17.5. The histograms in Fig. 17.6 show the
corresponding final results, and represent the specific SPRi signal
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Fig. 17.5. Sensorgrams obtained after injection of serums from four patients (P1–P4) and
two healthy donors (H1 and H2). The serums (1/50 dilution in PBS) were injected on a
chip bearing 5 HCV peptides and Ova 273–288 as a control, with a regeneration step
between each injections.

326

Villiers et al.

Fig. 17.6. SPRi signal obtained for each serum in the conditions described in Fig. 17.5.
R is determined as in Fig. 17.1).

obtained for each tested serum. Thus, this method enabled us to
sketch an antibody profile for each of the patients, which is of great
importance in the clinical field.
Other applications can take benefit from this technology, from
epitope mapping to analysis of enzyme–substrate interaction, making it a powerful tool for both basic research and clinical applications such as diagnosis and pharmacological studies.

4. Notes
1. A more convenient but more expensive way to obtain peptide–pyrrole conjugates consists in getting it already synthesized by the manufacturer (Altergen, Bischheim, France)
(Fig. 17.3B). The great advantage is that 100% of the
peptide put in the spotting solution is pyrrolylated instead
of 20–40% for homemade conjugates, depending on the
yield of the reaction between peptide-maleimide and pyrrole-SH.
2. An initial molar ratio (IMR) peptide/pyrrole-SH of 10
leads to a good coupling reaction between the two molecules. Nevertheless, it is recommended to test several
IMR (5, 10, 20, 40) to optimize the coupling conditions.
3. Different final peptide concentrations (50, 100, 200, 500
mM) have to be prepared to determine the optimum leading
to the best reactivity with the tested ligands. This point is
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important as the coupling yield (usually between 2 and 40%)
could differ from one peptide to another. In all cases, a
20 mM final concentration of free pyrrole is required.
4. The final volume is not crucial as the volume required for
the electrodeposition is in the nL range. Nevertheless, as
the samples could remain for a long time in the plate
before being electrodeposited, depending on the number
of the spots to be realized, a significant evaporation must
be feared if sample volume is too small.
5. The presence of air bubbles in the sampling needle introduces a defect in the electropolymerization (interruption
of the electrical current).
6. These conditions lead to a 2–5 nm thick polypyrrole film.
Different pulse durations can be tested (50, 100, 200 ms)
to optimize the electrodeposition. It is worth to notice
that a too long pulse and/or a too important voltage
could lead to a thicker polypyrrole film. Moreover, it
could induce a depletion of pyrrole molecules as well as
hyperoxidation of the pyrrole and consequently, degradation of the film.
7. It is recommended to realize the spots in triplicates to
improve the quality of the results. In this case, it is better
to set the three identical spots perpendicular to the flow
direction in the SPRiPlex, to avoid a potential ligand
depletion between the first and the third spot, as it
could occur if the three spots are parallel to the flux.
8. To quantify the background level, control spots including
irrelevant peptides and/or polypyrrole alone have to be
performed.
9. It could be useful to degas the PBS solution either before
its use or by including a degasser in the fluid circuit.
10. The choice of the regeneration buffer depends on the
interaction type between probes and ligands. Glycine is
convenient for pH-dependent interactions such as antigen–antibody binding. Other solutions can be used, for
example buffers containing chelator agent (EDTA,
EGTA) for metallo-dependent interactions. Different
regeneration solutions are proposed in (13).
11. If complex samples as serum or cell culture medium are
injected, it is better as much as possible to saturate the chip
using a control medium equivalent to the samples, but without the tested ligands (serum from healthy donors versus
serum from patients, culture medium versus culture
supernatant).
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12. In the case of highly diluted ligand, it is better to use PBS–
0.1% BSA as dilution buffer to avoid non-specific adsorption
on the tube. In the same way, the use of silicone-treated tubes
is recommended.
13. It is important to verify the stability of the chip upon the
successive injection cycles and the SDS treatment. To this
end, a standard solution containing the ligand for one of the
grafted peptides is injected at the beginning of the experiment
and then at regular intervals; the SPR signals obtained must
be very similar from one control to the other.
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Chapter 18
The Peptide Microarray-Based Assay for Kinase Functionality
and Inhibition Study
Zhenxin Wang
Abstract
We report a microarray format for the detection of kinase functionality/inhibition based on marking
peptide phosphorylation/biotinylation events by the attachment of gold nanoparticles followed by silver
deposition for signal enhancement. The detection principle is resonance light scattering (RLS) or surfaceenhanced Raman spectroscopy (SERS). a-Catalytic subunit of cyclic adenosine 50 -monophosphate
(cAMP) dependent protein kinase (PKA) and its well-known substrate, kemptide, are used for the purpose
of monitoring phosphorylation and inhibition. As expected, highly selective inhibition of PKA is demonstrated with the four inhibitors: H89, HA1077, mallotoxin and KN62. Furthermore, inhibition assay with
inhibitors demonstrate the ability to detect kinase inhibition as well as derive IC50 (half maximal inhibitory
concentration) plots.
Key words: Kinase, inhibition, peptide array, resonance light scattering (RLS), surface-enhanced
Raman scattering (SERS).

1. Introduction
The phosphorylation of proteins by kinases play various vital regulatory roles in metabolic pathways and cell communication (1, 2).
The family of mammalian protein kinases consists of over 500
members of which only a fraction has been characterized. Therefore, the identification of kinases, their substrates and, in
particular, potential inhibitors is necessary for the understanding
of many fundamental biochemical processes. This knowledge is
also necessary in drug discovery (3, 4). Radiolabelling of the substrate using g-32/33P-ATP as co-substrate is the standard method
to monitor kinase activity (1–4). High-throughput, non-radioactive alternative methods based on microarray or other
Marina Cretich, Marcella Chiari (eds.), Peptide Microarrays, Methods in Molecular Biology 570,
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techniques, e.g. fluorescent/luminescent labels and mass spectrometry have been used to monitor kinase activity on the surface of
peptide chips (5, 6). These techniques have enormous benefits to
biomedical and kinase-based research in particular.
Here, we report a highly sensitive, selective and simple microarray method, which can be employed for kinase inhibition study.
As in our previous report, this method is based on labelling peptide
phosphorylation events on a microarray with gold nanoparticles
using avidin–biotin chemistry followed by silver enhancement and
RLS/SERS detection (7–9, see Notes 1 and 2). We demonstrate
that it is possible to screen kinases with single or multiple inhibitors simultaneously on the same microarray format, thereby
increasing assay throughput in this proof-of-concept study.

2. Materials
1. Tetrachloroaurate (HAuCl4), bovine serum albumin (BSA),
biotinylated monoclonal anti-phosphoserine antibody (antiphosphoserine-biotin produced in mouse) and succinylated
avidin were purchased from Sigma-Aldrich Co. (USA).
2. Succinylated avidin solution, 1 mg/ml succinylated avidin in
50 mM PBS, 0.15 M NaCl, pH 7.5.
3. Avidin, fluorescein conjugate was purchased from Invitrogen
Co. (USA).
4. a-Catalytic subunit cyclic adenosine 50 -monophosphate
(cAMP) dependent protein kinase (PKA) was purchased
from New England Biolabs (Beverly, MA, USA).
5. Peptides (e.g. kemptide (LRRASLG), control peptide
(LRRAGLG), CALNN and CALNNGK(biotin)G ) were
purchased from Shenggong Ltd. (Shanghai, China).
6. Biotin–ATP (adenosine 5’-triphosphate [g]-biotinyl-3, 6,
9-trioxaundecanediamine (ATP [g]biotin-LC-PEO-amine))
was purchased from Alt. Inc. (Lexington, KY, USA).
7. Inhibitors (H89, HA1077, mallotoxin and KN62) were purchased from Calbiochem-Novabiochem Corp. (La Jolla, CA.
USA).
8. NHS–ester hydrogel-coated glass microscope slides (Nexterion1 Slide MPX 16) were purchased from Schott AG
(Germany).
9. The MPX 16 slide consists of a coated glass slide partitioned into
16 individual wells by an ultra-hydrophobic patterned layer.
10. Other chemicals were analytical grade and used as received.
Milli-Q water (18.2 M ) was used in all experiments.
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3. Methods
3.1. Preparation of Gold
Nanoparticle Probes

The citrate-stabilized 13 nm gold nanoparticles were synthesized by
Frens–Turkevich method (10, 11). Avidin-stabilized gold nanoparticles were prepared by stirring an aqueous mixture of 2 ml succinylated avidin solution and 20 ml of citrate-stabilized 13 nm gold
nanoparticles (3.8  109M) for 30 min at room temperature.
Excess protein was removed by repeated centrifugation at
13,000 rpm (16,100g, 3  ) using an Eppendorf centrifuge
(Eppendorf, Germany). The gold nanoparticles were re-suspended
in PBS and stored at 4C.
Peptide-stabilized nanoparticles were prepared by our previously peptide capping procedure (12, 13). Generally, an aqueous
solution of peptide mixture (CALNN: CALNNGK(biotin)G) was
added to the solution of 2.7 nM 13 nm gold nanoparticles to give a
final concentration of total peptides of 1.5 mM. The ratio of
CALNN and CALNNGK(biotin)G in the mixture is 9:1. Excess
peptides were removed by repeated centrifugation at 13,000 rpm
(16,100g, 3  ) using an Eppendorf centrifuge. After centrifugation, the purified gold nanoparticles were re-suspended in PBS and
stored at 4C.

3.2. Peptide Microarray
Fabrication and
Phosphorylation

Multiple copies of two different peptides, kemptide (LRRASLG,
substrate of PKA) and control peptide (LRRAGLG which is not a
substrate of PKA) were spotted and immobilized on commercial
NHS–ester MPX 16 glass microscope slides by a standard robotic
procedure (see Note 3). The peptide, kemptide (LRRASLG), is
phosphorylated on the microarray spot by the kinase, PKA, using
biotinylated ATP (Biotin-ATP) as a co-substrate (as shown in
Scheme 18.1).Through this reaction, together with the phosphate,
a biotin site is transferred to the kemptide. In a subsequent step, the
biotinylated peptide is specifically labelled by attachment of avidin-

Scheme 18.1. Schematic representation of phosphorylation/biotinylation of the spotted
peptide.
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stabilized or peptide-stabilized gold nanoparticles followed by the
conventional silver enhancement step and finally, detection by RLS
or SERS.
3.2.1. Preparation of Assays
for RLS Detection

1. The substrate peptide (kemptide) is phosphorylated on
the microarray spot by the kinase, PKA, using biotinylated
ATP (Biotin-ATP) as a co-substrate (see Note 4).
2. The biotinylated peptide is specifically labelled by attachment of avidin-stabilized gold nanoparticles (see Note 5).
3. A silver enhancement step was applied to the microarrays for
signal amplification since the light scattering properties of
gold nanoparticles by themselves are relatively poor, if the
particles are smaller than ca. 40 nm. It was found that the
detection sensitivity and dynamic range was critically related
to the amount of silver deposited (see Note 6).

Fig. 18.1. Light scattering image of peptide microarray after phosphorylation, labelling
positives with gold nanoparticles, enhancement by silver deposition and corresponding
RLS intensity curves of column 1 and row 4 of the array (marked by white lines).
Kemptide was spotted on columns 1 and 2, while control peptide was spotted at columns
3 and 4. The concentrations of spotted peptides were 1 mg/ml. Reproduced from (8) with
permission from ACS.
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4. Upon signal amplification by silver deposition, the slides
were imaged with a highlight scanner using white light
(Qiagen Instruments, Switzerland) and analysed with the
Array Analyser software. Light scattering image of peptide
microarray is shown in Fig. 18.1 (see Note 7)
3.2.2. Preparation of Assays
for SERS Detection

1. Here, kemptide is phosphorylated on the microarray spot
by PKA as described in Section 3.2.1.
2. The phosphorylated peptide is specifically recognized by antiphosphoserine-biotin and the recognition event was labelled
by avidin-conjugated fluorescein (see Note 8).
3. The avidin-conjugated fluorescein was specifically labelled
by attachment of peptide-stabilized gold nanoparticles
followed by the conventional silver enhancement.
4. After signal amplification by silver deposition, the slides
were detected with a Renishaw 2000 Raman spectrophotometer (Gloucestershire, UK) equipped by an Arþ ion
laser and a CCD detector. All spectra were collected
with an excitation line at 514 nm with 10 s accumulation
time, and 10 MW incident power. The detection signal is
shown in Fig. 18.2.

Fig. 18.2. SERS spectra of fluorescein acquired from one of spot with (A) kemptide or (B)
control peptide in the microarray. The concentration anti-phosphoserine-biotin in the
probing solution was 20 mg/ml and the concentration of peptides in spotted solution is 10
mg/ml. Reproduced from (9) with permission from Elsevier Science.

3.3. PKA Inhibition
and IC50 Assays

1. The inhibition efficiency test was performed using the
inhibition solution (kinase solution with each inhibitor
at 10 mM) on different subarrays.
2. To measure the IC50 values of inhibitors (H89, HA1077,
mallotoxin and KN62), different concentrations of the
inhibitor (0.0001–50 mM) in the kinase solution were
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applied to individual subarray, following incubated,
washed spun-dry and probed by gold nanoparticles as
described previously.

Fig. 18.3. Light scattering images of peptide microarrays with (A) in the absence of
inhibitor (control experiment) and in the presence of 10 mM inhibitors: KN62(B),
HA1077(C) and H89(D). (E) shows the preliminary quantitative analysis of RLS signals
from arrays (A) to (D). The signals have been corrected for background noise and
normalized to the average RLS intensity obtained in the absence of inhibitors. The
concentration of spotted kemptide was 1 mg/ml. Reproduced from (8) with permission
from ACS.
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3. The slides were imaged with a highlight scanner using white
light and analysed with the Array Analyser software. Light
scattering images and quantitative analysis of peptide microarrays are shown in Fig. 18.3 (see Note 9).

4. Notes
1. Gold nanoparticles exhibit the ability to resonantly scatter
visible and near-infrared light (generally called as resonance
light scattering, RLS). This property is the result of the excitation of surface plasmon resonances (SPR) and is extremely
sensitive to size, shape and aggregation state of the particles.
The RLS of gold nanoparticles can be enhanced after silver
deposition.
2. Surface-enhanced Raman scattering (SERS) is a useful technique resulting in strongly increased Raman signals from
molecules which have been attached to nanometre-sized
metallic structures. It is generally agreed that more than one
effect contributes to the observed large effective SERS crosssection. The enhancement mechanisms are roughly divided
into electromagnetic and chemical effects.
3. We found that the PKA has excellent reaction activity on the
NHS–ester modified slides.
4. Adenosine 5’-triphosphate [g]-biotinyl-3, 6, 9-trioxaundecanediamine (ATP [g]biotin-LC-PEO-amine) is an excellent
replacement of ATP.
5. Biotin (also known as vitamin H) is a small organic molecule
found in every cell. Avidin (also called strepavidin) is a much
larger protein that binds biotin with a very high affinity.
6. We have found that the detection sensitivity and dynamic
range were critically related to the amount of silver deposited.
No spots can be detected when exposure time is less than
1 min. For short exposure times (2–4 min), there was poor
sensitivity while long exposure times (>15 min) had significant background noise and saturated signal output which also
reduced sensitivity and dynamic range. With the optimum
exposure time of 8 min, good features of the spots and a
relatively higher signal-to-background noise ratio can be
achieved.
7. An optimal signal-to-noise ratio was obtained at concentrations above 1 ng/ml. At this detection limit the actual total
amount of kemptide on each spot (1 nl spotting volume) is
equal to or less than 1 fg (1.5 amol). This is by at least three
orders of magnitude more sensitive than currently reported
fluorescence-based kinase functionality arrays.
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8. The Raman-activity of the compound (fluorescein) is relatively weaker than Raman-activity of other dyes (e.g. Rhodamine B). The different Raman dyes can be excited with a
single wavelength laser, which would greatly reduce the cost
of instrumentation. Furthermore, the half-peak width of a
Raman band is much narrower than the half-peak width of a
fluorescent emission band.
9. As expected, in the presence of inhibitors, the RLS intensity
decreases with increasing efficiency of inhibitor. This suggests
that our method not only has the potential to screen for
inhibitor activity qualitatively, but can also be developed to
yield quantitative data on the efficiency of different inhibitors.
More efficient inhibitors lead to lower levels of biotinylation,
which in turn gave a decreased RLS intensity.
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Chapter 19
An Advanced Application of Protein Microarrays: Cell-Based
Assays for Functional Genomics
Roberta Carbone
Abstract
Microarrays have become common tools for approaching different experimental questions: DNA, protein
and peptide arrays offer the power of multiplexing the assay and by means of miniaturization technology,
the possibility to reduce cost and amount of samples and reagents.
Recently, a novel technology for functional assays has been proposed. Sabatini and co-workers have
shown a cell-based microarrays method (1) that relies on the deposition and immobilization of an array of
cDNA plasmids on a slide where cells are subsequently plated; the cDNA is then internalized by ‘‘reverse
transfection’’ and cells overexpress or downregulate in each single spot the genes of interest. This approach
allows the screening of different phenotypes in living cells of many genes in parallel on a single slide.
To overcome some relevant limitations of this approach, we have implemented the technology by means
of viral immobilization (2) on a novel surface of cluster-assembled nanostructured TiO2 (3) previously
functionalized with an array of a docking protein.
In this work, we present the detailed development of the ‘‘reverse infection cell-microarray based
technology’’ in U2OS cells on a novel coated slide that represents an advanced application of protein
arrays.
Key words: Protein arrays, streptavidin, nanostructured TiO2 slide, cell-based microarray, retrovirus,
functional genomic screenings, automated microscopy.

1. Introduction
Cell microarrays represent a technological challenge: in order
to set up the protocol, four ‘‘elements’’ must be selected and
optimized for the specific aim of the assay; the cellular model
(primary, tumour, stem cells), the genes that must be spotted
on the slide in array format, the method of gene transduction
that must be highly efficient for the specific cell line and finally
the glass slide that must be biocompatible for cellular growth
Marina Cretich, Marcella Chiari (eds.), Peptide Microarrays, Methods in Molecular Biology 570,
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at different conditions (time and treatment), allowing localized
and stable binding of the gene on the spot in array format and
its efficient release upon cell plating.
We have recently proposed a novel biocompatible substrate for cell culturing obtained by coating glass slides with
cluster-assembled nanostructured TiO2(4) produced by supersonic cluster beam deposition of titania clusters. This coating
results from a random stacking of nanoparticles that creates a
highly porous and transparent thin film suitable for cellular
growth (even at long term) (3); moreover, thanks to the high
surface area, the film can be efficiently functionalized with
proteins and peptides (3, 5).
We have set up the cell-based microarray assay with the
following features: (a) human cancer cells as cellular model;
(b) GFP-based retroviral vectors as gene transduction system;
(c) cluster-assembled nanostructured TiO2-coated slide as substrate for viral functionalization and cell growth; and (d) streptavidin functionalization of the slide and biotinylation of Moloney
Murine Leukemia Virus (6) as viral arraying and immobilization
system (Fig. 19.1). The mechanism by which the Moloney Murine Leukemia Virus particles enter cells is mainly through viral
membrane fusion with target cells (7); therefore, retroviral particles can be stably docked on a streptavidin-functionalized surface, while the genetic elements of the virus can enter cells. This
approach of ‘‘reverse infection’’, where viruses are immobilized
on a surface and cells are plated on top, increases the probability
of cell–virus interaction and the subsequent gene transduction
events, even in absence of toxic polycations, normally required to
increase the infection efficiency (8); finally the biocompatible
nanostructured TiO2 surface provides correct conditions of cell
growth.

Fig. 19.1. Schematic representation of retroviral immobilization on nanostructured TiO2
(Ns-TiO2) coated slides: upon streptavidin functionalization of the slides in array format,
biotinylated retroviral particles are spotted on top of the array; the high affinity binding
between streptavidin and biotin ensures the precise localization of the viruses on the
spot.
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2. Materials
2.1. Slides

2.2. Cell Transfection,
Virus Biotinylation and
Concentration

Nanostructured TiO2 coating (average thickness, 50 nm) is
prepared on glass slides (Nexterion glass D, cleanroom
cleaned, SCHOTT AG, Mainz, Germany) by depositing
under high vacuum a supersonic seeded beam of TiOx clusters
produced by a pulsed microplasma cluster source (PMCS). A
detailed description of the PMCS and its principle of operation can be found in (4, 9). The slides are available through
the company Tethis S.r.l., Italy.

(1) All these procedures assume the use of a tissue culture
room with sterile hood, incubators and other standard
laboratory apparata.
(2) Phoenix Amphotropic cells for retroviral plasmid transfection are kindly provided by G. Nolan Lab (http://
www.stanford.edu/group/nolan/retroviral_systems/phx.
html).
(3) Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco/
BRL, Bethesda, MD) supplemented with 10% fetal
bovine serum (FBS, Invitrogen Corporation, Carlsbad
CA), 1% (w/v) L-glutamine (SIGMA, St.Louis, MO)
and 1% penicillin–streptomycin mixture (Lonza Group,
Basel, Switzerland): when used in this formulation it is
defined as complete medium.
(4) Retroviral plasmids: PINCO (10) and PINCO-NPM
(kindly provided by Dr. Emanuela Colombo, European
Institute of Oncology, Milan, Italy).
(5) 2 M CaCl2, prepare filter-sterilized stocks and store at –20C.
(6) 2XHBS Hank’s Balanced Solution: 50 mM Hepes,
10 mM KCl, 12 mM dextrose, 280 mM NaCl, 1.5 mM
Na2HPO4; filter, sterilize and store in aliquots at –20C.
(7) Chloroquine (SIGMA): prepare as stock in sterile ddH2O at
100 mM and store at –20C.
(8) Biotinamidohexanoic acid N-hydroxysuccinimide ester
(biotin, SIGMA): prepare at 333.5 mM in sterile
dimethyl sulphoxide (DMSO) and store in single-use
aliquots at –20C; do not re-use after thawing.
(9) Hank’s Modified Medium: 1.66 mM CaCl2, 1 mM glucose, 0.81 mM MgSO4, 5.37 mM KCl, 0.44 mM
KH2PO4, 4.12 mM NaHCO3, 0.13 M NaCl, 0.32 mM
Na2HPO4; filter, sterilize and store at 4C.
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(10) 0.45 mm filter MILLEX1HA for viral clarification (Millipore
Corporation, Billerica, MA).
(11) PEG8000: prepare a stock solution of 30% (w/v) PEG8000
(SIGMA) plus 0.9% (w/v) NaCl in sterile ddH2O and store
in aliquots at 4C.
(12) Dulbecco’s phosphate buffered saline (DPBS) (Lonza
Group).
(13) Bovine serum albumin (BSA) (Albumin FractionV BDH
Biochemicals, VWR International Ltd., Lutterworth, UK):
prepare a 2% (w/v) stock solution in 1  DPBS and store in
aliquots at –20C.
(14) D+trehalose (SIGMA): dilute in sterile ddH2O at 40% (w/v)
and store at +4C.
(15) 70% Ethanol and dry ice for fast freezing of viral aliquots.
2.3. Slide
Functionalization

(1) Spotter: Biodot1 BioJet Plus spotter with Axsys software,
(BioDot Inc., Irvine CA).
(2) Streptavidin from Streptomyces avidinii (SIGMA) dissolved in sterile ddH2O at 2 mg/ml aliquoted and stored
at –20C.
(3) 96-well plates (BD Bioscience, San Jose, CA) as source plate
for spotting.
(4) Spotting buffer: 10 mM Hepes and 150 mM NaCl pH 7.4
prepared by diluting stocks of 1 M Hepes at pH 7.4 and 1 M
NaCl; filter, sterilize.
(5) Washing buffer: 1 
(SIGMA).

DPBS/0.5% (w/v) Tween 20

(6) Washing buffer: 1  DPBS/0.05% (w/v) Tween 20.
(7) Washing buffer: 1  DPBS.
(8) Blocking buffer: complete medium.
(9) VivadishTM plates (Vivascience AG, Sartorius Stedim Biotech
S.A. Aubagne Cedex, France).
2.4. Target Cells

(1) Human osteosarcoma U2OS (American Type Culture
Collection – ATCC), cultured in DMEM supplemented
with 10% FBS (Invitrogen), 1% (w/v) L-glutamine
(SIGMA) and 1% penicillin–streptomycin mixture
(Lonza).
(2) Trypsin (0.25%) and ethylenediamine tetraacetic acid
(EDTA) (1 mM) (Gibco/BRL).
(3) 100 mm tissue culture plates (Falcon, BD Bioscience).
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(1) Prestige rectangular coverslips (22  40  0.15 mm3) from
Zeuss Super (Zeuss Padova, Italy).
(2) Paraformaldehyde 4% in Pipes buffer: prepare a 4% (w/v)
solution in Pipes; Pipes buffer: 80 mM Pipes, 5 mM EGTA,
2 mM MgCl2, prepared by stocks of 400 mM Pipes pH 6.8,
500 mM EGTA pH 8, 1 M MgCl2: prepare fresh for each
experiment. The solution may need to be carefully heated
(use a stirring hotplate in a fume hood) to dissolve, and then
cooled to room temperature for use.
(3) Washing buffer: 1  DPBS.
(4) Nuclear counterstaining: DAPI (4,6-diamidino-2-phenylindole, SIGMA): prepare a 1 mg/ml stock in ddH2O, store in
aliquot at –20C, in the dark. For nuclear counterstaining,
use 1:5000 dilution in 1  DPBS.
(5) Mounting media: Mowiol (Mowiol 4–88 CALBIOCHEM,
Merck KGaA, Darmstadt, Germany): prepare the following
reagents: glycerol, ddH2O, 0.2 M Tris pH 8.5; place 6 g of
glycerol in 50 ml disposable conical Falcon centrifuge tube;
add 2.4 g Mowiol and mix thoroughly; add 6 ml of ddH2O
and leave for 2 h at room temperature; add 12 ml of 0.2 M
Tris-HCl pH 8.5 and incubate at approximately 53C until
the Mowiol has dissolved. Vortex occasionally; clarify by
centrifugation at 4000 rpm (3345g) for 20 min; transfer
the supernatant into glass vials with screw caps (about 1 ml
in each). Store in aliquots at –20C (see Note 1).
(6) Scan^R, a microscope-based platform for imaging phenotype screening (Olympus Europa, Germany) equipped with
an Orca ER C4742-80 Hamamatsu B/W Camera (Hamamatsu Italy, Italy). High numerical aperture planapochromatic dry lenses are employed to maximize resolution and
light collection under screening acquisition conditions. Single 10  and 20  fields per spot are acquired.
(7) Image J (freely available at www.rsb.info.nih.gov/ij/) for
image analysis and array visualization.

3. Methods
In this protocol we report the development of an optimized
retroviral microarray on a streptavidin-functionalized nanostructured TiO2 slide for phenotype screenings.
This method provides up to 70% of transduction efficiency
of GFP-based retroviral vectors in osteoblastoma cells, in
absence of polybrene, in an arrayed format on a chip. To
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achieve this result, it is important to obtain a stable and
efficient functionalization with streptavidin of the nanostructured TiO2 slide; and a high titre retroviral supernatant and
efficient viral biotinylation. Furthermore target cells must be
actively dividing to allow gene transduction.
The use of GFP-based retroviral plasmids helps in setting
up of the protocol, allowing a precise and quick evaluation of
the array in terms of localization of spots; two GFP-based
retroviral vectors, localizing in two different cellular compartments (cytoplasm and nucleoli), are spotted in alternate positions on the streptavidin-functionalized nanostructured TiO2
slide (Fig. 19.2). From image acquisition and analysis of
reverse infected cells, it is possible to confirm the specific
localization of the GFP overexpressing cells on the spot, the
localization of the GFP gene in single cells, the percentage of
the infection per spot and the absence of inter-spots
background.

Fig. 19.2. Features of the retroviral array spotting scheme: PINCO vector localizes in the
cytoplasm while PINCO-NPM localizes in the nucleolus; by spotting in alternate positions,
with a pitch of 1.5 mm and a spot diameter of 750 mm, a precise pattern of overexpressed genes/spot in different cellular compartments can be obtained.

The successful setup of this protocol provides the basic
tools for further assay development with complex libraries of
genes.
3.1. Viral Preparation
3.1.1. Day 1: Plating of Cells
for Transfection of
Retroviral Vector DNA

(1) Phoenix Amphotropic cells are cultured in complete medium
and passaged when 80% confluency is reached: it is recommended to avoid long periods of culturing (less that one
month) to prevent the loss of the episomal viral genes and
growing capability. Cells are grown in 100 mm plastic dishes
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at 37C in a humidified incubator with 5% CO2 and kept in
logarithmic growing condition until plating for transfection
experiments.
(2) The day before the transfection, plate 3.5  106 Phoenix
Amphotropic cells in complete medium on 100 mm plates
and place in 37C humidified incubator at 5% CO2: use one
plate for each retroviral plasmid to be transfected (see Note
2). Each plate will finally give 450 ml of concentrated retroviral supernatant.
3.1.2. Day 2: Transfection
of Retroviral Plasmid PINCO
and PINCO-NPM

1) All these procedures must be performed under sterile hood;
culture medium must be warmed at 37C in a water bath. For
each retroviral plasmid to be transfected prepare the following solutions in a 15 ml Falcon tube: solution A composed by
a mix of 10 mg of the retroviral plasmid (PINCO or PINCONPM), 72 ml of 2M CaCl2, in a final volume of 500 ml of
H2O; solution B composed by 500 ml of 2  HBS solution.
Add the solution A to the solution B: to enhance DNA
complexation with CaCl2 bubbling with a pipette aid in the
solution A is required during the adding of solution B (see
Note 3).
2) Incubate the A plus B mix for 10 min at room temperature
under the hood.
3) 6 min after mixing add 4 ml of chloroquine 100 mM (working
concentration 40 mM) to the cells, then gently shake the plate
(see Note 4).
4) 4 min later add the A plus B solution to the cells, gently mix
and put back in the incubator (see Note 5).
5) After 6 h replace the medium with 10 ml of complete medium
and incubate overnight in the 37C incubator.

3.1.3. Day 3: Retroviral
Biotinylation

1) Prepare the biotinylation solution by adding 10 ml of biotinamidocaproate N-hydroxysuccinimide ester to 10 ml of
Hank’s Modified Medium per plate.
2) Remove completely and carefully the cell medium from the
plate (see Note 6), then gently add the biotinylation solution.
3) Leave cells for 30 min in the dark under the sterile hood at
room temperature; at the end of the incubation replace completely the biotinylation medium with 10 ml of complete
medium (see Note 7).
3) Put back cells in the 37C incubator. After 4 h replace the
culture medium with 5 ml of complete medium.
4) Incubate plate overnight on 37C incubator; during the
incubation time cells release the biotinylated viruses in the
cell culture medium. To consider the viral preparation
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suitable for the retroviral arraying assay, it is recommended to prepare a plate to be used for testing the
percentage of GFP fluorescence in U2OS cells in a classical infection procedure (see 10): at least 90% of infection
of U2OS cells must be achieved; otherwise the transfection procedure must be repeated (see Note 9).
3.1.4. Day 4: Retroviral
Collection

1) Collect the retroviral supernatant (approximately 4.5 ml considering that the medium volume is decreased during the
incubation time at 37C) with a syringe and transfer it into
a 50 ml Falcon tube by applying a 0.45 mm filter to the syringe
before dispensing to eliminate cell debris from the retroviral
supernatant.
2) Add 1.6 ml of a solution of 30% (w/v) PEG8000 and
0.9% (w/v) NaCl (in ddH2O) to the filtered retroviral
supernatant: the final concentration of PEG8000 will be
8% (w/v).
3) Vortex the Falcon tube and place in a refrigerator at +4C
overnight to allow PEG complexation with viral particles (see
Note 10).

3.1.5. Day 5: Retroviral
Precipitation, Concentration
and Storage

1) Pellet the virus–PEG complexes by centrifuging tubes
for 45 min at 3000 rpm in a refrigerated centrifuge
(+4C). Prepare a container with ice where to keep all
the solutions and the virus–PEG complexes after
centrifugation.
2) Discard the supernatant and carefully resuspend the pellet (see
Note 11) in 450 ml of 0.1% (w/v) BSA and 5% (w/v)
Trehalose in 1  DPBS; this procedure allow to concentrate
10-fold the retroviral preparation.
3) Prepare 1 ml tubes with appropriate labels on the cap and
aliquot the resuspended viral–PEG complexes in 50 ml/tube
by snap freezing in ethanol 70% and dry ice.
4) Store the aliquots at –80C until use (see Note 12). The
procedure is resulting in 70–80% efficiency of retroviral
biotinylation.

3.2. Retroviral Array
Preparation

1) All these steps require to be performed in a cell culture
room: the spotter must be located close to the sterile
hood and the procedures need to be accurately followed
using gloves, to keep sterility and cleanliness. The slide
must be manipulated using clean forceps and possibly
under the sterile hood until cell plating; the presence of
antibiotics in cell culture medium is necessary to avoid
bacteria contamination during cell growing.
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2) The production of an array of proteins on slide requires the
optimization of the operation conditions of the spotter:
before the experiment the spotter must be thoroughly
cleaned according the instrument specifications, and the program for the array must be created.
3) Prepare a solution of 5 mg/ml of streptavidin in 10 mM
Hepes, 150 mM NaCl and place 30 ml of the solution in a
96-well plate.
4) The array of streptavidin molecules on nanostructured TiO2coated slides is prepared by spotting 40 nl of the streptavidin
by a non-contact spotter (see Note 13) (Biodot1 BioJet Plus
spotter with Axsys software, BioDot Inc.). For the experiment (shown in Fig. 19.3), set the array at 12 spots per lane
for 24 lanes with 1.5 mm pitch. The spotting procedure is
performed at 70% constant humidity; after spotting the tip is
extensively washed with degassed ddH2O.
5) After spotting, place the slide in VivadishTM plate and incubate overnight at room temperature in the presence of 75%
humidity in a closed box with a NaCl saturated solution.
6) The day after, block the slide with complete medium for 1 h
in a shaking platform at low speed at room temperature.
7) After blocking, wash the slides twice with 1  DPBS/0.5%
(w/v) Tween 20 and ddH2O for 5 min: slides must be
carefully dried under the sterile hood for 5 min (see Note
14); before the retroviral spotting it is recommended to
store the slide in Petri dish at 4C for short period (not
more than 1 day).
8) Thaw an aliquot of the virus–PEG solution (PINCO and
PINCO-NPM): place 40 ml of the solution into a 96-well
plate and place the plate in the spotter’s plate holder: use
the spotting coordinates prepared for the streptavidin
array; set the spotting scheme to obtain an alternate
spotting of PINCO and PINCO-NPM (as shown in
Fig. 19.2).
9) Carefully place the streptavidin-functionalized TiO2 slide in
the spotter’s slide holder in the same position used with the
streptavidin arraying procedure (see Note 15).
10) Dispense 40 nl of virus–PEG solution per spot in 65% humidity. Between the spotting of the two different retroviral preparations wash extensively the tip with sterile 1  DPBS.
11) At the end of the spotting procedure, incubate the slide for
4 h at 4C in a box with 75% humidity.
12) After the incubation, wash the slide twice with 1  DPBS/
0.05% (w/v) Tween 20 for 10 min and then twice with 1 
DPBS for 5 min each.
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Fig. 19.3. (A) Panel of 12  24 retroviral array of U2OS cells acquired by ScanôR microscope at 10  magnification: one
image/spot has been collected and, by ImageJ software, montages of all the images have been produced: spots of
infected cells are clearly identified by the fluorescent signal showing different localization of the two GFP-based retroviral
vectors. (B) Magnification of a 3  3 array of PINCO and PINCO-NPM overexpressing cells: PINCO is represented by the
following spots: 2, 4, 6, 8; PINCO-NPM by the 1, 3, 5, 7, 9 spots. (C) Image analysis using Image J software of the 3  3
array showing the number of cells/spot and the percentage of infection/spot; the graphs are a representative example of
the scatter plot of DAPI intensity versus GFP intensity of one PINCO and one PINCO-NPM spot: the analysis provide a
qualitative and quantitative evaluation of the retroviral array.

3.3. Cell Plating

1) Grow U2OS cells in 100 mm tissue culture plates at 37C in a
humidified incubator with 5% CO2 until the day of the
experiment.
2) Prepare U2OS cells for plating: detach cells from 100 mm
plate with 1 ml of trypsin–EDTA, place the plate in the
incubator and check when cells are completely detached
from the plate: add 5 ml of complete medium and collect
cells; centrifuge cells at 1200 rpm for 5 min, discard the
supernatant and resuspend cells in 5 ml of complete medium.
Count cells and dilute with medium appropriately to obtain
1.5  105 cell/ml.
3) Place the retroviral arrayed slide in a VivadishTM plate and add
4 ml of the cell suspension to obtain 6  105 cells/ml (see
Note 16): put the plate in the 37C incubator.
4) After 72 h from plating, check the slide at the microscope to
evaluate cell confluency and fluorescence signal: at 80–90% of
cell confluency the slide can be processed for DAPI staining
and image acquisition.
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1) Completely remove the culture medium and add 4 ml 1 
DPBS to the VivadishTM plate: repeat the washing procedure
for three times then fix cells with 4% paraformaldehyde for
10 min at room temperature.
2) Wash slides three times with 1  DPBS and add 3 ml of DAPI
solution: incubate for 5 min then wash with 1  DPBS and
with ddH2O.
3) The slide is now ready for mounting with a coverslip: add one
drop of the mounting media Mowiol on the coverslip and lay
it down on the slide, carefully avoiding bubbles formation
between the slide and the coverslip. The slide is ready for
image acquisition and analysis.
4) Place the slide on the Scan^R automated microscopy
station: prepare the acquisition program (based on the
array configuration for the spot size, the pitch between
spots and the fluorescence of the array) and after the
identification of the first spot of the array, run the acquisition procedure. Usually 10  or 20  objectives are
used to acquire the array. For GFP fluorescence use the
FITC filter.

3.5. Image Analysis

After the acquisition, images are evaluated with ImageJ software
and montages are prepared to obtain a 12  24 array (Fig. 19.3).
The analysis of this image provides a qualitative evaluation of the
experiment in term of cells distribution and localization of GFP
overexpressing cells in precise spots.
The efficiency of infection can be measured on a statistically
representative number of spots: as an example, for this analysis,
select a 3  3 array of spots with four images of cells overexpressing PINCO and five images of cells overexpressing PINCO-NPM
as shown in Fig. 19.3: by ImageJ analysis, after background subtraction, DAPI staining is employed to identify cell nuclei and to
build a binary mask for successive calculations. The mean nuclear
levels of DAPI and GFP for each image are measured by averaging
fluorescence intensities in the areas identified by the nuclear mask.
The threshold for infected and non-infected cells is identified as
the mean GFP fluorescence of non-infected areas of the slides, plus
one standard deviation.

4. Notes
1. The careful preparation of this reagent is very important since
it affects the quality of the images that will be obtained by
microscopy acquisition: check the viscosity of the final
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solution that must be not too liquid, and if after freezing at –
20C the reagent remain completely liquid, discard it; use one
aliquot for not more than 1 week after thawing.
2. The efficiency of retroviral transfection and the production of
a high retroviral titre are strictly dependent on the quality of
Phoenix Amphotropic cells and on the number of cells plated
for the transfection: be sure to plate the exact number of cells
and check if they are well adherent and not floating on the
medium. Discard the plate if the day of transfection is too
confluent (more than 60%).
3. A high retroviral titre is depending on DNA quality: the retroviral plasmid must be prepared from bacterial amplification by
using a complete purification procedure (i.e. Maxi Prep by
Quiagen or others supplies); check the concentration by spectrophotometer and verify that the 260/280 ratio is around
1.8. If this ratio is lower, repeat the purification procedure.
4. Add chloroquine by immerging the tip on a side of the plate
after tilting the plate: then lay down the plate gently and move
carefully up and down, left and right with the hands; the
homogeneous distribution of chloroquine is necessary since
this reagent prevents the eventual degradation of DNA inside
cells, increasing the final percentage of transfection efficiency.
5. After adding on the Phoenix Amphotropic cells, the A plus B
solution check by microscopy the formation and the quality of
DNA–calcium precipitate: dark particles can be visible all over
the cells; the dimension of this particles must be very small,
like a fine powder; if aggregates are present, these can be toxic
to cells and be responsible for the dropping down of the
infection efficiency.
6. Since biotin reacts with proteins it is important to remove the
medium completely to eliminate even small traces of proteins
(derived from the serum): it is, however, not recommended to
wash cells at this step since it can increase the probability of
detaching them during the procedure of biotinylation.
7. This is a very delicate procedure: after 30 min of incubation in
Hank’s solution, cells can be loosely attached to the plate; it is
crucial to remove and add the medium very gently to avoid
perturbation of the cellular layer; however, a little percentage
of detached cell do not represent an obstacle for the following
steps of the procedure; only if all the cellular layer is detached
it is recommended to start the procedure with another plate.
8. A good retroviral titre depends on the efficiency of tranfection: to evaluate this parameter it is important to inspect by
microscopy the level of GFP fluorescence of Phoenix Amphotropic cells: by comparing the cell number by bright field
inspection and the fluorescent cells it is possible to calculate
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an approximate percentage of transfection: generally this procedure provides more than 90% of transfection efficiency on
Phoenix cells: do not accept transfection efficiency lower than
70% since this will result in a low retroviral titre.
9. It is generally not necessary to verify the efficiency of retroviral
biotinylation since the protocol is highly reproducible; however, in case of low infection efficiency in the retroviral array
experiment it is possible to monitor the biotinylation efficiency as it was previously described (6).
10. The virus–PEG complexes can be left at 4C for upto 3 days
after preparation without losing infection capability.
11. After centrifugation the pellet must be white: be sure to
remove completely the supernatant to avoid the remaining
of free biotin and other low molecular weight contaminants in
the virus–PEG complexes.
12. Aliquots can be left in the –80C for upto 3 months without
losing infection capability.
13. The streptavidin–virus spot size must be of 500–800 mm diameter: this is required to obtain around 300–600 cells/spot
that represent a good cell number for statistical evaluation.
14. To perform a second round of spotting on top of streptavidin
spots the slide must be completely dry and devoid of any
moisture; eventually drain the excess of liquid and then leave
the slide under the hood until completely dry.
15. It is recommended to exactly keep the order for slides positioning on the spotter slide holder for the two series of spotting (first streptavidin and then retrovirus); moreover, verify if
the repositioning of the tip between two subsequently spotting procedures on the same spot is precise, to ensure good
functionalization of the slides and low background.
16. Cell plating on the retroviral-arrayed slide must be homogeneous to have similar number of cells/spot: just after plating
move carefully the plate to distribute the cell suspension and
check by microscopy the absence of cell aggregation.
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Chapter 20
Profiling the Autoantibody Repertoire by Screening
Phage-Displayed Human cDNA Libraries
Roberto Di Niro, Sara D’Angelo, Paola Secco, Roberto Marzari,
Claudio Santoro, and Daniele Sblattero
Abstract
The advent of the serological identification of antigens by procedures such as cDNA cloning and
recombinant protein expression has allowed the direct molecular definition of immunogenic proteins.
The phage-display technology provides several advantages over conventional immunoscreening procedures based on plasmid or lambda-phage cDNA libraries. So far, attempts to display open reading frames,
such as those encoded by cDNA fragments, on filamentous phages have not been very successful. We
managed to develop a strategy based on ‘‘folding reporters’’ which allows filtering out open reading frames
from DNA and displaying them on filamentous phages in such a way that they are amenable to subsequent
selection or screening.
Once the cDNA library of interest is created, phage-display technology is used for selection of novel
putative antigens; these are then validated by printing isolated protein on microarray and screening with
patients’ sera.
Key words: Phage display, antigens, autoimmunity, protein microarray, recombinant fusion protein,
open reading frames, Cre-recombinase, high throughput, serum profiling.

1. Introduction
Protein and peptide arrays represent a relatively novel tool with an
outstanding potential for the dissection of the complex interactions between antigens and antibodies. Multiplex antigen arrays
have been used to identify signature autoantibody profiles in
human diseases (1, 2). Although these arrays have been usually
constructed using known antigenic proteins, in autoimmunity the
identification of novel self-antigens recognized by autoimmune
sera has been long considered an important research goal, often
leading to new diagnostic and therapeutic paradigms. Before the
advent of molecular biology, such identification was difficult, and
Marina Cretich, Marcella Chiari (eds.), Peptide Microarrays, Methods in Molecular Biology 570,
DOI 10.1007/978-1-60327-394-7_20, ª Humana Press, a part of Springer Science+Business Media, LLC 2009
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generally limited to either Western blotting or immunoprecipitation. In recent years novel proteomic strategies have been developed to identify the cohorts of antigens associated to autoimmune
diseases. Phage display is a technique which involves the coupling
of phenotype to genotype in a selectable format. It has been
extensively used in molecular biology to study protein–protein
interactions (5–7) and has a great potential for the study of complex molecular systems such as the antigen–antibody interaction
networks. Phage-display expression libraries provided simple procedures for the identification of novel antigens, by allowing the
screening of cDNA libraries created from appropriate tissues
directly with autoimmune sera; this technology appears to be the
most promising and affordable to set up high-throughput isolation of putative antigens. Phage-display cDNA libraries can be
produced with a complexity that can easily exceed several millions
different clones, each of them representing a protein or a protein
fragment. Such libraries can be selected with antibodies
(i.e. patients’ sera), using settled protocols; this leads to a reduction of the library complexity and to the identification of a high
number (thousands) of putative autoantigens. The antigenic properties of these proteins could be validated by means of protein array
technology. Selected proteins are printed onto chips and analysed
to obtain a detailed serum profiling of a given disease. Indeed, a
large number of novel autoimmune antigens have been identified
using the sera of patients affected by cancer (3) or autoimmune
diseases (4).
The display technology based on filamentous phages offers
several advantages over other procedures, such as lambda-phage
screening: (a) as many as 1010–1011 individual clones can be
screened in a single experiment, thereby increasing the chance of
isolating (auto)antigens; (b) the screening of the cDNA library is
performed in a fluid-phase, so that denaturation of the proteins,
which may occur on solid surfaces, is minimized; (c) low amounts
of sera are needed to perform all the selection procedures; (d) the
isolated phages carry the genes encoding for the binders of interest, and such genes can be easily identified and manipulated for
further experiments.
In general, attempts to display random open reading
frames (ORFs) on filamentous phage, such as those encoded
by cDNA fragments, have not been very successful, despite the
development of a number of different vectors (8–13). The
main problems deal with the chance to clone a productive
frame (one clone in three will start correctly, one clone in
three will end correctly, and one clone in two will have the
correct orientation), and with the ability of ORF fragments to
fold properly. We managed to solve these problems by the use
of a strategy based on ‘‘ORF reporters’’. We have designed a
new vector (14, 15) which allows to filter out ORFs from
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DNA and to display them on filamentous phage in such a way.
that they are amenable to subsequent selection or screening.
In this vector, cDNA fragments are inserted upstream a blactamase gene flanked by Cre-lox recombination sites. This
gene fusion unit is upstream the gene coding for the phage
capside protein g3p. The clones containing a DNA fragment
encoding for an ORF will express a b-lactamase fusion protein
and will grow in the presence of ampicillin. After this step,
referred as ORF filtering, the b-lactamase gene is removed
from DNA constructs by transforming E. coli cells expressing
the Cre-recombinase. This enzyme excises the DNA within the
lox sites and yields a standard phagemid vector that allows the
display of an ORF-g3p fusion product on the phage surface.
Filtered libraries are then available for selection and further
analysis. After antigens isolation, protein production and purification, for array printing, could be carried on high-throughput systems. This will include microfermentation in 96-well
format with novel medium formulation.

2. Materials
2.1. Construction of
ORF-Enriched cDNA
Libraries

1. cDNA is prepared from human fibroblasts mRNA, average size 350 bp, range 100–700 bp, ligated with adapters
carrying BssHII (50 end) and NheI (30 end) restriction
sites.
2. Bacterial strain used is Escherichia coli DH5 F0 (Gibco
BRL), F0 /endA1 hsd17(rK mKþ) supE44 thi-1 recA1
gyrA(Nalr) relA1 _(lacZYA-argF) U169 deoR(F80dlacD(lacZ)M15).
3. Plasmidic DNA (pPAO2 phagemid vector) is prepared using
the Macherey–Nagel Nucleospin Plasmid kit, following the
instructions of the manufacturer.
4. Stock solutions of antibiotics are prepared by dissolving
chloramphenicol at 34 mg/mL in ethanol, kanamycin at
50 mg/mL in water and ampicillin at 100 mg/mL in
water. Chloramphenicol stocks are kept at 4C, kanamycin and ampicillin at –20C. Repeated freeze and thaw of
ampicillin is avoided, and aliquots are prepared for single
use. All antibiotics are purchased from Sigma.
5. 2xTY liquid broth is prepared adding, for 1 L, 16 g
bacto-tryptone, 10 g bacto-yeast and 5 g NaCl to
ddH2O. Final pH 7.0. Agar plates are prepared by adding
1.5% bacto-agar to 2xTY broth.
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6. BssHII and NheI restriction endonucleases, T4 ligase and
buffers are purchased from New England Biolabs. All
cloning steps are performed according to the manufacturer suggestions and to standard molecular biology
procedures.
7. The NucleoTrap kit and NucleoTraP CR kit (Macherey–
Nagel) are used for purification of DNA from agarose gel
and reaction mixtures, respectively, following the instructions
of the manufacturer.
8. 100 mL aliquots of electrocompetent DH5 F0 bacteria are
used for transformation; each aliquot is used for transformation of 1.5 mL of purified DNA, using 1 mm gap and 100 mL
volume cuvette (Eppendorf) and an Electroporator 2510
(Eppendorf), set at 1800 V.
2.2. Cre Recombination

1. Bacterial strain used is Escherichia coli BS1365: BS591 F0 kan
(BS591: recA1 endA1 gyrA96 thi-1 D lacU169 supE44
hsdR17 [lambda imm434 nin5 X1-cre]).

2.3. Phage Production
and Titration

1. Solution for precipitation of phages: 20% PEG-8000 and
2.5 M NaCl (purchased from Fluka). The solution is filtered
through a 0.22 mm filter before use.
2. PBS: 8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4 and 0.24 g
KH2PO4 in 1000 mL H2O, final pH 7.4.

2.4. Immunoprecipitation with
Magnetic Beads

1. M450 Magnetic beads (Dynabeads) coupled to protein G,
4.5 mm size and small magnets designed for fitting of 1.5–2
mL tubes are purchased from Invitrogen.
2. Acetate buffer: dilute acetic acid to a final concentration of
0.5 M, and adjusting the pH to 5.
3. Serum samples from healthy donors and patients, suffering
from infectious or autoimmune diseases, are stored in small
aliquots at –70C. When needed, a small aliquot is thawed
and 5 mL are diluted into 95 mL of PBS.
4. MPBS and PBST: prepare from fresh PBS, by adding 4%
non-fat powder milk or 0.1% Tween 20 (Sigma),
respectively.

2.5. Subcloning
Antigenic Fragments
in Bacterial Expression
Vector

1. pGEX vector plasmid DNA, engineered with unique BssHII
and NheI restriction sites in the polylinker, is prepared using
the Macherey–Nagel Nucleospin Plasmid kit, following the
instructions of the manufacturer.
2. Restriction endonucleases, T4 ligase and buffers are purchased from New England Biolabs. All cloning steps are
performed according to the manufacturer’s suggestions and
to standard molecular biology procedures.
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3. 3% Agarose gel for DNA electrophoresis: dissolve 3 g of agarose
(Sigma) in 100 mL TAE buffer (0.04 M Tris-acetate, 0.001 M
EDTA). 10 mL of ethidium bromide (1 mg/ml, Sigma) are added.
2.6. High-Throughput
Expression
and Purification
of Recombinant
Polypeptides

1. Bacterial strain used is Escherichia coli BL21-CodonPlus(DE3)-RIPL strain (Stratagene), E.coli B F– ompT
hsdS(rB– mB–) dcmþ Tetr gal(DE3) end AHte [argU proLCamr] [argU ileY leuW Strep/Specr].
2. Standard stock solutions for auto-inducing medium are prepared according to (12). 100 mL of auto-inducing medium
ZYM5052 are freshly prepared by adding each sterile stock
solution in the following order: 80 mL of ZY; 2 mL of 50 
M; 200 mL of 1 M MgSO4; 100 mL of metal mix; 2 mL of
50  5052; 100 mL of ampicillin. 15.6 mL of sterile water are
added to adjust to the final volume of 100 mL.
3. Round bottom 2 mL 96-deep-well plates are used for bacterial cultures (Starlab).
4. Standard stock solutions for bacterial lysis are: lysis buffer (FAST
Break, Promega); DNAseI (Sigma), at 5 mg/mL in TE buffer
(10 mM Tris-HCl 1 mM EDTA pH 7.4); lysozyme (Sigma) at
20 mg/mL in TE buffer. Enzymes are stored at –20C until use.
5. Wash/binding solution : 50 mM Tris-HCl pH 7.5, 150 mM
NaCl, 1% (v/v) Triton X-100 (Sigma).
6. Elution buffer is composed of 50 mM Tris-HCl pH 8.1,
50 mM GSH reduced (Sigma) pH 8, 100 mM NaCl .
7. GSH magnetic beads (MagneGST, Promega) are stored in
20% ethanol. Before use, beads are washed three times with
2.5 volumes of wash/binding solution using a magnetic stand
for 1.5 mL tubes. Before removing supernatant it is necessary
to allow particles to be captured by the magnet. Particles are
then resuspended in 1 volume of wash/binding buffer.
8. 24 Rods magnetic stand and 96 tube aspiration manifold are
purchased from V&P Scientific and round bottom 1 mL 96deep-well plates from Costar, Corning.

2.7. SDSPolyacrylamide Gel
Electrophoresis
(SDS-PAGE)

1. Upper buffer: 0.5 M Tris-HCl, 0.4% (v/v) SDS (from 10%
(w/v) stock solution) and pH adjusted to 6.8.
2. Lower buffer: 1.5 M Tris-HCl, 0.4% (v/v) SDS and pH
adjusted to 8.8. Upper and lower buffer can be stored at
room temperature.
3. Acrylamide/bis-acrylamide (30% (w/v) acrylamide, 0.8% (w/
v) bis-acrylamide) and ammonium persulphate (10% (w/v) in
water) are stored at 4C. Acrylamide is neurotoxic when unpolymerized and must be handled with care. N,N,N,N0 -Tetramethyl-ethylenediamine (TEMED) is purchased from Sigma.
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4. Running buffer: 25 mM Tris, 192 mM glycine, 0.1% (w/v)
SDS and stored at room temperature.
5. 2x Sample buffer:125 mM Tris-HCl pH 6.8, 20% (v/v) glycerol, 4% (v/v) SDS (from 10% (w/v) stock solution), 10%
(v/v) 2-mercaptoethanol, 0.04% (w/v) bromophenol blue
and is stored at –20C in 1 mL aliquots.
6. Coomassie staining solution: (0.1% (w/v) Coomassie Blue R250, 45% (v/v) methanol, 10% (v/v) acetic acid.
7. Destaining solution: (10% (v/v) acetic acid, 10% (v/v)
methanol); store at room temperature. Solutions are prepared
and used under extractor fan due to methanol toxicity.
8. Prestained molecular weight markers are purchased from
Fermentas and stored at 20C.
9. BSA Calibrator stock solution (10 mg/mL) is freshly prepared by dissolving 10 mg of BSA (Sigma) in 1 mL of PBS.

3. Methods
3.1. Construction of
ORF-Enriched cDNA
Libraries

The description of the source and preparation of ORF-enriched
libraries goes beyond the aim of this chapter and will not be
discussed in detail (see Note 1). In the example described here,
the starting material is human fibroblasts. The cDNA library will
be prepared using random primer, the fragment length is controlled by mRNA boiling time and random primer concentration
and the size of cDNA fragments ranges from 100 to 700 bp with
an average of 350 bp (see Note 2); BssHII or NheI adapters have
been added at 50 or 30 end, respectively (see Note 3). Briefly, a
cDNA library is built as follows (see Note 4):
1. 5 mg of pPAO2 purified phagemid vector and adapters-ligated
purified cDNA are sequentially digested, first with BssHII
restriction endonuclease for 3 h at 50C, then with NheI for
2 h at 37C.
2. The digested phagemid and inserts are purified, resuspended
in milliQ water, and ligated with T4 DNA ligase (phagemid:insert molar ratio of 1:5). After O/N ligation at 16C, the
DNA is purified by precipitation and resuspended in 15 mL of
milliQ water.
3. The purified DNA is transformed by electroporation into
DH5 F0 bacteria (see Note 5); after transformation, bacteria
are added with 1 mL of liquid 2xTY medium, without any
antibiotic pressure, and allowed to grow at 28C, shaking at
220 rpm, for 60 min. Bacteria are then plated on 15 cm 2xTY
agar plates (1 mL of bacterial suspension per plate) added
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with chloramphenicol (pPAO2 resistance, 34 mg/mL) and
ampicillin (selective marker for ORFs, 15 mg/mL) and
allowed to grow for 24 h at 28C. Dilutions are also plated
on either chloramphenicol/ampicillin or chloramphenicol
only 2xTY agar plates, for titration of the library size.
4. The size of the library is determined from the dilution plated
on ampicillin/chloramphenicol (only ORFs will grow) or
chloramphenicol only (all clones) (see Note 6). The general
size of our libraries is above 106 ORF transformants. Bacteria
are collected, thoroughly mixed, added with 20% sterile glycerol and kept at –80C in small aliquots. One aliquot is
immediately used for purification of plasmid DNA in order
to undergo the recombination step.
3.2. Cre Recombination
for Removal of the bLactamase Gene

In order to allow the phage display of ORFs, these must be fused to
the sequence lying downstream the b-lactamase gene and encoding
the phage g3p protein. To this end, the b-lactamase gene is removed
by Cre-mediated recombination. The DNA of ORF-filtered constructs is transformed into a bacterial strain carrying the Cre-recombinase gene (BS1365). Cre-recombinase recognizes the Lox sites
flanking the b-lactamase gene, excides the gene and yields a standard
phagemid construct suitable for phage display. However, since
BS1365 bacteria are not the best hosts for the production of high
titre of phages, recombined phagemids are further transformed into
DH5 strain. The detailed protocol is as follows:
1. A small aliquot of the plasmid preparation of the original
library is electroporated into BS1365 bacteria, and plated
onto 2xTY agar plates added with chloramphenicol. The
bacteria are allowed to grow O/N at 30C, for complete
removal of the b-lactamase gene from the library (see Note 7).
2. Bacteria are collected, plasmid DNA is extracted and a small
aliquot is electroporated into DH5 . Bacteria are plated onto
2xTY agar plates added with chloramphenicol and allowed to
grow O/N at 30C.
3. Bacteria are collected, added with 20% sterile glycerol, and
split into several aliquots to be kept at –80C until further use.
The library is then inspected for: (i) average size of the cDNA inserts;
(ii) complete removal of the b-lactamase gene; and (iii) effective
enrichment for ORFs. Points (i) and (ii) may be easily carried out
by PCR on randomly picked colonies, before and after recombination, using primers external to either the polylinker (for the average
size of fragments) or to the polylinker and the b-lactamase gene (to
assess successful recombination). Point (iii) may be carried out by
analysing the presence of the correct frame in the gene sequences
obtained from a suitable number of randomly picked clones.
A summary of the procedure is reported in Fig. 20.1.
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Fig. 20.1. Schematic summary of the procedure. cDNA fragments are cloned into the pPAO2 vector, allowing selection of
ORFs. A recombination step removes the ß-lactamase gene, yielding a construct suitable for phage display. After selection
with antibodies, ORFs of interest are subcloned into an expression vector for production of recombinant proteins and
further characterization.

3.3. Phage Production
and Titration

1. A bacterial stock aliquot of the library, stored at –80C, is
diluted in 10 mL of 2xTY liquid broth added with chloramphenicol (see Note 8) and grown in a 100 mL flask shaking at
220 rpm and at 37 C, until it reaches OD600 0.5. Under
these conditions, bacteria express the pilus necessary for
phage infection (see Note 9).
2. Bacteria are infected with a wild-type helper phage (M13K.07
carrying all the genes needed for phage replication) at a MOI
(multiplicity of infection, the ratio viral particles/bacterial
cells) of 20 to 1. This step is performed at 37C for 45 min,
without shaking.
3. After infection, bacteria are centrifuged at 1500g for 10 min
at 30 C, the supernatant is discarded and the pellet is resuspended in 40 mL of 2xTY broth added with chloramphenicol
and kanamycin. Bacteria are then grown O/N, at 30C and
shaking at 220 rpm, to allow production of the recombinant
phages in the culture supernatant.
4. The following day bacteria are centrifuged at 7000 rpm for
20 min at 4C. The supernatant, containing phages, is
collected.
5. Precipitation of phages is performed by adding 10 mL (onefifth of total volume) of the PEG–NaCl solution to the phagecontaining supernatant, followed by incubation on ice for
45 min, to allow precipitation (see Note 10). The solution is
then centrifuged at 7000 rpm for 20 min at 4C, to collect the
phages. The supernatant is carefully and entirely discarded
and the white pellet is resuspended in 1 mL of PBS. Since
the phages are soluble in PBS, the solution is centrifuged for
5 min at 10,000 rpm, to pellet the remaining bacteria in
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solution; the phage-containing supernatant is transferred into
a fresh tube and kept in ice until needed (see Note 11). Titre
of phages is around 1010/mL.
3.4. Phage Selection by
Magnetic Beads
Coated with Serum
Antibodies

Two different preparations of magnetic beads are needed: the first
(called here NEGATIVE) functionalized with serum antibodies
from healthy donors, the second (called POSITIVE) with antibodies from sera of patients with immune–autoimmune disorders.
In the first step, in order to subtract the library from clones
binding aspecifically to antibodies that are present in the normal
repertoire of the immune system of healthy people, a selection
with the negative antibody preparation is required. The positive
preparation will then be used for the selection of the antigenic–
autoantigenic clones.
The selection procedure is performed as follows (see Note 12):
1. 0.2 mL of phage preparation (corresponding to 1011–1012
phages) is saturated by adding an equal volume of 4% MPBS
and incubating for 1 h at RT (see Note 13).
2. E. coli DH5 are inoculated in 2 mL of 2xTY liquid broth and
grown at 37C in shaking platform. The culture must be
checked carefully during growth, in order to reach an
OD600 between 0.3 and 0.8 – best at 0.5 – when the elution
step described later (step 8) is performed (see Note 14).
3. 10 mL of protein G-coated M450 dynabeads are transferred to
a 1.5 mL Eppendorf tube. Two washes are performed with
acetate buffer, pH 5. All the washing steps described in this
protocol are performed in the same identical manner, independently from the buffer used for washing, as follows:
l
the tube is put on the magnet and beads allowed to be
collected on the side of the tube facing the magnet for 30 s;
l

with a pipette, all the solution in the tube is gently
removed, without touching the beads;

l

the tube is removed from the magnet, 0.75 mL of the
washing solution are added and the tube is gently shaked
until the beads are resuspended again in the liquid phase;

if needed, points 1–3 are repeated.
4. 5 mL of serum (or pool of sera) are diluted into 100 mL of PBS,
added to the washed beads, and incubated in slow rotation at
RT.
l

5. After 45 min, the beads from the NEGATIVE preparation are
washed three times with acetate buffer, pH 5, to remove
unbound antibodies and other serum proteins.
6. For the subtraction step, 200 mL of MPBS-saturated phages
(about 1012phages, called INPUT) are added to the NEGATIVE bead preparation, and incubated for 30 min in rotation
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(see Note 15). Magnetic field is applied, and the beads with
bound phages are collected on the side of the tube. The
supernatant, containing the unbound phage population, is
collected and used in the next step.
7. The beads from the POSITIVE preparation are washed three
times with acetate buffer, pH 5. The phages obtained from
the previous step are then incubated with the beads for 90 min
in rotation.
8. Several washes, with PBST and PBS, are then performed to
remove unbound phages (see Note 16).
9. Bound phages, representing the OUTPUT of the selection
round, are then eluted by mixing the beads with 1 mL of E.
coli DH5 , at OD600 0.5, at 37C, for 45 min, with occasional shaking.
10. Bacteria are plated on 15 cm 2xTY agar plates added with
chloramphenicol and grown O/N at 30C. The following
day, the output is collected from the plates by adding 1 mL
of fresh 2xTY broth and harvesting with a sterile scraper; most
of the bacterial suspension is then added with 20% glycerol
and stored at –70C in 50 mL aliquots. An aliquot is immediately grown again (see the description of the phage production in previous paragraph) to undergo the next selection
round.
3.5. Subcloning of
cDNA Fragments in
Bacterial Expression
Vector

Although direct printing of lysates (13) or phages (14) onto
protein arrays have been reported, we suggest to use purified
recombinant proteins. The purification step is required since sera
and biological fluids may contain immunoglobulins against bacterial antigens. We use a modified pGEX vector (GE Healthcare)
that allows the insertion of the BssHII-NheI ORF fragments
downstream the coding sequence of the GST gene. The cloning
steps are as follows:
1. Plasmid preparation of the selected library is obtained from an
aliquot of bacteria.
2. 5 mg of DNA are digested in a small volume using the restriction sites flanking the cDNA gene fragments (BssHII-NheI).
3. The digested sample is loaded on a 3% agarose gel in TAE
buffer, and after short electrophoresis separation, the smear in
the 100–700 bp range is cut out of the gel (see Note 17).
4. The fragments are purified and ligated, by using T4 ligase,
into the expression vector cut with the same enzymes. The
ligation reaction (vector:insert molar ratio of 1:5) is performed O/N at 16C. The following day, the ligation is
purified and transformed into BL21(DE3)RIPL E. coli strain.
The resulting mini-library has a size around 105 clones.
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Increased yields of protein production are a requirement for many
applications, including protein microarrays. The high-throughput
expression and purification of hundreds of different clones is here
performed by coupling high-density growth with magnetic-beads
affinity purification in a 96-well format.
By using the auto-induction system described in (12), 96
single bacterial cultures can be grown on deep-well plates, reaching high optical densities, and without the need for monitoring the
bacterial growth to induce expression of the recombinant proteins.
Growth is performed on a shaking platform at low temperature
(28C) to provide correct folding of polypeptides.
The bacterial strain used (BL21(DE3)RIPL) allows high-yield
production of most polypeptides, including those with genes carrying rare codons for arginine, isoleucine, leucine and proline.
Production and purification of high number of proteins
may be difficult to manage and time-consuming. The system
described here provides easy steps for lysis and affinity purification (binding, washing and elution) that can be simultaneously
carried out on 96 different cultures. Magnetic beads used in this
protocol are functionalized with GSH to allow affinity purification of GST-recombinant proteins. The procedure is performed
as follows:
1. A 96-well plate is prepared, each well with 100 mL of LB
medium supplemented with 100 mg/mL ampicillin. Single
colonies are picked from the Petri dishes, where the library has
been plated, with sterile tips, and are inoculated in each well.
The cultures are grown for 6 h at 37C in a shaking platform,
at 200 rpm.
2. 900 mL of auto-inducing medium are dispensed in each well
of the 96-deep-well plate.
3. 5 mL of the growing cultures are transferred into the deepwell plates and grown overnight at 28C, in a shaking platform at 200 rpm (see Note 18).
4. After O/N growth, 100 mL of FastBreak lysis buffer are added
into each well; the plate is then sealed with adhesive aluminium film and incubated for additional 15 min with gentle
shaking at 4C.
5. 10 mL of DNAse are added in each well and the plate is
incubated for 15 min with gentle shaking at 4C. DNAse
degrades genomic DNA released during lysis and reduces
the viscosity of solution.
6. The lysozyme stock is diluted 1:10 in water just before use
and 10 mL are added in each well. The plate is then incubated
for 20 min with gentle shaking at 4C. Clarification should be
observed (see Note 19).
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7. GSH magnetic beads are prepared as described in Section2; the
bacterial lysates are transferred to a 1 mL 96-deep-well plate
(Costar) and 25 mL of the magnetic beads suspension is added
to each well. Aluminium sealing film is used to seal the plate.
8. The plate is incubated with gentle mixing on a rotating platform at 4C for 30 min; particles are not allowed to settle for
more than a few minutes, as this reduces binding efficiency.
9. The plate is set on the magnetic support, so that the GSH
particles are captured by the magnets. A 96 tube aspiration manifold connected to the vacuum pump is then
used to carefully remove supernatant. The manifold is
then removed, the plate taken off from the magnetic
stand, and 250 mL of binding/wash buffer are added to
each well with a multichannel pipette. The plate is gently
mixed for 5 min at 4C. The plate is placed back on the
magnetic stand and washing procedure is repeated for
three times.
10. Elution of the bound protein is performed by adding 25 mL of
elution buffer in each well (see Note 20); the plate is incubated with gentle mixing at 4C for 15 min.
11. The plate is placed back on the magnetic stand, the supernatant is carefully removed with a multichannel pipette, and
the eluted GST-fusion proteins are transferred into a new 96well plate. A second elution step may be performed following
the same procedure. The two aliquots of the eluted protein
are pooled together and kept either at 4C or, for longer
storage, at –70C (in this case, 10% glycerol is added).
3.7. Analysis of
Recombinant Proteins
by SDS-PAGE and
Coomassie Staining

1. To check the amount and quality of recombinant proteins,
SDS-PAGE analysis is performed. A mini-gel system (i.e. BioRad Mini Protean III) is highly recommended due to the savings in material and time and also because it provides highresolution protein separation. To resolve proteins with a MW
ranging from 25 to 60 kDa, a 12.5% and 0.75 mm thick gel is
recommended. Gel preparation and electrophoretic run are
performed according to (15). Running gel solution, is prepared
by mixing in the following order: 1.65 mL H2O, 1.25 mL lower
buffer, 2.1 mL acrylamide/bis-acrylamide, 25 mL ammonium
persulphate, 7.5 mL TEMED. Stacking gel solution is prepared
mixing reagents in the following order: 1.5 mL H2O, 0.625 mL
upper buffer, 0.35 mL acrylamide/bis-acrylamide, 15 mL
ammonium persulphate, 5 mL TEMED. Assembly of gel sandwich into electrophoretic apparatus is performed according to
manufacturer instructions.
2. Samples are prepared adding 2x sample buffer and purified
protein in equal amounts in an Eppendorf tube. For the BSA
calibrator sample, 1 mL of stock solution is diluted in 100 mL
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final volume of PBS, then 100 mL of 2x sample buffer are
added (final concentration: 50 ng/mL). All samples are heated
at 100C for 10 min, and then centrifuged for 1 min.
3. 5 mL of all samples are loaded into wells, avoiding crosscontamination of adjacent wells. Molecular weight standard
and three dilutions of BSA Calibrator (i.e. 100 ng/mL,
300 ng/mL, 500 ng/mL, pipetting 2, 6 and 10 mL, respectively) are also loaded. The run is performed at constant
voltage (100 V).
4. When prestained molecular weight marker bands (in particular those ranging from 25 to 70 kDa) are well resolved (about
1 h), the run is stopped.
5. When the run is over, the gel is removed from the assembly,
transferred into a small box containing 10 mL of Coomassie
staining solution, covered with a lid and incubated on a shaking platform for at least 30 min. The Coomassie solution is
then discarded and replaced with 10 mL of destaining solution for 2 h (a piece of styrofoam can be added in order to
completely absorb Coomassie stain that diffuse from the gel).
6. The height and the number of bands observed on the gel for
each protein give an indication of MW, purity and degradation of the samples (see Note 21). Their concentration can be
evaluated by comparing the intensity of bands with those of
the calibrator, considering that the volume of purified protein
loaded is 2.5 mL (total volume of sample loaded, including
sample buffer, was 5 mL). If available, it is possible to use
digital instrumentation (i.e. VersaDoc, Bio-Rad) to acquire
the image of the gel and to perform digital densitometry of
bands. Figure 20.2 shows a Coomassie-stained SDS-PAGE
of proteins produced and purified with the method described
in this chapter.

Fig. 20.2. SDS-PAGE followed by Coomassie staining of 22 different random GST-tagged proteins. Proteins are produced
by bacterial cultures of BL21(DE3) strain grown in auto-inducing medium and purified with GSHmagnetic beads. On the
right side, BSA calibrator: bands intensity correspond to 100, 300 and 500 ng of total protein loaded.
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4. Notes
1. The source of genetic material, its collection, treatment and
protocols should be carefully planned in accordance with the
aims of the specific study. Any source of cDNA, genomic
DNA, or other genetic material (i.e. synthetic) is potentially
suitable for building of libraries which could then be handled
with the methods described in this chapter.
2. Large fragments are likely to be more difficultly displayed on
the phage surface whereas fragments up to 300 amino acids
(i.e. scFvs) are known to be correctly displayed on phage
surface. Considering that the average size of functional
domains of proteins is assessed to be around 100–150 aa,
we decided to select an average fragment size of the cDNA
library of 350 bp.
3. The presence of linkers/adapters for sticky-end cloning is
not strictly required: the pPAO2 vector polylinker carries
a StuI blunt restriction site, allowing direct cloning of
blunt-ended cDNA fragments. Although blunt-end cloning is a simpler strategy, the efficiency of ligation of the
fragments with the vector is lower, resulting in libraries
with a smaller size.
4. For the construction of large libraries, it is extremely important to set-up good digestion, ligation, and purification protocols. The digestion step requires that the DNA is entirely
cut, there is no or little degradation, and that most of the
vector can be re-ligated after cutting. The ligation should be
done using a high-concentration T4 ligase enzyme. The purification should be carefully performed, especially in the final
step before electroporation, where high concentration of
DNA is required without presence of any salts in solution,
since the presence of contaminants leads to a dramatic
decrease in the electroporation transformation efficiency.
Small decrease in the performance of protocols at any of
these steps will easily lead to the production of libraries 10to 100-fold smaller than expected.
5. Electrocompetent cells can be produced in-house or
purchased from several manufacturers. The use of highefficiency cells (above 109 transformants per mg of DNA) is
required.
6. The theoretical expected ratio of transformants on chloramphenicol, compared to chloramphenicol/ampicillin, can be
approximately set to 18. The ratio we observed in all experiments is slightly above 20.
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7. A number of transformants at least 10-fold higher than the
size of the original library is suggested when proceeding with
the recombination step so that the diversity of the original
library is fully maintained.
8. Ideal starting OD600 is 0.05, corresponding to around 5  107
bacteria/mL. This corresponds to a 100  representation of
the diversity of the library for a 10 mL culture.
9. The pilus expression is highest when the bacteria are in a logphase growth, at 37C. It is important to check carefully the
temperature, since any drop in it would immediately determine
lost of the pilus. It is, therefore, strongly suggested to prepare
in advance all reagents before removing the bacteria from the
shaker, and to perform all steps quickly, without allowing the
temperature to decrease. At the time of infection, bacteria
should be in log-phase growth, with an OD600 around 0.5;
this means that bacteria grown to saturation (i.e. OD600 2.0)
cannot be diluted to OD600 0.5 and then used for infection.
10. By gently inverting the tube, a smoky consistence should be
observed a few seconds after adding the precipitation solution. This condition, representing phages clumping together,
should increase during the incubation in ice.
11. For selection steps, it is, therefore, strongly suggested to use
fresh preparation phages, and to store them at 4C for no
longer than 1 day.
12. The preparation of all reagents may be time-consuming. It is,
therefore, needed to start at the same time with several different preparations, since the time needed for them will be
different and their use will be required in different steps
during the protocol (i.e. antibody functionalization, phage
saturation, bacterial growth, etc.).
13. This blocking step is suggested to reduce background binding and should be performed in all selection rounds.
14. It is important that bacterial culture has the correct OD600 for the
elution step at the end of the selection. It is, therefore, necessary
to start bacterial growth early enough so that at the end of the
experiment (about 3 h) bacteria are in log-phase growth with an
OD600 around 0.5. It is suggested to grow bacteria in several
tubes (only 1 mL is required for a single elution) inoculating
different starting amounts of bacteria; choose the tube with the
OD600 closest to 0.5 for the final elution step.
15. Incubation with slow and constant rotation is required, since
the beads quickly form deposits on the bottom of the tube.
16. According to most experimental protocols in the phagedisplay techniques, the stringency of the washing steps should
increase with the selection rounds. We use the following
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procedure: beads are washed 10 times with PBST and 10
times with PBS, to remove unbound phages, for the first
round of selection. Fifteen PBST washes and 15 PBS washes
are performed for the second round; for the third round, 15
washes with PBST were followed by 10 min washing in rotation, followed by 15 more PBS washes.
17. It is suggested to perform a very short electrophoresis run
(but enough to distinguish clearly the smear of the excised
fragments from the vector backbone), so that the fragments
ranging from 100 to 700 bp can be collected by cutting a
small slice out of the gel.
18. After overnight growth, OD600 of some cultures is measured
to check for growth rate. Final OD600 of cultures should
range from 5 to 10 units. To ensure a correct reading in the
linear range, cultures may be diluted in broth to obtain readings below 0.25 units.
19. If lysates are not clarified, incubation time may be increased,
and the solution supplemented with DNAse and lysozyme
(i.e. doubling the volumes of enzymes added, especially if
OD600 of bacterial cultures is higher than 8).
20. The elution buffer must be freshly prepared and checking of
final pH is required; GSH must be reduced to allow elution of
GST-fusion proteins from GSH beads.
21. GST fusion polypeptides have an expected MW ranging from
27 kDa (GST alone) to 70 kDa: bands with higher molecular
weight indicate impurity in the sample (mainly due to
BL21(DE3)RIPL proteins co-purified with the GST recombinant protein). To avoid co-purification of contaminants, it
is suggested to increase number and stringency of washings
during purification with magnetic beads. If a sample shows
two or more bands, degradation might have occurred during
lysis and purification: a cocktail of protease inhibitors may be
added (1 mM leupeptin, 0.1 mM PMSF, 1 mM EDTA; due to
their toxicity, handle carefully) with lysozyme during bacterial
culture lysis; the whole purification process should also be
performed maintaining the plates at 4C.
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Chapter 21
Visualisation and Pre-processing of Peptide Microarray Data
Marie Reilly and Davide Valentini
Abstract
The data files produced by digitising peptide microarray images contain detailed information on the
location, feature, response parameters and quality of each spot on each array. In this chapter, we will
describe how such peptide microarray data can be read into the R statistical package and pre-processed in
preparation for subsequent comparative or predictive analysis. We illustrate how the information in
the data can be visualised using images and graphical displays that highlight the main features, enabling
the quality of the data to be assessed and invalid data points to be identified and excluded. The log-ratio of
the foreground to background signal is used as a response index. Negative control responses serve as a
reference against which ‘‘detectable’’ responses can be defined, and slides incubated with only buffer and
secondary antibody help identify false-positive responses from peptides. For peptides that have a detectable
response on at least one subarray, and no false-positive response, we use linear mixed models to remove
artefacts due to the arrays and their architecture. The resulting normalized responses provide the input data
for further analysis.
Key words: Data quality, response index, graphical display, detectable response, false positive,
normalization, linear mixed models.

1. Introduction
After peptide arrays are scanned, the images are digitised by specialised software and the resulting data stored in data files, one for
each array or subarray. While these files can be recognised and
opened with a spreadsheet program such as Microsoft Excel, they
also contain special features that facilitate manipulation with
image-processing software. The R statistical computing package
(1) provides a large collection of powerful functions for examining
these data. In this chapter, we will describe how such peptide
microarray data can be read into R, visualised using images and
graphical displays, and normalized to remove artefacts in preparation for analysis.
Marina Cretich, Marcella Chiari (eds.), Peptide Microarrays, Methods in Molecular Biology 570,
DOI 10.1007/978-1-60327-394-7_21, ª Humana Press, a part of Springer Science+Business Media, LLC 2009
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1.1. Data Example

We will illustrate our methods using peptide microarray data from
an application to tuberculosis research. The experiment involved
the comparison of a group of 34 TB patients with a group of 35
healthy people(2). A specimen from each of these individuals was
prepared on a microarray slide consisting of two identical subarrays, and the digitised image from each subarray was saved as a data
file. In addition, 13 slides were prepared using only buffer and
secondary antibody (i.e. no patient sample); seven slides from the
batch used for the TB patients and six slides from the batch used
for the healthy individuals. Thus the data consist of four groups of
arrays, and a total of 164 data files.

1.2. Slide Structure

The slides used in our illustrative examples are ‘‘second-generation’’
slides manufactured by JPT, Germany (JPT, 2008). These consist of
two identical subarrays, each consisting of 24 blocks of spots arranged
in an 18  18 matrix, for a total number of 7776 spots (see Fig. 21.1).
Among these, 7503 are peptide spots, with most peptides (7466)
appearing only once on the subarray. The 273 control spots consist of
four spots each for IgA, IgE, IgG and IgM, 104 negative controls (i.e.
empty spots) and 153 other miscellaneous controls. The methods we
describe in this chapter apply with minimum modification to slides
with more than two subarrays, or different block size and/or
arrangement.

Fig. 21.1. Layout of a second-generation peptide microarray slide.
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The peptide microarray images are analysed using specialised software packages such as GenePix (3) or Agilent’s Feature Extraction
(4) that save the digitised images in formatted data files. In our
applications, we used the GenePix package which produces data
files in .GPR (GenePix Results) format. These are essentially readable text files, with a header of some lines (usually 31) used to store
various internal information (for more details, see the Molecular
Devices GenePix Web site (2)). This header is followed by the data
spreadsheet with each spot on the array occupying a row and the
characteristics of the spots on the columns.
Figure 21.2 shows an excerpt from a GPR file, showing the
most important variables. The first three columns in the spreadsheet identify the location of the spot on the slide by specifying the

Fig. 21.2. Excerpt from a .GPR data file opened in Excel. Note that the first 31 ‘‘header lines’’ are not displayed.
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printing block, followed by the row and column number within
the block. Following the peptide or control name in column 4,
various measures of intensity of the signals are given: for example,
‘‘F635 Median’’ reports the median foreground signal for the red
channel (wavelength 635 nm) while the standard deviation and
coefficient of variation are denoted as ‘‘F635 SD’’ and ‘‘F635 CV’’,
respectively. The same measures are stored for the background
signal (beginning with ‘‘B635 Median’’) and the whole series is
repeated for the green channel (wavelength 523 nm). In our TB
example, the red channel was used, so that the data in the F532 and
B532 variables are not of interest and have been hidden in
Fig. 21.2 (between columns Q and AX).
The ‘‘Flags’’ variable in the last column reports values assigned
to each spot by the Genepix software using criteria for the quality/
reliability: in this example,‘‘0’’ indicates a good spot, ‘‘–50’’ a spot
‘‘not-found’’ (a spot with very low-intensity values, or with some
defect related to other parameters, for example the shape), ‘‘–75’’
an ‘‘empty’’ spot (a spot on which nothing is printed) and ‘‘–100’’
a ‘‘bad’’ spot. The GenePix user can modify the criteria that are
used to flag spots as ‘‘bad’’. This is an important step for all peptide
microarray analysis, as the default criteria are designed for the twocolour arrays originally used in genomics and are not suitable for
peptide arrays. This will require some validation experiments for
any given equipment or arrays: in our case we explored various
criteria for the magnitude and variability (CV) of the foreground
and background signals and found the following criteria to be
satisfactory in identifying bad spots:
Non-uniform Foreground: ([F635 Mean] > (1.5*[F635 Median]))
and [F635 Median] > 40
Non-uniform Background: ([B635 Mean] > (1.5*[B635 Median]))
and [B635 Median] > 40)

2. Preparing
the Computing
Environment

All the graphical and statistical analyses presented here were carried
out using R, a language and environment for statistical computing
and graphics, available for free download (1). Some of the
packages and tools used are part of Bioconductor (5), an open
source and open development software project for the analysis of
various kinds of high-throughput data. Bioconductor deals mostly
with ‘‘biomics’’ data, and includes many packages designed for
microarray data analysis. Detailed information about all the
packages can be found at (6).
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In brief, to install the basic Bioconductor packages, it is necessary to first have R installed. If the R package is launched with an
active internet connection, the following command typed on the R
console will automatically download and install a collection of the
most frequently used Bioconductor packages for microarray data
analysis:
source(‘‘http://bioconductor.org/biocLite.R’’)
biocLite()
As we will see later, it is useful to put all files from a specific study
into a single folder. In our example we could store all the GPR files
from the 82 arrays (164 subarrays) in the folder ‘‘C:/TBstudy/
data’’.
2.1. Reading GPR Data
Files

The marray package (in Bioconductor) is designed for the
exploration of microarray data mainly for quality control purposes. There are functions available in this package for reading
various types of data files: for example read.GenePix(), read.Agilent(), etc. Detailed descriptions of all these functions are
included in the marray help files and tutorial. We will describe
in detail below how to read in the GPR files produced by
GenePix. Users of other platforms will simply need to substitute this step with the functions appropriate for their data
format, and once the data have been read into R, one can
save (and work with) the R data structure, so that the source
of the data is no longer relevant.
The most direct way to read GPR data files into R is to set the
working directory to be the folder containing the files of interest,
and then use the read.GenePix function from the marray Bioconductor package. For example if the GPR data files are in the folder
named ‘‘C:/TBstudy/data’’, the following R commands will read
them into a special data structure (called an S4 variable) with the
name ‘‘mydata’’:
setwd(‘‘C:/TBstudy/data’’)
mydata <- read.GenePix()
Note that the data structure created by these commands contains
all the GPR files. This structure in R is said to be of the marray
type, which means that it is recognised as having several useful
slots: for example ‘‘maRf’’ and ‘‘maRb’’ are the slots in which the
red channel foreground and the red channel background data are
stored (if the green channel is used, ‘‘maGf ’’ and ‘‘maGb’’ are the
slots for foreground and background), ‘‘maW’’ (spot quality
Weights) contains the flag values and the subslot ‘‘maLabels’’ in
the slot ‘‘maGnames’’ contains all the peptide names. The data are
stored as matrices with the spots on the rows and the subarrays on
the columns.
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3. Quality Control
3.1. Inspection of Flags

To examine the quality of the data, the first step is to check the
distribution of the flags. We performed this quality control exercise for each group, first by combining the data from all the
subarrays and inspecting all spots regardless of whether they were
from control or peptide spots, and subsequently stratifying by the
type of feature. We also looked at each individual slide to check
whether there were any strange or aberrant slides that should not
be included in the analysis.

Fig. 21.3. Distribution of the flags across slides.

We present an example of one of our diagnostic boxplots of
the flags in Fig. 21.3. This illustrates that the vast majority of flags
represented spots that were ‘‘not found’’ (i.e. code ¼ –50). There
were relatively few ‘‘bad’’ flags (i.e. code ¼ –100), less than 4% of
the spots on most of the slides. In addition, subarrays with unusual
numbers of flags (e.g. subarray 1 of slide 780-05 in Fig. 21.3) can
be identified on the plots. We also inspected these proportions in
each of the groups for analysis (for example, sick and healthy) to
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see if there were relevant differences between groups. Such differences would indicate a potential bias and would be worthy of
further investigation to determine if the slides can be validly compared. Finally, we checked that all ‘‘empty’’ spots were correctly
flagged (code ¼ –75).
3.2. Visual Inspection

Another important quality control step is the visual inspection of
the data. We used the image function in Bioconductor to produce
a graphical image of the spots on each slide to check if there were
any slides that should be excluded from analysis. The images also
highlight artefacts and one can verify if these are correctly flagged
as ‘‘bad’’. In Fig. 21.4, we present images of two subarrays. The
black grid divides the 24 printing blocks. Figure 21.4a represents
the foreground of a ‘‘normal’’ subarray, with no obvious problems
related to the quality of the data. In contrast, in Fig. 21.4b an
artefact is clearly visible in the lower half of the subarray. This could
be the result of a scratch on the subarray surface. In this case, the
previous step had already highlighted this slide (number 780-5,
subarray 1) as having a large number of bad flags, so we checked
whether the dark area visible in Fig. 21.4b was flagged, as it
should be. If the flags did not correspond correctly, then the
subarray should be re-examined manually and the area correctly
flagged. If this is not feasible, then the entire subarray could be
removed from the analysis.

Fig. 21.4. Display of the red intesity of the 635nm foreground signal from two subarrays, obtained using the Bioconductor
‘‘image’’ function.
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We performed similar plots for the background signals. These
images are much more variable, but our interest is in identifying
artefacts not due to the usual random background variability. For
example, we found the same ‘‘scratch’’ as was apparent in the foreground signal for slide number 780-05 subarray 1 (data not shown).
Thus images such as those in Fig. 21.4 can provide a good indication
of whether slides are spoiled or can still be included in analysis.

4. Choice of
Response Measure
and Construction of
a Working Dataset

We chose the index value, the log-transformed ratio of foreground
to background (6) as the measure of the strength of the response.
This value was computed for all spots with background greater than
zero (those few with zero background, and thus undefined index,
were noted and excluded). Since the data are stored in two matrices,
one for foreground and one for background, this computation is
simply the ratio of these two matrices, taken element-by-element.
The index values can also be visualised using the image function as before. This will often present a much more homogenous
image than the raw foreground, as correcting for variable background using the ratio eliminates many visual irregularities. For
example, the darker zone in the bottom part of Fig. 21.5a disappears when the index is calculated (Fig. 21.5b).Variation from
block to block in the raw data will also usually be considerably
reduced in the index image, and any remaining block effects can be
removed during normalization (see Section 7). In some

Fig. 21.5. Plot of (a) red intensity of foreground 635nm signal and (b) corresponding index of a single subarray.
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applications, users may prefer other definitions of response, for
example the difference (or log difference) of the foreground and
background signal (7).
The chosen response measure is examined for each slide, and for
all slides from a group combined, in order to identify and flag any
extreme outliers that have not already been flagged. A plot of the
index vs. the log-background can be very informative (see Fig. 21.6),
as it shows the range of background values and the distribution of the
index values for peptide and control spots. In this example, the
negative control responses are clustered around zero as expected,
with the exception of one spot with an extreme value. In contrast,
the peptide spots have a wider ‘‘cloud’’ around zero, but also a number
of spots with high responses. Since the true response of a peptide is
unknown, further analysis is needed to determine if these are all valid
responses or whether some are outliers that should be excluded.

Fig. 21.6. Scatter plot of log-background vs. index for negative controls and peptides
from a single subarray.

Lastly a working dataset is prepared containing the data from
all subarrays that were deemed valid by the inspection described
above, and with flags identifying spots that will not be analysed.
The data from each group of slides are stored in a large matrix
which will now contain an additional column with the chosen
response measure for each spot.
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5. Data Reduction
After the quality control steps described above have been carried
out, and before any comparative analyses are performed, there are a
number of ways in which the volume of data can be reduced while
still maintaining the important information. As the technology
becomes capable of measuring greater detail and consequently
producing ever larger datasets, this reduction in the volume and
dimension of the data is of growing importance for computational
efficiency.
When thousands of peptides are printed, there are likely to
be many whose intensity values are not substantially different
from experimental noise. In some applications (e.g. our
Fig. 21.3 above), a large number of peptides may be flagged
as ‘‘not found’’. This code usually indicates a very low-intensity signal from ‘‘non-responding’’ peptides, but can also be
due to other problems, e.g. the shape of the spot. If removal
of all the ‘‘not found’’ flags would result in a drastic reduction
of the dataset, it may be preferable to remove only those ‘‘not
found’’ spots that have a high (bright) intensity. These have
presumably been flagged not for their low intensity but for
other problems that are allocated this same flag code. By
doing this, many low responding spots are retained in the
data, but these can be informative if they represent peptides
that have a high response on one or more of the other slides.
In contrast, peptides that have a low response on all slides do
not provide important information and these can be removed
as explained in Section 5.1 below.
Another important preprocessing step is the removal of false
positives. We define as false positive those peptides that have a high
response on the slides containing only buffer and secondary antibody. These responses are clearly not related to an immune
response, but to the interaction between the peptides and the
materials used for the measuring process, and can thus not be
interpreted on patient slides. Removing these peptides prior to
any comparative analysis is very important, as even if they are
relatively few, they are at risk of being falsely identified as having
differential response due to their high values in one group. We will
illustrate below (Section 5.2) a method for identification of these
false-positive peptides.
Before we can validly characterise the non-detectable and
false-positive peptides, we need to remove any artefacts from
the data. Some of the differences between peptide responses
will be due to the slides, subarrays and blocks that they are
printed on, i.e. due to technical variability and not the biological variability that is our primary interest. Thus, for any
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meaningful analysis, the responses from all spots must be
‘‘normalized’’ to remove such artefacts and make them as
equivalent as possible to the responses that would have been
obtained under the exact same experimental conditions. To
avoid interrupting the flow of the procedures in the following
three sections, we will simply state when appropriate that the
data were normalized and refer the reader to Section 7 where
we describe and illustrate a method of normalization.

5.1. Identification and
Removal of Peptides
with Non-detectable
Response

It is usual in microarray analysis to remove the spots with very
low signal (8). One method of defining a very low response is
to use the distribution of the responses from the negative
controls as a reference. The negative controls on our arrays
are flagged as ‘‘empty’’ spots, as there is nothing printed on
those locations. Thus the signal we obtain from the negative
controls is random experimental noise, so it can be used to
define a cut-off for the intensity that can considered a real
response. We defined a ‘‘detectable response’’ as an intensity at
least two standard deviations above the mean of the normalized negative controls for a given group of slides. Given the
large number of spots, this definition will likely define many
spurious spots as detectable, but if the definition helps to
reduce the data volume this high sensitivity is desirable since
it protects against losing any potentially interesting spots. In
our analysis we had two groups of individuals, a group of
patients and a group of healthy controls. Using our working
dataset (from which we have eliminated extreme outliers), we
normalized the negative control responses on all slides in a
group to remove the effects of slide, subarray and block (see
Section 7 for details on normalization). From the mean and
SD of the normalized values we define the threshold for a
detectable response as t ¼ mean þ 2SD (see Fig. 21.7).
Using the cut-off determined from the negative controls,
we identified the spots with non-detectable responses on each
slide. If a peptide had no detectable response on any slide it
was excluded from further analysis. All other peptides had all
their responses included: i.e. any peptide that had a detectable
response on at least one slide had its responses from all slides
included in the analysis, whether or not these were above or
below the cut-off. If these peptides were all automatically
eliminated from the data to be analysed, a large volume of
data would be lost. Instead, we have maintained all potentially
important peptides while significantly reducing the dimension
of the data to allow more flexibility for subsequent analyses. In
our example, the data records were reduced by almost 20% in
both groups.
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Fig. 21.7. Index vs. log-background plot for normalized negative controls in the group of
TB patients.

5.2. Identification
of False Positives

Some peptides will show a high index not because of a true
immune response, but because of the technical limitations of the
process of measurement. Such ‘‘false-positive’’ responses can occur
for example if the peptides interact with the buffer and/or the
secondary antibody used on the slide. For any batch of slides to be
used with human specimens, data from slides that have only buffer
and secondary antibody (i.e. no human specimen) can be used to
identify false-positive responses. Since no peptides are expected to
give a true response on a slide where only buffer and secondary
antibody are printed, all the ‘‘responding’’ peptides are considered
as false positives. In our application, we prepared 13 slides using
only buffer and secondary antibody (six from the batch used for
the TB patients and seven from the batch used for the healthy
controls). We normalized all the valid (i.e. not flagged as –100)
peptide responses on these slides using the method described in
Section 7 for each group in turn.
From a scatter plot of the normalized indices vs. normalized background, the responses that are likely to be false
positives can be identified (Fig. 21.8a,b). QQ-plots of the
normalized indices (Fig. 21.8c,d) show clearly the two populations of peptides on these slides, i.e. the non-responding
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Fig. 21.8. Index vs. log-background for responses from slides with only buffer and secondary antibody in (a) batch 786,
corresponding to the TB patient group, and (b) batch 780, corresponding to the healthy group. The corresponding QQ-plots
of the response index for the two batches are shown in (c) and (d), respectively.

(as expected) and the responding (false positive) peptides. We
declared all the peptides with a normalized value above 0.2 on
the buffer and secondary antibody slides to be false positives in
the two groups. We did not expect a priori to find the same
cut-off value for false positives in both groups. However, since
these slides are similar and use no patient specimen, it is not
surprising that a similar cut-off value is appropriate. These
peptides were excluded from any analyses comparing the
immune responses in the two groups of study subjects.

6. Preparation
of Data for Use
in Comparative
and Predictive
Analyses

As in all microarray experiments, to be able to perform a
differential response analysis (to compare the peptide
responses between two groups) the data must be comparable.
Data coming from different slides and, inside each slide, from
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different subarrays and different locations in the subarray are
not directly comparable. Some of the differences between the
peptide responses from different groups of individuals may be
due to the differences in the signal strength from different
slides. For example, a spot (peptide) may be brighter simply
because it is located in a brighter zone of the subarray and not
because it has a higher response. Thus the final step prior to
any comparative or predictive analysis is to remove these systematic effects from the responses so that the data can be
analysed to reveal real biological differences. The removal of
systematic effects is called ‘‘normalization’’.
The normalization procedure (Section 7) is applied to the
index values in the clean working dataset (i.e. excluding peptides
flagged as ‘‘bad’’, false positives and peptides with a non-detectable
response on all slides). The only systematic effect that is not included
in the normalization models is the peptide effect. Thus the differences between the observed responses and the responses predicted
by the model (i.e. the residuals) provide the estimates of the peptide
effects. Since the systematic effects of slide, subarray and block have
been removed, we refer to these as the ‘‘normalized responses’’, and
these provide the input data to software tools for comparative or
predictive analysis (9–11). For those peptides that have replications,
their normalized values are averaged, and an average is also computed for each pair of subarrays belonging to the same slide. The
result of this averaging is a list of unique peptides with their normalized responses for each slide (see Fig. 21.9). This information can be
stored in one data matrix for each group.

Fig. 21.9. Boxplot of index values for peptide responses from 34 TB patients (a) before and (b) after normalization.
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7. Normalization
The purpose of normalization is to adjust the response from each spot
on a slide for the systematic effects due to the variation between slides,
subarrays and blocks. Numerous methods of normalization have been
developed for genomic microarray data (12–15), and several of these
have been used in the field of peptide microarrays (8, 16). Many of the
available normalization methods from genomics make the assumption that only a very small proportion of genes will be differentially
expressed (13, 17). In applications to peptide arrays, this would be
equivalent to assuming that only a very small proportion of peptides
will have a different response in the groups being compared. We were
unwilling to make this assumption and chose instead to use linear
regression models to estimate the slide, subarray and block effects in
the responses and to correct for these measurement artefacts.
We denote the response from the spot on slide i, subarray j,
block k as Yijk.The normalization of a particular type of feature (e.g.
negative controls or peptides) is carried out by fitting one of the
following linear models, which is applied simultaneously to all
spots (controls or peptides) on all slides in a group.
(i) Yijk ¼ slidei+ subarrj+ blockk+ ijk
(ii) Yijk ¼ slidei+ subarrj+ blockk+ slidei *subarrj + ijk
where slidei is the ‘‘slide effect’’, subarrj is the ‘‘subarray effect’’, blockk
is the ‘‘block effect’’ and the interaction (subarray*slide) in model (ii)
allows for the possibility that the subarray effect can be different from
slide to slide. The term ijk is the remaining signal (the ‘‘residual’’)
when the systematic effects have been removed. For example, in
Fig. 21.10, the subarray in (a) has a gradient across the slide so that
a spot in the upper right corner block could have a different intensity
than a spot situated in the lower left corner simply because of its
position. Removal of the block effect will correct for this difference.
Similarly, removal of the subarray effect corrects for situations where
all the spots on one subarray are brighter or darker than on another,
such as the subarrays in Fig. 21.10b,c.
Since the raw data from peptide arrays are highly skewed, it
is usual to apply the normalization on the log scale. The
response index is already on a log scale, but if one wishes to
normalize the background or foreground signals, or their difference, then the data should first be log-transformed. We use
whichever model provides the best fit to the data. For the
response index, a simple normalization model such as (i) is
often sufficient, as much of the variability has already been
removed by taking the ratio of foreground and background
signal as we saw earlier (Fig. 21.5).
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Fig. 21.10. Image plot illustrating block effects in (a) and subarray effects in (b) and (c).

The linear model can be run using the lm function in R, or if the
number of spots to be normalized is too large, the biglm R-package is
specifically designed to solve such computational problems.
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Chapter 22
Web-Based Design of Peptide Microarrays Using
mPepArray Pro
Tongbin Li, Zhixiang Zuo, Qi Zhu, Ailing Hong, Xiaochuan Zhou,
and Xiaolian Gao
Abstract
Peptide microarrays (peptide arrays) have increasingly become an important research tool for studying
protein detection, profiling, and protein–protein interactions, and they have the potential to foster highthroughput protein analysis as DNA arrays did for genomics research a decade ago. Recently, technologies
have emerged that allow flexible synthesis of high-density peptide arrays based on specific application needs
(e.g., phosphopeptide microarrays). To fully unleash the power of this promising research tool, significant
efforts are required to develop computational and informatics resources that facilitate the experimental
design and data analysis for a wide range of peptide array-based applications. The design of peptide arrays is
inherently more complex than that of DNA arrays. We herein introduce mPepArray Pro, a Web-based
general-purpose peptide array design program. mPepArray Pro features strong content design capabilities
and maximized user control. The program suits the needs of a diversity of design tasks, works with a variety
of peptide array configurations, and is highly expandable: new functionalities can be developed and added
to mPepArray Pro with relative ease.
Key words: mPepArray Pro, peptide microarray, peptide array, array design.

1. Introduction
Recent technological advances have stimulated the development
of a new generation of peptide array platforms that emphasize
higher capacity, miniaturized scale, and more efficient synthesis
(1–3). These new peptide array platforms promise to foster highthroughput research of protein functions much as maturing DNA
array technologies did for genomics research a decade ago (4). In
order to take full advantage of the power of these new array-based
research platforms, significant efforts are required to develop computational and informatics tools assisting the experimental design
Marina Cretich, Marcella Chiari (eds.), Peptide Microarrays, Methods in Molecular Biology 570,
DOI 10.1007/978-1-60327-394-7_22, ª Humana Press, a part of Springer Science+Business Media, LLC 2009
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and the data analysis for peptide array-based research. In this
chapter, we take on the issue of computational design of peptide
arrays.
The design of a peptide array is the process of determining
a proper way to fill in – using a set of peptides – the spatially
arranged spots (or features) in a pre-defined array configuration, in order to accomplish the objectives of a peptide arraybased study. In most of the published peptide array studies, the
array design was conducted in an ‘‘offhand’’ manner. This is in
sharp contrast to the DNA array design practice, where a large
number of computational tools – most of which are guided by
well-established design principles (5, 6) – are available to help
the researchers customize and optimize the array designs (e.g.,
(7–11)). In this work, we discuss the similarities and differences
between the peptide array design and the DNA array design (in
particular, the oligonucleotide array design), and describe the
use of mPepArray Pro, the first general-purpose peptide array
design tool. mPepArray Pro is a Web-based program capable of
guiding the researcher through the entire peptide array design
process – from content design (task-based seed peptide selection, derived peptide generation, and peptide sequence evaluation) through array layout writing. mPepArray Pro is developed
to suit a diversity of design needs and work with a variety of
peptide array configurations, and it is highly expandable – new
functionalities can be developed and added into each element of
the array design process with relative ease.

2. Overviews of
Peptide Array
Design Process
and mPepArray Pro
2.1. Peptide Array
Design vs.
Oligonucleotide Array
Design

The aim of an array design process is to design a set of probes, and
devise a proper way to fill in the spatially arranged spots (or
features) using these probes in a pre-defined array configuration,
to accomplish the objectives of an array-based study. What differentiates the peptide array design from the oligonucleotide array
design is that the probes used to fill in the spots are peptide
molecules instead of oligonucleotides. There are issues and considerations that are shared between designing a peptide array and
designing an oligonucleotide array, e.g., the use of spot replicates
for accessing and improving the confidence of the measurements,
and the preferred use of randomized layouts to offset possible
spatial bias introduced during array production or array experiments. However, there are also considerable differences between a
peptide array design process and an oligonucleotide array design
process, due to the different purposes of the two types of array
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experiments, and due to the different technicalities involving the
synthesizing or spotting of the two different types of molecules on
an array surface.
First, because of the different purposes of the two types of array
experiments, the researcher is much more involved and plays a much
more active role in the content design of a peptide array than in that of
the oligonucleotide array. Research works involving oligonucleotide
array experiments are often of a ‘‘surveying’’ or ‘‘measuring’’ type. In
these studies, researchers are often concerned with the genes (for a
gene expression study) or the chromosome locations (for a comparative genomic hybridization study or a ChIP-chip study), but not
particularly with the probes that are designed to target the genes or
chromosome locations. In fact, in a typical oligonucleotide array design
process, after the researcher specifies a list of genes or chromosome
locations, the rest of the content design is dominated by well-established probe design principles (about avoiding cross-hybridization, and
about controlling Tm variation, sequence complexity, and folding
energy for selecting high-quality probes) and requires minimal input
from the researcher. In contrast, studies involving peptide array experiments are often ‘‘hypothesis-driven’’ in nature. In these studies, the
researchers are immensely interested in probe-level details – what is the
peptide sequence, how is the sequence generated (is it part of a natural
protein or is it an artificial peptide? – in the latter case, are there similar
peptides occurring in any natural proteins?)? Therefore, in peptide
array design, the researcher needs to sit in the ‘‘driver’s seat’’ and be
given much more control over the content design process than in
oligonucleotide array design. A proficient peptide array design program must allow ample flexibility for the user to compose the lists of
peptides freely as he or she desires; meanwhile, it should provide the
user with adequate assistance in the functionalities he or she needs
(e.g., for protein database look up, for derived peptide writing, i.e.,
generating sequences related to a given peptide as specified by the user)
to carry out the array design efficiently.
Second, due to the different types of molecules synthesized or
spotted on the array surface, the rules (or principles) governing the
quality of the probes are different between oligonucleotide arrays
and peptide arrays. The factors influencing the probe quality in
oligonucleotide arrays have been investigated for many years (5),
and they include Tm variation, sequence complexity, and the
formation of secondary structures. In contrast, rather limited
work has been reported to investigate factors influencing the
quality of the probes in peptide array design (12). These factors
are likely to be different between in situ synthesized peptide arrays
and spotted peptide arrays, and when different peptide synthesis
techniques are compared. A useful feature of a proficient peptide
array design program should have is to put in place an undesired
sequence pattern filter to help the researcher remove peptides that
are problematic during array synthesis.
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2.2. mPepArray Pro
Features and a
Dissection of the
Design Flow

mPepArray Pro is a fully functional peptide array design program
developed to suit a diversity of design needs and work with a
variety of peptide array configurations, although it was developed
with mParaflo1 microfluidic chip platform (13) as the primary
target platform. Conceptually, a mPepArray Pro-based peptide
array design process consists of two components – the content
design component and the array layout component. The content
design component further comprises two elements: (i) constructing task-based peptide groups (TBPGs) and (ii) assembling the
array-level peptide list (ALPL) (Fig. 22.1).

Construct a Task-based Peptide Group (TBPG)
Step 1. Select Seed Peptides
(i) Unguided Mode
(ii) Site Picking Mode
(iii) Tiling Mode
(iv) Peptide Database Query Mode

Step 2. Generate Derived Peptides
(i) Truncation
(ii) Mutation
(iii) AlanineScan
(iv) Task-Specific Controls

Array
Content Design

Step 3. Re-evaluate Peptides
(i) Check Occurred Sequences
(ii) Check Undesired Sequence
Patterns

Assemble an Array-level Peptide List (ALPL)

Make Array Layout

Fig. 22.1. A flow chart of peptide array design process using mPepArray Pro.

In a peptide array study, the researcher often desires to carry
out multiple, relatively independent tasks on a single array experiment. For example, in a B-cell epitope screening study, the
researcher might want to examine (with a tiling design paradigm)
two different segments of the antigen protein. As another example,
in a kinase substrate specificity study, the researcher might want to
include the reported substrate peptides (and some peptide
sequences derived from them) of several different kinases in a
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single peptide array, and perform binding experiments using each
kinase to check its interactions with its reported substrates as well
as its cross-reactions with the reported substrates of other kinases.
In mPepArray Pro, the term task-based peptide group (TBPG) is
used to refer to the group of peptides designed for a single task.
In the example of B-cell epitope screening, the tiling peptides
for each of the two segments constitute a TBPG. Similarly, in
the kinase substrate specificity study example, the known substrates for an individual kinase and the peptides derived from
these known substrates constitute a TBPG.
With one or more TBPGs constructed, the user would assemble an array-level peptide list (ALPL) – the list of all peptides (with
replicate information) to be included in a peptide array. The
number of peptides included in an ALPL is constrained by the
capacity of the selected array configuration, which defines the
length and width of the array (in numbers of spots, e.g., 128 
31) as well as the locations of spots reserved for quality control
purposes.
Finally, the array layout component of mPepArray Pro is
responsible for making the layout of the array, conforming to the
specified array configuration according to specifications provided
by the user.
mPepArray Pro is accessible at http://pepcyber.umn.edu/
microPepArray using a recent Web browser (Internet Explorer
V5.5 or higher, Firefox V 1.5 or higher) with JavaScript enabled.
Users are required to register with a valid email address before
being able to use the program.

2.3. TBPG Construction
Explained

The TBPG is a basic unit of the content design component, and
TBPG construction is the most involved element of the peptide
array design process with mPepArray Pro. The construction of a
TBPG consists of three steps: (1) seed peptide selection; (2)
derived peptide generation; and (3) peptide assessment and filtering. Considering the diversity of content design needs
researchers have, each of these steps is developed to be easily
expandable, i.e., new functionalities can be developed and easily
added into each of these steps to address new requirements raised
by users.
At the first step, the user formulates a list of seed peptides that
are most essential to the design task. These peptides are termed
seed peptides. For example, in a B-cell epitope screening task, the
user might choose to use a tiling design to cover a segment of the
antigen protein using a number of tiling peptides. These tiling
peptides would be considered as seed peptides for this design task.
In a kinase substrate specificity study, the user might choose to
include – in the list of seed peptides – all known substrate sequences
of the kinase. Currently, four modes of creating seed peptide lists are
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implemented in mPepArray Pro: (i) unguided mode, in which the
user would prepare the seed peptide list manually; (ii) site picking
mode, in which the user would pick a number of peptides truncated
from a protein sequence; (iii) tiling mode, in which tiling peptides
would be made along a protein sequence in a region specified by the
user; and (iv) peptide database query mode, in which the user would
obtain a list of peptides by querying an peptide database. At present,
the function querying a specific peptide database, PepCyber:PPep
(14), has been implemented.
At the second step, the user could choose to include a number of
derived peptides – which are peptide sequences that are related to
selected seed peptides – into the TBPG. These derived peptides are
added either for exploration purposes or as control peptides for the
design task. Currently, four protocols of generating derived peptides
are implemented in mPepArray Pro: (i) truncation, in which shorter
peptide sequences are generated with either or both ends of an
existing peptide sequence being truncated; (ii) mutation, in which
new peptides are generated by mutating one or more amino acids in
an existing peptide sequence to different amino acids; (iii) alaninescan, in which each amino acid in an existing peptide sequence is
substituted for by alanine, one at a time, to generate a list of new
sequences; and (iv) task-specific controls – at present one task-specific
control peptide generating function has been implemented for replacing one or more phosphorylatable amino acids (serine, threonine,
and tyrosine) by a non-phosphorylatable amino acid as specified by
the user.
At the third step, the peptide sequences generated during the first
two steps are re-evaluated. Currently, two peptide re-evaluation functions are included in mPepArray Pro: (i) occurred sequence checking,
where the peptide sequences are queried against the Swiss-Prot protein database, and the peptides that have occurred in any proteins in
the protein database are highlighted for the user to examine; and (ii)
undesired sequence pattern checking, where all peptides are checked
for undesired sequence characteristics that may lead to synthesis
efficiency problems. At present, the undesired sequence pattern
checking function is tuned for the mParaflo1 microfluidic on-chip
peptide synthesis platform. Similar functions for other peptide array
platforms can be easily added in the future.

3. Methods
3.1. Constructing
a TBPG

After logging in, the user can choose the option Make/View
TBPGs to arrive at a page where he or she can start to construct a
new TBPG, or look up a previously constructed TBPG. The user
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then chooses the Construct a new TBPG option, and he or she is
guided through the three-step TBPG construction process: (1)
seed peptide selection; (2) derived peptide generation; and (3)
peptide assessment and filtering.
3.1.1. Selecting Seed
Peptides

Four modes of seed peptide selection are provided in mPepArray
Pro: (i) unguided mode; (ii) site picking mode; (iii) tiling mode;
and (iv) peptide database query mode (for the PepCyber:PPep
database).
If the user chooses the Unguided mode for selecting seed
peptides, he or she is prompted to provide a name and (optionally)
a textual description of the seed peptide list. The list of seed
peptides can either be uploaded as a comma separated value
(CSV) file or be pasted to the text area provided. The data file
(or pasted text) should contain no header row and include two
columns: (a) sequence of the seed peptide; and (b) a brief description of the seed peptide.
If the user chooses the Site picking mode for selecting seed
peptides, he or she is prompted to paste a protein sequence and
(optionally) provide a description of the protein sequence pasted.
Alternatively, the user can provide the Swiss-Prot accession of a
protein, and the sequence and description of the protein is automatically retrieved from the Swiss-Prot database. Next, the user
can select the number of peptides truncated from the protein
sequence as seed peptides.
If the user chooses the Tiling mode for selecting seed peptides, he or she is prompted to provide a protein sequence, or
provide the Swiss-Prot accession of a protein, as in the Site
picking mode. Then he or she can specify the parameters for
the tiling design. These parameters include the starting and
ending positions, the peptide length, and the shift between
neighboring peptides. A list of tiling peptides would be generated, and the user can choose to include any number of peptides in the list as seed peptides.
In the Peptide database query mode for seed peptide selection, the user could set query parameters and submit a query to
the PepCyber:PPep database. The user can examine the list of
phosphopeptides returned, and choose to include any number
of the phosphopeptides as seed peptides.
The detailed information about how each seed peptide is
selected is documented automatically, and is displayed when the
Detailed info button is clicked in the seed peptide table. During
seed peptide selection, a summary of the number and type of
the seed peptides is displayed in the ‘‘information box’’ in the
right panel. After the seed peptide list is finalized, the user will
enter the second step of TBPG construction: derived peptide
generation.
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3.1.2. Generating Derived
Peptides

Four different protocols are available for generating derived
peptides: (i) truncation; (ii) mutation; (iii) alanine-scan; and
(iv) task-specific controls (non-phosphorylatable amino acid
substitution). Starting from the seed peptide list, the user
could choose a subset of the peptides and apply to these peptides any of these four protocols for multiple times in an
iterative manner to generate a list of derived peptides. To
achieve this, mPepArray Pro maintains a current peptide list
(CPL) at any time during derived peptide generation. The
CPL includes both the seed peptides and the derived peptides
that have been generated thus far. The user chooses a subset of
the peptides in the CPL, and chooses one of the four derived
peptide generating protocols to apply to the selected peptides
to generate a number of new derived peptides. The CPL is then
updated to include these newly generated derived peptides.
This process continues iteratively until the user decides that all
derived peptides he wishes to include in the task have been
generated.
When the Truncation protocol is selected, the user is
prompted to select a subset of peptides from the CPL and choose
from three options: (a) truncating from the N-terminal side; (b)
truncating from the C-terminal side; and (c) truncating from both
sides. After the truncated peptides are generated, the user can
include some or all of these new peptides in the CPL.
The Mutation protocol can be applied to only individual peptides, i.e., the user can only choose a single peptide from the CPL
when the Mutation protocol is specified. The user is prompted to
specify which amino acids in the selected peptide he or she would
like to be mutated, and which amino acids they should be mutated
to. The user can choose to include some or all of the newly
generated mutated peptides to the CPL.
When the Alanine-scan protocol is applied, a list of new peptides is generated by mutating each amino acid in the selected
peptides to alanine, one at a time.
The Task-specific controls protocols allow the generation of
control peptides in a task-specific manner. Currently, one taskspecific controls protocol – non-phosphorylatable amino acid substitution – is implemented. When this protocol is selected, the user
is prompted to choose a number of peptides containing phosphorylatable amino acids (serine, threonine, or tyrosine), and specify
which amino acid(s) they should be substituted for.
The ‘‘history’’ about how each derived peptide is generated is
automatically documented, and is displayed when the Detailed
info button is clicked in the CPL table. During derived peptide
generation, a summary of the peptides in the CPL is displayed in
the ‘‘information box’’ on the right panel. After the derived peptide list is finalized, the user enters the third step of TBPG construction: peptide re-evaluating and filtering.
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3.1.3. Re-evaluating
Peptides

At this step, the peptide sequences generated at the previous steps are reevaluated. Two peptide re-evaluation functions are available: (i) occurred
sequence checking and (ii) undesired sequence pattern checking.
The Occurred sequence checking function sends a query to the
Swiss-Prot database for each peptide sequence. All peptide
sequences that have occurred in any proteins in Swiss-Prot are
highlighted for the user to examine. The user can choose to
remove any peptides that he considers problematic.
The Undesired sequence pattern checking function checks the
peptides for sequence patterns that may lead to synthesis efficiency
problems. Currently, a collection of sequence patterns known to
cause difficulty in on-chip peptide synthesis on the mParaflo1 microfluidic chip platform are checked. The peptides carrying these undesired sequence characteristics are tagged. The user can choose to
remove some or all of the tagged peptides as he or she deems proper.
Following peptide re-evaluation, if the user is satisfied with the
TBPG constructed, he or she can click the Submit the TBPG button.
The user is prompted to provide a name and (optionally) a description of the TBPG. Following of a routine error-checking procedure,
the TBPG is stored into the supporting database of mPepArray Pro.

3.2. Assembling ALPL

In mPepArray Pro, the user can choose the option Make/View
ALPLs, then select Assemble a new ALPL to start assembling
an ALPL. The user is first prompted to select an array configuration: he or she can either choose one from the list of
existing array configurations, or follow the instruction to
define a new array configuration. After the array configuration
is selected, the user is guided to add one or more TBPGs to
the ALPL. For each TBPG added, the user also needs to
specify the number of replicates. The ‘‘information box’’ on
the right panel displays the total number of spots in the array
configuration chosen, the number of filled spots, and the
number of spots remaining to be filled. After the user is
satisfied with the ALPL assembled, he can click the Submit
the ALPL button. After filling in the name and an optional
description, the ALPL is stored into the supporting database
of mPepArray Pro.

3.3. Making Array
Layout

After assembling an ALPL, the user can choose the option Make/
View Layouts, then select Make a new layout. The user is prompted
to select an ALPL to use, and choose from three layout options:
(1) randomized layout; (2) sequential layout (by rows); and (3)
sequential layout (by columns).
If the Randomized layout option is chosen, the peptides in
the chosen ALPL are arranged to the available spots in the
chosen array configuration in a completely randomized manner. This option is suitable for most common array design
purposes.
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If the Sequential layout (by rows) or the Sequential layout (by
columns) option is chosen, the peptides in the chosen ALPL are
used to fill in the available spots sequentially in the row-by-row or
column-by-column manner, respectively.
After the array layout is made, the user can submit it to the
supporting database of mPepArray Pro. A stored array layout (with
rich information about all peptides) can be retrieved from the
database and output to a proper file format to direct the array
production at a later time.
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Chapter 23
Qualitative and Quantitative Analysis of Peptide Microarray
Binding Experiments Using SVM-PEPARRAY
Gang Chen, Zhixiang Zuo, Qi Zhu, Ailing Hong, Xiaochuan Zhou,
Xiaolian Gao, and Tongbin Li
Abstract
A main objective of analyzing peptide array-based binding experiments is to uncover the relationship
between a peptide sequence and the binding outcome. Limited by the peptide array technologies available
for applications, few attempts have been made to construct qualitative or quantitative models that depict
the peptide sequence:binding strength relationships in peptide microarray-based binding studies. There
has been a long history of similar modeling efforts based on low-throughput binding data in the areas of
T-cell epitope screening and kinase substrate mapping, however. The keen needs in peptide array applications and the success of the modeling efforts in related fields have prompted us to develop SVMPEPARRAY, a Web-based program capable of constructing qualitative and quantitative models based
on peptide microarray binding datasets using support vector machine (SVM) modeling methods. We
expect that such modeling analysis will allow researchers to quickly extract sequence-based biological
information from improved peptide array binding results and provide more precise and accurate information about the biological systems investigated.
Key words: SVM-PEPARRAY, on-chip binding experiment, SVM, SVR, modeling.

1. Introduction
Peptide microarrays (peptide arrays) allow simultaneous interrogation of a large number of peptides for their ability to bind to
specific proteins or other macromolecules on a solid surface, and
they have been used to investigate a wide range of important
biological problems, including antigen–antibody interactions,
MHC-peptide binding/T-cell epitope screening, enzyme–substrate interactions (e.g., kinase–substrate interactions and phosphotase–substrate interactions), and protein domain (e.g., WW
domain or SH2 domain)-mediated protein–protein interactions
Marina Cretich, Marcella Chiari (eds.), Peptide Microarrays, Methods in Molecular Biology 570,
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(see reviews, e.g., 1–3). The central objective of analyzing peptide
array-based binding data is to arrive at a model that depicts the
relationship between a peptide sequence and the outcome of the
binding. The model can be descriptive, qualitative, or quantitative.
A descriptive model summarizes the common sequence features
shared by strong binding peptides, often in the form of consensus
sequences (4, 5). Descriptive models usually result from manual
examination (or ‘‘eye-balling’’) of the binding data. A qualitative
model (also termed a classification model) is constructed through
training using a binding dataset. Once constructed, it can be used
to make predictions about whether a new, untested peptide is a
‘‘binder’’ or a ‘‘non-binder’’. A quantitative model (also termed
a regression model) is also constructed through training. Once a
quantitative model is constructed, it can be used to predict the
binding strength (a real-valued number) of a new, untested
peptide.
The construction of a quantitative model requires training
using quantitative binding data. Without high-quality quantitative binding data, reliable quantitative models cannot be
achieved. Because most existing peptide microarray studies
have relied on the SPOTTM peptide synthesis technique – the
experiments were performed either directly on the cellulosebased surface where the SPOTTM synthesis took place (6, 7) or
on a glass surface where pre-synthesized peptides (by the
SPOTTM technique) were spotted to achieve higher density
(4, 8) – the binding measurements made in these experiments
have been qualitative (or at best, semi-quantitative) in nature,
due to the limitations imposed by the peptide synthesis technique. Consequently, most models reported in peptide array
studies have been descriptive models (4, 5, 9, 10), although
some attempts at constructing PSSM-based qualitative models
have been reported (11). Recent developments in light-directed
photogenerated acid and in situ peptide synthesis on microchips have resulted in a high-density, quantitative, flexible peptide array platform (2, 12, 13), paving the road for quantitative
on-chip peptide-binding studies. Careful modeling using the
binding data obtained on the new generation of peptide microchips will reveal more precise and accurate information about
the biological systems investigated.
Computational modeling of peptide sequence:binding activity
relationships is not a new problem. Taking T-cell epitope screening as an example, the earliest efforts in modeling peptide–MHC
binding specificity with low-throughput binding data were dated
back to the late 1980s (14). Throughout the past two decades,
new modeling methods have continued to be developed (see
recent reviews, e.g., 15, 16). Two of the latest trends in the field
of modeling peptide–MHC binding/T-cell epitopes are machine
learning-based modeling methods (17–21) and quantitative
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modeling (20, 22–24). Similarly, computational modeling of
kinase substrate specificity has also received much attention in
recent years, owing to the accumulation of phosphorylation
site data curated from the literature (Phospho.ELM (25) and
PhosphoSite (26)). As is true for the field of peptide–MHC
binding modeling, machine learning methods are prevailing
among the recently developed kinase substrate modeling
methods, and many of these methods demonstrated impressive
modeling performance (27–30).
Support vector machines (SVMs) are the most commonly
applied machine learning techniques in these new modeling methods, owing to their solid theoretical foundation and excellent
empirical performance. SVMs can be used to construct both qualitative models (classification models) (17, 29) and quantitative
models (regression models) (20, 24) for peptide-binding systems.
Here we describe SVM-PEPARRAY, a Web-based program developed for constructing SVM classification and regression models
using peptide microarray datasets. SVM-PEPARRAY is a versatile,
user-friendly program with various options for model constructing
and testing, and it is designed to be used with ease by users with no
programming experience.

2. SVM-PEPARRAY
Overview
SVMs are a class of supervised learning methods motivated by
Vapnik and Chervonenkis’ Statistical Learning Theory (31).
They are developed with several distinguished properties that
make them very appealing modeling methods. These properties
include the following: (1) by defining a regularization term inversely related to the geometric margin of the fitting in the loss
function, SVMs attempt to minimize the fitting error and maximize the margin at the same time, making them a class of ‘‘maximum margin’’ methods, effective in curbing the overfitting
problem; (2) by considering the Lagrange Dual function of the
optimization problem and taking advantage of the quadratic programming (QP) techniques, SVMs efficiently solve the optimization problem and the resulting model involves only a subset of the
training samples (the ‘‘support vector’’); and (3) by applying the
‘‘kernel trick,’’ SVMs implicitly map input attributes to a highdimensional feature space, allowing accurate non-linear models to
be constructed as efficiently just as linear models. SVMs were
originally developed to solve classification (or qualitative modeling) problems. With the introduction of an -insensitive loss function, they have been extended to solve regression (or quantitative
modeling) problems.
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SVM-PEPARRAY is a Web-based program that constructs
qualitative (SVM classification) and quantitative (SVM regression,
or SVR) models with user-provided peptide microarray data. The
dataset provided should be a list of peptide sequence:binding result
pairs, where the binding result should be binary values (1 representing a binder and 0 representing a non-binder) for constructing
an SVM classification model, and real-valued numbers (representing binding intensities obtained from an on-chip binding experiment) for constructing an SVR model. Three kernel options are
provided – the linear kernel, the polynomial kernel, and the radial
basis function (RBF) kernel (Table 23.1). Two different peptide
encoding schemes are implemented. One of them is the commonly
used ‘‘sparse encoding’’ scheme (17, 32), and the other is called
the ‘‘10-factor encoding’’ scheme, where 10 orthogonal factors
obtained from 188 physical properties of the 20 amino acids are
used to encode the sequences (33). N-fold cross-validation (where
N is specified by the user) and leave-one-out (LOO) cross-validation can be performed when the performance of the models constructed is assessed.

Table 23.1
The three kernel options implemented in SVM-PepChip
Kernel name

Kernel function

Linear kernel

K ðx; yÞ ¼ x  y

Polynomial kernel

K ðx; yÞ ¼ ðx  y þ 1Þn

RBF kernel

K ðx; yÞ ¼ e kxy k

2

SVM-PEPARRAY is accessible at http://pepcyber.umn.edu/
SVM-PEPARRAY with a Web browser (Internet Explorer V5.5 or
higher, Firefox V 1.5 or higher). Registration is required (with a
valid email address) before the user is able to use the program.

3. Methods
3.1. Establishing
a Qualitative
or Quantitative Model
3.1.1. Selecting or
Uploading a Microarray
Dataset

After logging in, the user should select the option Construct a
model. A list of all peptide microarray datasets previously uploaded
by the user is displayed. The user can select a dataset from the list.
Alternatively, the user can choose to provide a new dataset. In the
latter case, the user is prompted to provide a name and (optionally)
a textual description of the dataset. The dataset can either be
uploaded as a comma separated value (CSV) file or pasted to the
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text area provided. The data file (or pasted text) should contain no
header row and should include three columns: (a) peptide ID
(numerical or textual); (b) peptide sequence; and (c) binding result.
The peptide sequences should be aligned across rows. The character
‘-’ should be used as a space holder for leading empty positions.
The binding results can be either binary values (where 1 represents
binder and 0 represents non-binder) or real-valued numbers
(binding intensities measured from the on-chip experiments).
After the user clicks the Submit button, the dataset is checked for
errors and, if no errors are found, the dataset is accepted and a
statistics summary of the dataset is displayed.
3.1.2. Constructing a
Qualitative SVM Model

To establish a qualitative SVM model (or classification model), the
user should click the link Construct a SVM classification model. If
the dataset selected by the user is a quantitative dataset (i.e., the
binding result column of the dataset contains real-valued binding
intensities), the user would be prompted to choose a cut-off value
which would be used to discretize the data: the binding result
values greater than or equal to the cut-off value would be converted to 1 representing binders, and the values less than the cutoff value will be converted to 0 representing non-binders. After
data discretization, the user would be prompted to save the dataset
before proceeding to the next step.
In the Configure SVM classification model construction page
that follows, the user is prompted to choose one of the three kernel
options – the linear kernel, the polynomial kernel, and the RBF
kernel, and specify how cross-validation should be done – either an
N-fold cross-validation (where N is specified by the user) or an
LOO cross-validation can be conducted. In addition, the user
should choose one of the two peptide encoding schemes – ‘‘sparse
encoding’’ or ‘‘10-factor encoding’’. After these selections are
made, the user clicks the Proceed button to go to the next step.
In the Choose SVM classification model parameters page, the
user chooses the non-kernel and kernel parameters for the model
construction. There is only one non-kernel parameter – the regularization parameter C – that needs to be specified for constructing an SVM classification model. If the user has chosen the
polynomial kernel option, then n – the degree in the polynomial
function needs to be specified. If the user has chosen the RBF
kernel, then the kernel parameter  would need to be specified.
SVM-PEPARRAY would examine the dataset and provide a list of
recommended values for each non-kernel or kernel parameter. The
user can choose to alter one or more parameter values, or, if
deemed proper, specify a completely different list of parameter
values. In SVM-PEPARRAY, a grid-search is performed to find
the parameter combination giving rise to the model with the best
performance (evaluated under cross-validation). For example, if
the user chooses the RBF kernel option and specifies four different
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values of C and five different values of , then 20 different SVM
models – each constructed with one of the 20 (¼ 4  5) different
parameter combinations – will be tested. The model that achieves
the highest cross-validated accuracy would be selected and presented to the user.
After specifying the model parameter values, the user clicks
the Start constructing model button to initiate the model construction process. The user will receive an automatically generated notification email after the model construction is
completed.
3.1.3. Constructing a
Quantitative SVM Model

To construct a quantitative SVM model (or a SVR model), a
quantitative dataset (for which the Binding result column of
the dataset contains real-valued binding intensities) must be
selected. After the dataset is selected, the Configure SVR
model construction page is displayed, where the user specifies
the kernel selection, cross-validation option and peptide
encoding scheme.
At the next step, the Choose SVR model parameters page, the
user specifies non-kernel and kernel parameter values. SVR models involve two non-kernel parameters: the regularization parameter C, and the parameter  in the -insensitive loss function.
The kernel parameters involved in SVR model construction are
the same as those involved in the construction of SVM classification models. As in SVM classification model construction, SVMPEPARRAY examines the dataset and provides a list of recommended values for each parameter. These values can be altered by
the user as deemed fit. After the model construction job is
initiated, a grid-search would be conducted to find the parameter
combination that gives rise to the model with the best performance (evaluated according to the cross-validated R2 value).
After the model construction is completed and the best model
is determined, a notification e-mail is automatically generated
and sent to the user.

3.2. Examining a Newly
Constructed Qualitative
or Quantitative Model

After receiving an e-mail notification that a model construction
job is completed, the user can log into the SVM-PEPARRAY
system, choose the option View recently constructed models and
select the model from the list. A comprehensive summary of the
model is then displayed, which includes the model construction
configurations, non-kernel and kernel parameters chosen, the
performance assessment of the model, the original dataset used
in the training of the model and the predictions made for each
peptide in the original dataset under cross-validation. If the user
is satisfied with the model, he could choose to store the model in
the SVM-PEPARRAY system. If the model is not satisfactory, the
user could discard it and try to construct a new model with
modified configurations.
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3.3. Making
Predictions Using an
Established Qualitative
or Quantitative Model
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When the user chooses the option Make predictions using a stored
model, a list of models previously stored by the user is displayed.
After selecting the model to use, the user is prompted to provide a
list of peptides, either by uploading a CSV file or by pasting the
peptide list into the text area displayed. The CSV file or the pasted
text should contain no header and should include two columns: (a)
peptide ID (numerical or textual) and (b) peptide sequence. After
the user clicks the Make predictions button, the predicted binding
results will be displayed to the user with a brief delay. If the model
selected by the user is an SVM classification model, qualitative
predictions would be made. Otherwise, if the selected model is
an SVR model, then quantitative predictions would be made.

4. Notes
1. The performance of an SVM model constructed using a peptide array dataset is dependent on the interplay of a variety of
factors, including the quality of the binding data (which in
turn is determined by the peptide synthesis and arraying
techniques, the quality of the binding experiment and the
intrinsic affinity or specificity of the peptide–protein binding
system), the size of training dataset, and the similarity
between the peptide sequences in the training samples.
Although it is possible to construct an SVM model with a
training dataset of size 30, a larger dataset (with >100
samples) is often required to achieve a model with acceptable
performance. The level of sequence similarity between the
peptides in the training dataset influences the constructed
model in a less straightforward manner: a high level of
sequence similarity in the training dataset will result in a
model with good performance when tested under cross-validation setting, but the performance may not extend to
untested peptides whose sequences are very different from
the ones used during the training of the model.
2. Our experience is, for most datasets, the models constructed
using the RBF kernel demonstrated most satisfactory performance. However, there are cases where models constructed
with the polynomial kernel or the linear kernel achieved better
performance. It is, therefore, advisable that the user tries out
different kernel options when constructing models. Similarly,
although the ‘‘10-factor encoding’’ scheme often yields models with better performance than the ‘‘sparse encoding’’
scheme, it is sensible for the user to try out both encoding
schemes. In theory, the way cross-validation is conducted
does not have direct influence on the performance of the
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model, but it influences how accurately the model performance is assessed. A larger N (in N-fold cross-validation)
would lead to more accurate assessment of the model performance. The downside of choosing a larger N is that it would
result in higher running time cost for model construction.
Generally, 5- or 10-fold cross-validation suffices for most
model construction tasks.
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Chapter 24
PASE: A Web-Based Platform for Peptide/Protein Microarray
Experiments
Fabien Pamelard, Gael Even, Costin Apostol, Cristian Preda,
Clarisse Dhaenens, Vronique Fafeur, Rémi Desmet, and Oleg Melnyk
Abstract
Peptide microarray technology requires bioinformatics and statistical tools to manage, store, and analyze
the large amount of data produced. To address these needs, we developed a system called protein array
software environment (PASE) that provides an integrated framework to manage and analyze microarray
information from polypeptide chip technologies.
Key words: Proteomics, peptide, protein, molecular interaction studies, database management, Web
platform and statistical analyses.

1. Introduction
Peptide microarrays are high-throughput screening systems which
generate a huge amount of data in a short period of time. This
technology thus requires bioinformatics and statistical tools to
manage, store, and analyze the large amount of data produced.
These data include a description of reporter molecules, of the
physical array, and of the samples studied, experimental procedures,
microarray images, and their extracted data matrices. In the field of
DNA microarrays, an attempt has been made to organize such data
through the definition of the standard MIAME (minimum information about a microarray experiment) that describes the minimum
information required to ensure that microarray data can be easily
interpreted and that results derived from its analysis can be independently verified (1–2). The ultimate goal of this proposition is to
establish a standard for recording and reporting microarray-based
gene expression data, which will in turn allow the establishment of
Marina Cretich, Marcella Chiari (eds.), Peptide Microarrays, Methods in Molecular Biology 570,
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databases and public repositories and enable the development of
data analysis tools. Following this proposition several MIAMEcompliant softwares have been proposed in order to store DNA
microarray experiments, such as MIAMExpress, LIMaS, SAS
microarray to cite only a few (see Note 1). BASE (BioArray Software
Environment) is one of these softwares (3). This Web-based open
source MIAME-supportive microarray database and analysis platform is now widely used in laboratories involved in DNA microarray
projects. A similar story now happens with polypeptide chips.
Since few years, peptide or protein microarrays are increasingly
used for high-throughput study of biomolecular interactions.
Using protein chips, we can now investigate interactions between
proteins on a large scale, even to the point of examining all proteins
that are expressed in a given cell or tissue. Revealed information
about protein–protein interactions could provide targets for
designing new therapeutic strategies. In this technology, the analytical goal and the large data scale represent a new challenge.
To address these needs in comparison to the DNA chip software knowledge, we developed a system called protein array software environment (PASE) (4–5) that provides an integrated
framework to manage and analyze microarray information from
polypeptide chip technologies.
PASE is a free software that may be loaded and used by any
laboratory. It is protected by the CeCILL [Ce(A)C(nrs)I(NRIA)L(ogiciel)L(ibre)] license. CeCILL is the first license defining the
principles of use and dissemination of free software in conformance with French laws, following the principles of the GNU
GPL. Hence, PASE software was developed on the GNU/Linux
operating system (OS) in the PHP language, with data being
stored in a relational database (ProgreSQL/MySQL) and communicated to the user through the Apache Web server.

2. Materials: PASE
Minimum
Requirements

Minimum configuration for the Web server:

2.1. Web Server

1. Intel Pentium II 500 MHz or equivalent (AMD, etc.) CPU
2. 256 MB RAM
3. 4 GB of hard-disk
4. Network card 10/100 Mbits
5. Linux OS (any releases), Kernel 2.4.4 or later
6. MySQL, 3.23.4  or later
7. PHP, 4.2.0 or later
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8. Apache 1.3.24 or laterRecommended configuration for Web
server:
9. AMD Dual Athlon 1.2 GHz CPUs or equivalent
10. 1 GB RAM
11. Network card 10/100
12. Linux OS (Debian or Fedora release), Kernel 2.4.10 or later
13. MySQL 3.23.51 or later
14. PHP 4.2.1 or later
15. Apache 1.3.24 or later
2.2. Personal Computer

Recommended configuration for user:
– Windows XP/2000/NT/Me/98, Macintosh or Linux PC
– Network card 10/100
– Web Browser (Mozilla Firefox, Internet Explorer, Safari,
etc.)
– Java Web Start and Java 2 Runtime Environment

3. Methods
The generation and the analysis of proteomics data are now
widespread and high-throughput approaches are common place;
the need for a dedicated platform to store and analyze data is
crucial. It is important to note that DNA microarray platforms
cannot be used for managing polypeptide microarray data.
Indeed, these news chips bring new managing and analysis constraints which do not exist in the DNA chip area because the
type of biomolecular interactions and parameters studied, the
protocols as well as the type of information extracted from
the microarray experiment are very different from standard
DNA microarray experiments (6).
To this end we developed PASE (protein array software environment) (4–5) in an approach similar to MIAME. An effort has
been made in order to assure that all information required to
ensure that polypeptide microarray data can be easily interpreted
and that results derived from its analysis can be independently
verified will be stored. PASE is a Web-based core developed from
BASE (BioArray Software Environment) 1.2.16 for keeping a
database organization similar to the MIAME recommendations
extended to the polypeptide case. PASE is a new database and
analysis platform designed to be installed in any microarray laboratory which uses polypeptide chip technologies through its Web
browser.
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Let us note that this problem has been seen as a challenging one,
since a new standard, dedicated to proteomics experiments, MIAPE
(minimum information about a proteomics experiment) has been
proposed by the international community in 2007 (7). This standard gives recommendations about the minimum reporting requirements for proteomics experiments. This is what is done in PASE.
The PASE platform such as the BASE system integrates an
array LIMS (laboratory information management system),
biomaterial information, raw images, and extracted data, and
provides a plug-in architecture for polypeptide chip analysis,
data viewing, and statistical modules. Because polypeptide or
biopolymer chips could contain various probes type, we developed parts to manage various information fields for each probe
type. The structure of this new platform was designed to follow
the natural workflow of the polypeptide chip technology (from
sample to scanning steps).
Data can be exported in a multitude of formats for local
analysis and publication. PASE is a complete bioinformatics tool
to manage, store, and analyze data according to the polypeptide
chip environment.
3.1. Installation and
First Use of PASE

PASE requires a Web server such as Apache, the interpreter for the
language PHP, and an SQL relational database management
system such as MySQL or PostgreSQL (see Note 2).
1. Setup required software
MySQL:you need to create two databases, typically called
‘‘pase’’ and ‘‘pasedynamic,’’ and create tables in the pase
database by executing the file sql/pase_mysql.sql from the
mysql command line client (using the\. command). You must
also execute sql/pase_mysql_data.sql to create the PASE
super user and some other important data.
Web server Apache:how to configure Apache is largely a
matter of taste. We suggest that you create a Unix user called
‘‘base’’ and let Apache run as that user (see Note 3).
2. Setup, compile, and install PASE
(a) Run the configure script on the PASE folder: ./configure –
prefix=/path/to/pase, where the prefix determines where
you wish PASE to be installed (see Note 4). PASE platform
does not need compilation of plug-ins. So use, –disableplug-ins. There are also options for turning off the compilation of the plotapplet, and for activating the jobRunner
feature.
Minimum parameters for PASE configuration are: –
prefix=/path/to/pase –disable-plug-ins –with-baseuser=pase (see Note 5).
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(b) Compile the different elements with the command
‘‘make’’and install everything into the prefix directory
‘‘make install.’’ ‘‘Make install’’ will create the PASE data
directory and set user and permissions on it. If a data
directory already exists the permissions might be changed, but the contents will not be touched. This will create
two directories /path/to/pase/plug-ins/ and /path/
to/pase/plug-ins/bin.
3. PASE configuration
(a) The PASE configuration file config.inc.php will be created
when you do a ‘‘make install’’ (see Note 6). The new
config file will have the right owner and permissions set.
Some configuration options (data dir location, Unix user
name, etc.) will be filled in from the information given to
configure.
(b) Edit config.inc.php to match your setup (see Note 7).
Also take a look at the mime.types options, which
should point to the file mime.types which can be
found in Apache’s conf directory. This is needed to
get the right content-type when viewing uploaded
files. If your MySQL was complied with – enablelocal-infile you may set mysql.localinfile to 1 for better
performance (when adding data to PASE).
The information sent to configure will be used to create www/
getconfig.inc.php, which is needed for the Web part of PASE to
find the rest of the files.
4. Starting and stopping PASE
Start and stop PASE using the bash script bin/base.
server. This script will have the path to your PASE
installation set by make, so there is no need to edit it.
The simplest way to use this script is to copy it to/etc/
init.d (or/etc/rc.d), and make sure there are symlinks to
it in rc*.d. (see Note 8). In any case, you should verify
that PASE is really started after MySQL and Apache, and
stopped before they are shut down.
The base.server script uses two PHP scripts in bin, and
you may call these directly: startBase.php and stop
Base.php. These scripts can be run either by the PASE
Unix user or by root. stopBase.php takes one optional
argument; the message shown to users while PASE is
down. If you are starting and stopping PASE from the
command line you should use startBase.php and stopBase.php, since they will provide slightly more output than
base.server, and you will be able to specify a shutdown
message.
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5. Starting PASE for the first time
At this point PASE should be working. Make sure that
MySQL and Apache are running, and then run bin/base.server
start (or bin/startBase.php). Point your browser to your Web
server, and you should see pretty much the same interface you see
at http://www.genopole-lille.fr/gdlarray/pase-demo/www/
index.phtml. You can now log in as the PASE user ‘‘root’’ with
no password. The very first thing you should do is to go to the
Users menu and set the root password to something safer.
6. Logging in PASE
To log in PASE, you need to get from an administrator of
the PASE server:
a. The address (URL) to a PASE server
b. A username to login with
c. A password
Logging in is simple; enter your login and password in the
form on the front page and click the Login button.Once you
have been logged in, the home page will be displayed. It
displays some useful information.
7. Additional information
Documentation provided: the PASE project description site
is located at http://www.genopole-lille.fr/spip/spip.ph
p?article30 (see Note 9).
Demonstration server: to test PASE without installing it, you
can use the demonstration server http://www.genopole-lille.
fr/gdlarray/pase-demo/www/index.phtml (see Note 10).
3.2. Describing
Reporters

1. Describe all the reporters (probes that sit on the array and
that specifically bind your labeled target during the biomolecular interaction) used during experiments (see Note
11). Reporters must have a reporter ID and this ID has to
be unique.
2. Validation: on the ‘‘Reporters’’ page (Reporters/Reporters) all reporters created in your PASE can be displayed
(see Note 12).

3.3. Describing
Additional Experiments
Information (Array
LIMS)

This part of the database is optional. The objective is to track
probe information (see Note 13) in order to allow efficient
analysis of the polypeptide chip data. LIMS features are
accessed from submenu options under main menu option
Array LIMS.
1. Plate types
First define the types of plates that will be used (see
Note 14).
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2. Plates
Once you have created plate types and reporters types you
can upload plates to PASE from file (see Note 15). Once you
have uploaded the first set of plates to PASE you can list the
plates by selecting PLATES from the main menu (Array
LIMS/Plates).
In this plate section, you have the possibility to export
your plate design into two formats. The first format is a
summary of the information you entered when you
upload the plate. The second format is compatible with
Qarray spotters (Genetix). This export is possible by clicking on ‘‘Export marked plates’’ or ‘‘Export all matching
plates.’’
3. Array design
This part is specific to information about array design (i.e.,
physical position of the reporters on the array). An array
design is defined with the following information: a name,
some manipulation protocols, comments, and the plates
name associated with the array. An array design needs an
array batches (see Note 16).
4. Array prints/batch
PASE offers the possibility to manage the spotting events.
A spotting event has several data: a name, an owner, the
quantity of chips produced, the number of chips used/
deleted/available.
3.4. Describing
Biomaterials

Biomaterials comprise samples, extracts, and labeled extracts in
PASE (see Fig. 24.1). The workflow allows users to enter sample
information in PASE; samples can then be aliquoted and the
extracts can be labeled and used in incubations. All along, information used can be recorded.
1. Sample origins
Sample origins are used to create ontologies of sample
sources. This organization can be described in many ways:
by species, by tissue, etc.
2. Sample annotations
Sample annotations are used to create annotation types
that subsequently can be used by users to annotate their
entered samples. Give your new annotation type a name,
type, size of the input field box, and default value (see
Note 17).
3. Protocols
Enter standard protocols for the aliquots preparation, target preparation, and revelation.

420

Pamelard et al.

Fig. 24.1. PASE, Biomaterial: information for biological samples use in polypeptide chip experiments.

4. Samples
Samples are the starting point of all data analysis in PASE.
From the ‘‘Samples’’ page (Biomaterials/Samples), you may
enter new samples, list all samples you have access to and
annotate samples using available annotation types. Once you
insert a new sample, if you choose ‘‘Accept and add aliquot,’’
you will have access to the aliquot form page of your current
sample. After filling the requested information for aliquot,
you can click ‘‘Accept and target’’ to complete the information about target (see Note 18).
5. Aliquots
From the ‘‘Aliquots’’ page (Biomaterials/Aliquots), you
may enter, edit, and add new aliquots. The forms are similar
to those in the sample section. You will have to choose a
quantity of aliquot. This quantity allows you to check for
the quantity of aliquot available during the targeting step. If
the remaining quantity is null, this aliquot will not be proposed for targeting anymore.
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6. Targets
From the ‘‘Targets’’ page (Biomaterials/Targets), you may
enter, edit, and add new targets. The forms are similar to
those in the sample section. The quantity of a target is used
in the next step revelations.
7. Revelations
Create a new revelation, making the association of one or
two targets to revelation and to an array (if the optional
ARRAY LIMS feature is being used). Enter the revelation
name, select the target(s) and the quantity used, the incubation protocol (these may be defined from the PROTOCOLS
submenu), free text description or any notes, and the revelation date. Selecting ‘YES’ for ‘Use array production end’ will
allow you to ‘PICK’ an array to associate with this revelation
from all available arrays in the database. If you select ‘NO,’
this revelation will not be linked to any array production
LIMS information (it is possible to change this association
at a later time). Clicking on ‘ACCEPT’ will save this new
revelation. Clicking on ‘ACCEPT AND ADD IMAGE SET’
will bring you to another Webform to create a new image set
for this experiment.
3.5. Analyze Data

From this menu, you can manage your experiments in the
submenu ‘experiments.’ If you have already inserted an
experiment you can use ‘Experiment Explorer,’ a powerful tool
of visualization of your experiment data and perform a data analysis
with the plug-in architecture provided in PASE.
1. Raw data sets
A Raw data set contains selected data from a results file. The
results file is acquired when extracting numeric data from a
polypeptide chip tiff image and is typically a tab-delimited text
file. When this file is added to an image set a Result file format
is used to select which data to import to PASE and how it
should be imported. A Raw data set is automatically created
each time you add a results file to the image set of revelation
and once the Raw data set is created in PASE it will constitute
a representation of the raw data from a revelation. Subsequently, when data is analyzed in PASE you start by selecting
one or more raw data sets in the Analyze data section and then
proceed to work with the selected data.
2. Experiments
As in BASE, most of the data analysis in PASE is performed
in the Experiments. An Experiment in PASE is merely a
collection of Raw data sets and any associated analysis steps
that has been performed on these raw data sets. Raw data sets
can be sorted into any number of Experiments and a user can
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create any number of Experiments. To enter experiments, go
to the ‘Experiments’ page (Analyze data/Experiments) and
select an available Experiment. The first step you have created
an experiment is to associate Raw data set with this experiment. When analyzing data in PASE, you work with ‘BioAssays’ rather than ‘Raw data sets’ (see Fig. 24.2).
You will create a BioAssaySet which is an association of many
BioAssays.

Fig. 24.2. Experiment view for analyzing data in PASE.
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To create a BioAssaySet, go to the ‘Experiment’ in which you
want to perform the operation and select the Raw data sets tab.
Start by selecting one or more raw data sets (Fig. 24.2 yellow
arrow). Enter a name for the BioAssaySet you are about to create
and validate. When the BioAssaySet is created, BASE will process
one Raw data set at the time and calculate the intensities according
to your selected preferences. Each selected Raw data set will be
transformed into a BioAssay with the same name as the corresponding Raw data set and the BioAssays will all be included in
the same BioAssaySet. The BioAssaySet will appear automatically
as an item in the experiment tab ‘Analysis steps.’ In this tab, you
run jobs on BioAssaySets and uniformly apply transformations on
all BioAssays in that BioAssaySet:
From the Hierarchical overview of BioAssaySet analyses you
can filter data, run analysis applications (plug-ins) as well as visualize your data. PASE is created with a plug-in architecture to
facilitate the addition of new analysis tools as they are developed.
Available plug-ins can be accessed from the Hierarchical overview
of BioAssaySet analyses (see Fig. 24.3).

Fig. 24.3. Visualization plug-in for PASE.

3.6. Additional Analysis
Tools

We have implemented in this platform special plug-ins for analyzing and viewing data integrated into the Web platform.
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3.6.1. Rule Mining

Association rules were first formulated in 1994 by R. Agrawal and
R. Srikant (8). An association rule is an expression of the form: IF
C THEN P. The ‘IF’ part is called the rule condition (C) and the
‘THEN’ part is called the rule prediction (P). In the context of
microarray experiments, the rule mining approach allows to:
l
Find relations between proteins or peptides based on
expression,
l

Find relations between proteins in a subgroup of situations,

Find relations between proteins analyzing comportment and
other data (functional or structural characteristics).
Constructing rules is a real combinatorial problem, as a rule
consists of the combination of several attributes; hence we
adopt a combinatorial optimization approach using a
multi-objective evolutionary algorithm for the resolution (9).
This rule mining algorithm has been integrated to the plug-in
architecture of PASE.
As an input, the complete list of proteins is provided
depending on the bioassay creating in PASE. Then the Rule
Mining plug-in will create an output file that contains a list of
association rules (found by the algorithm) and a HTML file with
graphical visualization of the results (see Fig. 24.4).
We can separate the plug-in execution into two steps:
l
Rule mining algorithm (develop in C++): the resulting output
is a file with all the significant rules (and their quality criteria)
found.
l

l

3.6.2. Statistical Analysis

Visualization tools developed in R language for an easy interpretation of the results: barplot and hitmap of attributes (protein expression), classification of the rules ordered by protein
names, etc.

PASE provides advanced statistical methods for protein microarrays. These methods are implemented using the R software in a
three-tier-architecture. Besides the univariate descriptive statistics,

Fig. 24.4. Rule mining plug-in results.
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mixed linear models and clustering techniques are implemented
for normalizing data and detect clusters of proteins with particular
biological properties.
1. Data normalization
Data normalization is a key point in this context where data are
subject to experimental variations. Hence, we propose for PASE,
advanced statistical methods named linear mixed models in order
to get data comparable and to separate (estimate) the effects of
different sources of variance for the intensity fluorescence (chip
support, background noise, protein). Analysis of variance tests
associated with linear mixed model provide the significance of
these parameters (see Fig. 24.5).
2. Classification
After data normalization step, in order to detect target proteins with particular biological properties, clustering techniques
are generally used. The particularity of microarray data is their
repeated character and the dependence structure of replications
within and between microarrays. The limits of univariate clustering
techniques are well known (loss of information, low robustness)
and the multivariate approach appears indeed to be more effective.
Several approaches are proposed in literature based on

Fig. 24.5. (a) Linear mixed model quality; (b) background effect; (c) chip effect and interaction normality; (d) chip and
signal/background intensity interaction.
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parametrical models such as mixtures model-based clustering (10–
11),or the non-parametric methods such as hierarchical classification or the K-means algorithm (12).
Due to the repeated data structure, we propose for PASE the
hierarchical classification approach based on the empirical cumulative distribution function (ECDF). It is well known that ECDF
describes completely and in a unique way a probability distribution. In addition, ECDF plays an important role in non-parametric
statistics due to the robustness of methods dealing with. An example of ECDF associated with a probe p represented by 15 repeated
measures of intensity (five microarrays with three replications
each) is presented in Fig. 24.6.
The Kolmogorov–Smirnov distance (13) appears then as a
natural choice for the distance to be used in the hierarchical
classification algorithm. At each step of the algorithm, a cluster is
represented by an ECDF associated with the protein’s measures
belonging to the cluster. The number of clusters is automatically
computed using a ‘‘knee method’’ (14). This approach is implemented in the PASE application and an example of output is
presented in Fig. 24.7.

Fig. 24.6. Protein = ECDF.
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Fig. 24.7. Hierarchical clustering tree.

4. Notes

1. See http://www.mged.org/Workgroups/MIAME/miame.
html for a list of MIAME compliant platforms.
2. ASE installation is very similar to the BASE 1.x one. The
explanations are a PASE adaptation of the readme installation
in the BASE 1.x version.
3. Therefore you should have a line in httpd.conf with ‘User
pase.’ Also setting the group to the primary group of that user
is a good idea (e.g., Group pase).
4. The default prefix is /usr/local/base. PASE will install a number of files and directories in the prefix directory, so make sure
you put, e.g., /usr/local/base instead of /usr/local. If your
PASE Unix user is not called ‘pase,’ you need to specify –withbase-user¼..., and if your PASE data directory is not in PREFIX/data, you should add –with-data-dir=path/to/data.
5. If errors occur during the configuration phase, the file config.log will most likely be useful in tracking down the source
of the problems. If you receive the error ‘Cþþ compiler
cannot create executables,’ the problem could be that you
don’t have libstdcþþ installed.
6. If such a file already exists the new file will be called
config.inc.php.new.
7. It should be fairly self-explanatory, and normally you would
not need to change much more than the database password
and the admin contact info.
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8. For SuSE and RedHat it has support for insserv and chkconfig, respectively. On other systems you might have to create
the needed symlinks manually.
9. The documentation includes a lot of useful information about
the project and the program, like documentation/manuals,
download-pages, forum link, contact information, and much
more. A forum is provided for PASE users. You will find much
information about PASE installation and useful documentation. Follow the link on PASE’s home page to the forum
or go directly to http://www.genopole-lille.fr/paseforum/
index.php.
10. To enter the demonstration, use pase as login and pase as
password. The pase user account has read privileges to all
data on the demo server.
11. Reporters can be proteins, peptides, or something else
depending on the array platform you use.
12. Due to the huge heterogeneity of data in PASE, a system of
flexible annotations has been created visible in the ‘Reporters
type’ page. All reporters’ type can have a number of annotations or associated information connected to them (e.g.,
sequence, purification protocol, purity).
13. Such information is location of microtiter plates, microtiter
plate identities, their transformations from plate to plate, well
annotations (quality control information), etc.. . .
14. For instance, a lab that makes high-speed protein purification
may have several types of plates to manage and track: plate
before purification, plate after purification, and array print
plate. For each plate type, date, comments, quality control
steps, sequence verification can be stored. Currently only 96or 384-well plates can be used. A tool to merge information of
96- or 384-well plates is also available.
15. This file must contain information like: plate ID, ID of row
and column of each position of the plate (e.g., A1, B6, H8),
reporter ID, and full name of reporter type. When you upload
plates containing new reporters, these reporters will be created in PASE.
16. In PASE 1.1, only BioRobotics MicroGrid II TAM file is
integrated. A generic tool to Create TAM file has also been
developed. The TAM file is needed to get the GAL file (file
used in software like Imagene or Genepix). This GAL file is
present when you select an array design with an integrated
TAM file.
17. The four possible types are number, integer (e.g., culture
temperature, cell size), text, or enumeration = group (e.g.,
protein status positive/negative, treatment a, b, or c).
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18. A biological sample can be manipulated before the incubation
with the microarray. These manipulations can be followed
using PASE.
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