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Screening of arrays and libraries of compounds is well-established as a high-throughput method for detecting and analyzing
interactions in both biological and chemical systems. Arrays and libraries can be composed from various types of molecules,
ranging from small organic compounds to DNA, proteins and peptides. The applications of libraries for detecting and
characterizing biological interactions are wide and diverse, including for example epitope mapping, carbohydrate arrays,
enzyme binding and protein–protein interactions. Here, we will focus on the use of peptide arrays to study protein–protein
interactions. Characterization of protein–protein interactions is crucial for understanding cell functionality. Using peptides,
it is possible to map the precise binding sites in such complexes. Peptide array libraries usually contain partly overlapping
peptides derived from the sequence of one protein from the complex of interest. The peptides are attached to a solid support
using various techniques such as SPOT-synthesis and photolithography. Then, the array is incubated with the partner protein
from the complex of interest. Finally, the detection of the protein-bound peptides is carried out by using immunodetection
assays. Peptide array screening is semi-quantitative, and quantitative studies with selected peptides in solution are required to
validate and complement the screening results. These studies can improve our fundamental understanding of cellular processes
by characterizing amino acid patterns of protein–protein interactions, which may even develop into prediction algorithms. The
binding peptides can then serve as a basis for the design of drugs that inhibit or activate the target protein–protein interactions.
In the current review, we will introduce the recent work on this subject performed in our and in other laboratories. We will
discuss the applications, advantages and disadvantages of using peptide arrays as a tool to study protein–protein interactions.
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The concept of parallel synthesis of multiple components on a
solid support was introduced in the early eighties by both
Ronald Frank and Mario Geysen. In 1983, Frank et al.
demonstrated the ﬁrst parallel synthesis of oligonucleotide
chains on cellulose discs packed in a column.1 In 1984,
Geysen et al. demonstrated the ﬁrst parallel synthesis of
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hundreds of peptides on plastic pins.2 In 1992, Frank extended
his approach and established the method that later became a
milestone in this ﬁeld, the SPOTt synthesis. Using this
method, peptides are synthesized simultaneously on a solid
support (in this case cellulose sheets) by simply dispensing
small droplets onto the planar surface of a porous membrane,
and generating an open reactor for chemical synthesis
attached to the membrane support.3 Around the same
time, another breakthrough method for preparing peptide
arrays was reported: the synthesis of peptide arrays using
photolithography by Fodor et al.4 The spot technology was
so ‘‘easy to make’’ and ‘‘easy to detect’’ method, and it became
favourite and widely used. The new technology has encouraged
the development of numerous arrays from various types:
peptide arrays, protein arrays, combinatorial chemical
libraries, etc. The arrays that made progress in the past two
decades were the DNA/RNA arrays. DNA arrays are used

for gene expression analysis, genotyping of individuals,
genotyping point mutations, single point mutations (SNPs),
short tandem repeats (STRs), and numerous other applications
(all reviewed in ref. 5). Overall, DNA arrays became a standard
research tool in the genomic ﬁeld. Yet the information one can
obtain from DNA and RNA arrays is limited, since they do not
provide information about the proteins mechanism of action.
In contrast to DNA/RNA arrays, the proteomic ﬁeld did
not have the same momentum in using arrays for a long time.
Protein arrays did evolve but they are much more diﬃcult to
produce. Unlike DNA/RNA, proteins are biochemically
diverse and their functionalities extremely depend on their
exposed surface, correct folding and conformation. Proteins
are also much more sensitive to many conditions and
chemicals, so the detection of protein binding is also more
complicated. When seeking for therapeutic applications and
inﬂuencing cellular pathways, it is required to work at the
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protein level, since ultimately proteins are the main mediators
in cellular processes. Therefore, during the last decade
scientists have tried to overcome the relative complexity of
the protein world by adopting the linear thinking of the
DNA/RNA world. This led to the evolvement of peptide
arrays to explore protein–protein interactions.
Peptide arrays resemble nucleotide arrays in the sense that
they are relatively easy and inexpensive to prepare at high
purity. In addition, they enable to ‘‘zoom in’’ and narrow
down the huge interaction interface to a speciﬁc binding site.
Peptides have several advantages in protein–protein interactions
research: (i) Peptides are easy to make and purify by chemical
synthesis, unlike recombinant proteins. (ii) Peptide synthesis
avoids the limitations of using only the 20 naturally occurring
amino acids. It allows using non-natural and/or modiﬁed amino
acids as building blocks in chemical synthesis, enabling for
example the studies of post-translational modiﬁcations. (iii)
Probes or linker groups such as biotin, ﬂuorescein or His-Tag
can be easily introduced into peptides at any required position,
and be used for protein detection or immobilization that is often
required in binding assays. (iv) The peptides resulting from the
screening can sometimes act as inhibitors or activators of the
target proteins, and thus serve for diagnostic or therapeutic
purposes. (v) The resulting binding peptides can serve as a basis
for modeling of protein–protein interactions6 (Fig. 1). The
peptide arrays described in the current review represent only
one type of combinatorial peptide library. There are many other
types of combinatorial peptide libraries, for instance: biological
peptide libraries, such as phage-display,7 and synthetic
combinatorial libraries such as those generated using the pin
technology.2 Another example is the synthesis of numerous
peptides with random sequences based on the split-and-mix8
strategy using the ‘‘one bead one peptide’’ approach.9 Other
known strategies in the combinatorial peptide libraries ﬁeld
include the ‘‘tea bags’’10 approach, and the positional
scanning approach.11 Each strategy has its own advantages
and disadvantages. This was reviewed extensively elsewhere
and will not be discussed here in detail.12 The current review
will examine the use of peptide arrays to study protein–protein
interactions. We will only brieﬂy introduce the synthetic
schemes, since this issue was extensively reviewed in ref. 13.
We will address the issue of choosing between macro-arrays and
micro-arrays and among the commercial arrays available today.
Guidelines for peptide array design and for how to technically
perform the screening assay will be presented, and data analysis
options will be discussed. Finally, we will highlight some recent
and innovative developments in the peptide array ﬁeld.

Peptide array synthesis
Currently, there are two common ways to prepare peptide
arrays: (i) synthesizing functionalized peptides in advance and
then covalently attaching them to the support; (ii) synthesizing
the peptides sequentially directly on the solid support, usually
by using SPOT synthesis or photolithography.
Using the ﬁrst method, attachment of the peptide to the
solid support can be done by several methods for peptide
immobilization. For example the use of cysteine-terminated
peptide on glyoxylyl glass surfaces,14 or surfaces presenting
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functional groups such as bromomethylketone or disulﬁdes15,16
(for more immobilization methods see ref. 17). This method is
expensive and time consuming. It requires peptide puriﬁcation
and high amounts of solvents and reagents relative to the SPOT
synthesis. Yet the advantage is clear: the puriﬁcation of the
peptide reduces false-positive results of synthesis by-products,
and allows the immobilization of the same exact concentration of
pure peptides to each spot the array surface. This method is more
suitable for arrays with a relatively small number of peptides or
when several copies of the same array are required. The second
method of synthesizing peptides sequentially directly on a
solid support is much more robust, and also very economical
regarding the reagents and solvents. This method is more suited
for rapid examination of many sequences, which is currently the
most common use for peptide arrays.
The SPOT synthesis technique is the most common
and frequently used technique for synthesizing peptides
sequentially directly on a solid support. The basic principle
of the SPOT synthesis technique is to use the circle that forms
when a droplet is dispensed on a planar surface, as a reaction
vessel. The circle of the droplet creates limited boundaries that
can be addressed individually by manual or automated
delivery of the corresponding reagents. Multiple separate
spots can be arranged in this way to an organized array. The
reduction in solvent volume is enormous because the surfaces
of the droplets spots are small by nature, and the synthetic
parts that are similar for all the peptides can be done
simultaneously by rinsing the whole surface. The size of the
spots is determined mostly by the volume of the solvent
dispensed, the absorption capacity of the membrane and
both membrane/solvent surface tension properties.18 The
most obvious drawback of this process is that peptides do
not undergo puriﬁcation, and it is impossible to determine
their identity and purity. If synthesis fails or has low yield this
will automatically leads to false negative results. The issue of
synthesis and purity is under debate. There are several reports
on this topic19–22 but the results are not conclusive and there is
a broad range of reported purities for such peptide arrays,
ranging between 50–92% for the tested peptides. The reason
is that every peptide is synthesized with a diﬀerent yield,
depending on the peptide sequence, hydrophobicity, length
and conformation. Hence the level of purity cannot be
predicted. The rule of thumb accepted for the SPOT
synthesis method is using relatively short peptides (up to
15 AA). Wenschuh et al. found that short peptides
synthesized by the SPOT technique had the same purity level
as short peptides synthesized using standard solid phase
synthesis.23 This is in good agreement with reports from the
commercial company JPT (Jerini Peptide Technologies
GmbH), that reports typical purity of 470% for average
6–15 AA.24 Yet, the fact that diﬀerent peptides can be
present at diﬀerent yields is very problematic, especially in
terms of results quantiﬁcation. Sometimes peptides that are
diﬃcult to synthesize will have low yield on the array and
therefore, even if they are strong binders, due to their low
concentration we will see them as very weak dots.
The peptides on the arrays are synthesized using Fmoc solid
phase synthesis.25 Hydroxy groups on the solid support are
used for coupling a reactive amino function (commonly Fmoc
Chem. Soc. Rev., 2011, 40, 2131–2145
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activation, coupling steps or the use of diﬀerent solvents. For
more detailed protocols see recent reviews.3,13,26,27 Currently,
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b-alanine) in an ester-type bond. The available spot synthesis
protocols slightly vary in the procedures for amino acid

Fig. 1 A general scheme of peptide array design and screening. (A, B) An example for peptides array design; zooming in on a small structured
region of a protein and designing multiple partly overlapping peptides while maintaining the secondary structures (helices and loops) intact. In the
limit of length (o25 mer), each secondary element should overlap with the next secondary element, and also with the previous element. For
example, one peptide will contain the ﬁrst purple loop together with the ﬁrst brown helix, and the second peptide will contain the same brown helix
along with the next cyan loop (B). (C–E) The basic scanning assay includes incubation of the binding protein with the peptides array (C), followed
by a few washing steps (D), in some cases (mostly for macro-arrays) an additional step takes place before the detection: the binding protein is
electrotransferred to a secondary membrane (mostly nitrocellulose or PVDF) (Di), to allow the reuse of the same array several times. Detection of
the binding protein is done using speciﬁc antibodies, usually conjugated to an enzyme such as peroxidase or alkaline phosphatase, which can
catalyse a color reaction. Each dark spot represents binding of the protein to a speciﬁc peptide (E). (F) Analyzing the results; marking on the
secondary structures all the observed binding peptides (green) and the non-binding peptides (red), in order to minimize the binding site to the
shortest binding element, common to all the observed partly overlapping peptides.
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most of the above process can be carried out automatically
using peptide synthesizers and spotting robots. This leads to a
smaller spot size and thus a smaller surface for the entire array,
along with higher concentration of peptide per spot. For
example, JPT, where most of the process is automated,
reports that a typical spot has a diameter of approx. 2–3 mm
on each cellulose peptide array and that a typical synthesis is
expected to yield between 5–10 nmol (6–12 mg for an average
10-mer peptide).
Choosing the appropriate support is also important. The aim of
the array screening is to determine binding between peptides and
proteins. Thus the support should be chemically compatible with
the peptide anchoring and synthesis, stable towards acidic/basic
environment, and also suitable for biological screening processes
such as electroblotting. The support also should be as ﬂat as
possible, homogeneous, and allow easy protein access. Cellulose
ﬁlter sheets have been proven to be well-matched for use in peptide
arrays. Cellulose is inexpensive, hydrophilic, easy to control during
synthesis, and stable under a wide range of reaction conditions.28
The second most frequently used method for sequential
peptide synthesis on a solid support is photolithography.
Peptide synthesis by photolithography on a glass surface was
ﬁrst reported by Fodor et al.4 in 1991. Since then many
modiﬁcations were done to make the method less complicated
and more eﬃcient (reviewed in ref. 29). The original synthesis was
performed using special photo-labile protected amino acids as
building blocks and light irradiation through a photomask.
However, the photo-labile amino acids and the photomask
were time consuming to use and expensive to make, and their
reaction eﬃciency was insuﬃcient. Techniques were evolved for
using photogenerated reagents (PGR) that enable the use of
conventional compounds for synthesis such as t-Boc amino
acid. The most common of the photogenerated reagents are the
photogenerated acids (PGA). These compounds form an acid
upon light irradiation, creating an acidic environment essential
for the deprotection of the t-Boc group and subsequent formation
of amide bonds.29 This technology has been commercialized and
further developed by LC Sciences company.30

The binding assay
Scanning peptide arrays assay is an extremely useful technique.
It is technically quite simple, while generating a large mass of
results in a relatively short time. The basic protocol for peptide
array screening includes several steps (Fig. 1): wetting of the
dry peptide array followed by washing for the disposal of all
the preservative materials; incubation of the binding protein
with the peptide array, followed by a few washing steps
and ﬁnally detection of the protein-bound peptides. Small
modiﬁcations are usually performed in each step in order to
optimize the assay for each particular biological system.
The ﬁrst step, which includes wetting of the dry peptides
array and disposal of all preservative materials, consists of
washing steps whose particular nature depends on the array
type and the materials the array is made of. For example,
cellulose macro-arrays (supplied by JPT) are recommended to
be soaked for 10 minutes in methanol, rinsed one more minute
in ethanol, and then rinsed three more times with TBS, (Tris
Buﬀered Saline: 50 mM Tris Base, 150 mM NaCl, pH 7.5) for
This journal is
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ten minutes each. Peptides micro-arrays on glass slides
(supplied by INTAVIS) are recommended to be washed 1–4
hours with TBST (TBS-Tween 20: 50 mM Tris Base, 150 mM
NaCl, 0.05% Tween 20, pH 7.5).
The second step, including incubation of the binding partner
with the peptides array, is the most important one for the
success of the experiment. Incubation can be done with
diﬀerent types of binding partner solutions such as an
antiserum, cell extract, recombinant protein, peptide, etc.
The incubation solution usually contains blocking agents, in
order to prevent non-speciﬁc binding, although in some cases
these were not used since they could mask weak binding (see
for example ref. 31). There are several commonly used
blocking agents such as: (1) 2–5% BSA in PBST or TBST;
(2) 2–5% skimmed milk powder in PBST or TBST; (3) 2–5%
sucrose in PBST or TBST; (4) MBS (25 mM MES, 150 mM
NaCl, pH 6.5), with 50% (v/v) horse serum. The blocking
conditions are critical for the success of the experiment and
should be optimized for each biological system since diﬀerent
proteins react diﬀerently to each solution. Problems may occur
when the partner protein binds one of the blocking ingredients
or precipitates in it. If this occurs, several blocking solutions
should be tested to ﬁnd the most suited for the protein used. In
our lab, blocking solution number (2) works well in most cases.
Two main parameters that can be modiﬁed when optimizing
the assay are the percentage of blocker (BSA, skimmed
milk, sucrose, etc.) in the solution and the partner protein
concentration. These parameters should be modiﬁed according
to the strength of the interaction. From our experience, when
the binding aﬃnity of the interaction is low, the concentration
of the partner protein should be increased and the blocker
percentage should be reduced in order to avoid the loss of
detection of peptides that bind weakly (false negatives). For
interactions with high binding aﬃnity, the concentration of the
partner protein should be relatively low and the percentage of
blocker should be increased. Another variable that can be
altered in order to obtain better or more indicative results is the
total ionic strength of the incubation solution. In principle, the
total ionic strength should be kept close to physiological
(150 mM). However, if the binding (between the partner
protein and the peptides on the array) has an electrostatic
nature, lowering the total ionic strength will result in tighter
binding, enabling the detection of weaker interactions.
Another important ingredient that should be added to the
incubation solution is a reducing agent such as DTT or bME,
which should be added in cases where cysteine residues are
present in the binding partner protein. The reducing conditions
are essential in cases when either the formation of disulﬁde
bonds between the protein and the peptides on the array may
lead to false results, or when a reducing environment is
essential for stability of the protein. It should be noted that
not all peptide arrays are suited for these conditions. For
example, JPT company oﬀers two types of arrays: arrays to
which peptides are linked via b-alanine, and arrays to which
peptides are linked via PEG. The PEG linker is stable under
reducing conditions and is recommended for use when the
buﬀers contain DTT or similar reagents.
After incubation, the excess partner protein should be
washed from the peptide array. If the interaction is of low
Chem. Soc. Rev., 2011, 40, 2131–2145
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aﬃnity, it is not recommended to perform many washing steps.
This is because each washing step can slightly shift the binding
equilibrium towards the unbound state, resulting in abolishing
weak binding. This is true especially in the case of micro-array
slides, where the detection is performed directly on the
peptide array.
In the case of cellulose sheets (macro-arrays) it is very
common to add another step of electrostatic transfer of the
binding protein (after the incubation) to PVDF membrane.
The PVDF membrane is being replaced several times within
one experiment to improve the signal to noise ratio. This may
also be an eﬀective method to remove unspeciﬁc background
binding, since aﬃnity to the cellulose support is often lower
than to speciﬁc peptides, resulting in faster transfer. This
process allows the reuse of the same array several times. The
analysis of several successive membranes also allows averaging
of the results from several membranes, which leads to higher
data quality. It also allows judging the amount of protein left
on the peptide array at the end of the experiment, which is
important for re-using of the array. More detailed information
about peptide array transfer can be found at ref. 31 and 32. The
transfer has the advantage that after the binding occurs,
the protein is immobilized on the PVDF membrane for the
detection step. Thus, the washings and detection steps do not
shift the binding equilibrium towards complex dissociation.
This is especially important for cases of weak binding, where in
assays performed directly on the array the washings can lead to
complete dissociation of the complex due to shift of the binding
equilibrium.
The last step of the assay is detection of the peptide–protein
binding. Detection is performed mostly by labeled probe
methods, such as ﬂuorescence, chemiluminescence, electrochemiluminescence and radioactivity detection. It is possible
to use either a primary antibody against the partner protein
itself combined with a secondary labeled antibody, or a speciﬁc
antibody against a fused tag such as His-, Biotin-, GST, etc.
Antibodies against the tags are usually HRP conjugated
(preferable for saving the need of a second incubation and a
few washing steps). The most common detection method to
read and assess the signal intensities is chemiluminescence,
since it is inexpensive, highly sensitive and widespread and
does not require any special equipment. In our lab, chemiluminescence works well for most cases, and ﬂuorescence was
used for very low aﬃnity interactions since it is a more sensitive
method. The clear disadvantage of the antibody-based detection systems is the multiple steps involved, unspeciﬁc binding
and cross-reactions of the peptide with the antibodies. Another
disadvantage one should take into account is when testing
oligomerization or intramolecular interactions within proteins:
the antibody against the protein may also recognize the
peptides on the array, which are derived from the same protein.
This disadvantage can be overcome by using a tagged protein
and an antibody directed against the tag, in that case one had
to ensure that the tag does not inﬂuence speciﬁcity. Another
option to overcome this problem is by the electroblotting
technique, which uncouples the peptide array from the
antibody-based detection assay. In addition, incubation of
the peptide array with the detection agent (antibody) alone
should always be performed as a control experiment. Another
2136
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way of solving this problem is using a directly labeled partner
protein. Direct labeling of the protein can be achieved by using
a ﬂuorescent dye, radioactive isotopes or by addition of
detectable enzyme such as peroxidase or phosphatase.
The main drawback of the direct labeling method is that the
detection relies on the assumption that the protein is uniformly
labeled. This is diﬃcult to ensure, due to the complexity and
lack of speciﬁcity of labeling process. Moreover, a study on
protein arrays that examined six diﬀerent detection strategies
(including ﬂuorescent-labeled, radioactively labeled, and antibody-based detection systems) found that antibody-based
detection provided the best signal to noise ratio.33

From macro- to micro-arrays
Micro-arrays and macro-arrays are the terms that are used to
diﬀerentiate between array sizes and/or the number of spots on
the support. The term ‘‘macro-array’’ is used for supports with
larger area and with a smaller number of spots per array. The
term ‘‘micro-array’’ is usually used for smaller support area and
a higher number of spots. Most macro-arrays are produced on
various types of membrane sheets (usually cellulose) while
micro-arrays are usually produced on standard microscope
glass slides due to their smaller and more convenient format.34
Three main reasons were behind the advance from macro- to
micro-arrays: miniaturization, higher densities and a large
number of array copies. Making smaller arrays is essential to
reduce the amount of reagents required for the binding assays.
Most importantly, miniaturization reduces the amounts of the
proteins and antibodies used, which are expensive and sometimes
very diﬃcult to produce. While the typical macro-array has
densities of up to 20 spots per cm2, micro-arrays on glass slides
have order of magnitude higher densities with about 200 spots
per cm2 34 (Fig. 2). In the macro-arrays, the peptides on one spot
have a diameter of approx. 2–3 mm,24 whereas in micro-arrays
the diameter of one spot is approximately 0.7 to 1 mm.35 This
signiﬁcantly reduces the volume of solvent and reagents
consumed in the experiment. Furthermore, if the protein tends
to aggregate, the diﬀerence between the peptide densities on the
micro- and macro-arrays can become an important factor. In
addition, the peptide micro-array assay is performed directly on
the glass slide, allowing the use of coverslips. This leads to
experiments in which much less volume of protein/antibody
solution is required (about 100 ml with the coverslip vs. 2 ml
without the coverslip). The concentration of peptide per spot
also increases signiﬁcantly in the transition from macro to micro:

Fig. 2 Size comparison of macro-array versus micro-array. Cellulosebound macro-array containing 174 peptides (left) and microscope slide
micro-array containing 768 peptides (right). 174 peptides on the
micro-array were highlighted to ease the comparison. The relative
original size diﬀerences are presented.
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A typical synthesis of a macro-array is expected to yield peptide
amounts at the pmol range, whereas for a micro-array such yield
is expected to be at the nmol range.36 This high peptide density in
each spot is advantageous for identiﬁcation of interactions with
relatively low binding aﬃnities. However, in some cases lower
peptide concentrations had to be used since the protein (e.g. the
chaperone DnaK) did not enter the spots of the high density
arrays.31
A signiﬁcant diﬀerence between the macro- and microarrays is the number of times they are used. While the microarrays are single-use glass slides, the macro-array cellulose
membranes are made to be reused a number of times, after the
appropriate washing and regeneration steps. To reuse the
membranes, they must be stripped from the protein already
bound to them in the ﬁrst experiment. This is not a problem for
proteins that bind peptides with high dissociation rates or
when fractionated electrotransfer would fully remove the
protein from the array, as it was the case in studies with
molecular chaperones.31,37–39 This might be diﬀerent for
proteins that are designed to bind peptides with very high
aﬃnity, such as antibodies.
General problems arise when arrays are re-used: if the time
between two experiments exceeds a few days, the membranes
should also be dried and regenerated for storage. Little is known
about the eﬀect of the stripping, regeneration and storage
conditions on the array performance. Studies on diverse impact
of washing, drying and storage conditions on the array activity
have been reported, but these studies are limited only to antibody
arrays and protein arrays.40,41 In cases where the stripping is not
complete it would not be possible to reuse the membrane.
The above problems led to a need for an eﬃcient production
method for multiple replicas of the same array of peptides, for
a one-oﬀ use of each copy. This was crucial in order to avoid
the need to use the same array several times. The use of one
array per experiment also has a technical advantage while
performing the binding assay: for a disposable micro-array,
the detection is performed directly on the glass slide, while for
reproducible macro-array in order to strip the array for future
reuse the detection involves electrotransfer of the bound
protein to a secondary membrane (mostly nitrocellulose or
PVDF). The advantage of a disposable array is obvious: there
are fewer steps and thus there is less space for technical errors.
An example of a direct side-by-side comparison between
macro- and micro-arrays (which examines the binding between
the chaperone Hsp90 and peptides derived from the CFTR
protein) can be found in the ESI.w

Preparing peptide micro-arrays
There are several techniques to prepare peptide micro-arrays
on solid support. The preparation of peptide micro-arrays is
complicated, expensive and requires special equipment.
Therefore, their development and production is performed
mainly by commercial companies. The diﬀerences between
the commercial companies are detailed in Table 1.
An example for a high-quality technique used is the SC2
method,27 which has been commercialized by INTAVIS.35
This method is a modiﬁcation of the SPOT synthesis
technique. The synthesis begins as a standard Fmoc-based
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SPOT synthesis on solid support, but with a major diﬀerence,
which is the use of acid labile cellulose based disks as the support.
After synthesis, the disks are dissolved in acidic cleavage solution
to obtain only the peptide covalently bound to the cellulose
polymer. The polymers are precipitated in ether, re-dissolved in
DMSO and then spotted onto coated glass slides. After
evaporation of the DMSO, dried peptide–cellulose conjugates
are obtained on each spot of the array. These
peptide–cellulose–polymers bonds cannot dissociate in aqueous
buﬀers. The chemical nature of the surface is similar to the
standard surface of ordinary cellulose sheets, and the cellulose
based polymers are suitable for most kinds of biological assays.35
Over the years, the photolithography technique also
progressed towards reduction of the array size and the
creation of high density peptide micro-arrays. Along with the
photogenerated acids (PGA), the use of t-Boc based synthesis
was also introduced.29 Another improvement emerged in the
ﬁeld: a digital optical unit for light pattern projection onto
the surface. Light irradiation with selective patterns enables the
selective activation of a speciﬁc location, enabling the large
scale parallel synthesis of diﬀerent peptides without the need
for expensive, inconvenient micro-fabricated photomasks.
This technology has been commercialized by LC Sciences
(for a scheme see the web site of the LC Sciences).30 LC
Sciences also introduced a unique micro-ﬂuidic device, which
provides picolitre scale reaction chambers (pico-array reactor).
These types of peptide micro-arrays have the additional
advantages of controlled environment. Parameters such as
time, temperature, ﬂow rate and ﬂow direction can be preset
and controlled. In addition, the binding assay is performed in a
closed system (as opposed to open slides). This removes the
risks of dye oxidation and deterioration. The beneﬁt of not
using pre-synthesized peptides combined with the spotting
process is highly uniform spots, and not having stock-pile
with an expiration date. LC Sciences reports that the spot
density obtained using this technology can be ten-fold higher
than that of spotted chips.30 This method results in signiﬁcant
saving of reagents and samples due to the new micro-ﬂuidic
device that enables the use of minimal volume: subnanolitre to
picolitre level per reaction.30
Another approach to generate high density peptide microarrays is by using particle-based synthesis. This method
involves the use of charged solid Fmoc amino acid–
pentaﬂuorophenyl ester particles as building blocks, which
are positioned onto the slide using an electrical ﬁeld
produced by either a laser printer42 or a computer chip.43
The printing technology has been commercialized by
PEPperPRINT.44 Brieﬂy, the charged amino acid is embedded
within the toner particles and brought to speciﬁc locations on a
glass slide. This is followed by simultaneous melting of the
whole amino acid-loaded particle layer, to initiate the coupling
reaction. The melting enables the amino acid derivatives to
diﬀuse and undergo coupling. This way the desired amino acids
are integrated one on top of the other to form the required
peptide. As in conventional solid-phase synthesis, each synthetic
cycle is completed with the washing of excess amino acid and
Fmoc deprotection (for a scheme see ref. 42). This technique
further overcomes the limits of speed, quality and amount of
peptides that can be synthesized on one array. Printing time is
Chem. Soc. Rev., 2011, 40, 2131–2145
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Table 1 Comparing peptide arrays oﬀered by commercial companies
INTAVIS

JPT

PEPperPRINT

LC Sciences

PEPSCAN

Product

CelluSpots
micro-array

PepSpot
macro-array

Pepstar
micro-array

PEPperCHIP
micro-array

PepArray
micro-array chip

PepChip micro-array

Technology

SC2 technique:
Standard Fmoc
SPPS using the
SPOT synthesis
technique on
cellulose discs

Standard Fmoc
SPPS using the
SPOT synthesis
technique

Standard SPOT
synthesis on
glass slides.
Peptides are
attached via a
reactivity tag or
linker

Standard SPPS amino Digital photolithography Standard Fmoc
acids are placed on the using specialized
SPPS
slide using an electrical microﬂuidics equipment
ﬁeld produced by a
laser printer

Support

Glass slides

Cellulose sheets

Glass slides

Chips/Glass slides

Chips

Glass slides

Attached to
the support

via C-terminus

via C-terminus

via N-terminus

via C-terminus

via C-terminus

via C-terminus

Peptide
No individual
puriﬁcation
puriﬁcation
and veriﬁcation Routine sample
testing by
HPLC/MS

No individual
puriﬁcation
5% of ordered
peptides plus
internal controls
are veriﬁed by
HPLC/MS

No individual
puriﬁcation
5% of ordered
peptides plus
internal controls
are veriﬁed by
HPLC/MS

No individual
No individual puriﬁcation
puriﬁcation
Routine sample testing Calculated purity for
by HPLC/MS
8 mers is B75–80%,
for 12 mers B65–70%

Diﬀerent purities are
available. Peptide
can undergo
individual
puriﬁcation using
LC/MS

Scanning assay Standard
screening with
antibody-based
detection.
Performed
directly on the
array

Standard
screening with
antibody-based
detection, via
electrotransfered
blotting to PVDF
membrane

Standard
screening with
antibody-based
detection,
by creating
micro arraychip-sandwich
directly on the
slide

Standard screening
with antibody-based
detection, directly on
the array. In house
services for staining and
read-out are optional

Screening by micro-ﬂuidic
system. Binding protein
solution is re-circulated
through the chip, and
assay signals are collected
by ﬂuorescence scan

Standard screening
with antibody-based
detection, directly on
the array

Possible
regeneration

No

Yes

No

No

No

No

Need of special No
materials/
equipment

No

No

No

Yes, limited to
in house services

No

Recommended Up to 15 mer
peptide length

Up to 15 mer

Up to 15 mer

up to 20 mer

Between 8–12 mer

420 mer (depends
on the puriﬁcation
choice)

Up to 6912 
3 duplicated
peptides

Two scales: 156 000
on chip/5440 on
glass slide

Two basic format of
4 K and 30 K chips

4500 duplicate on
one glass slide

1150$ for synthesis of
standard 4 K chip +
500$ for service and
data extraction

h 25 per peptide
h 150 per spotted
slide

Maximum
peptides per
array

Up to 384  2
duplicated
peptides

Up to 800

Cost (For
10–15 mer
array)
(information
correct for the
time the review
was written)

h 6.25 per
peptide, for
20 replicas
h 800 for
additional
20 replicas

h 0.6 per residue h h 13.5 per
h 0.135 per peptide +
263 setup fee per peptide; h 9 for 10% for control
spotted array
control peptide peptide spots
spots;
h 88 for replica

Website

www.intavis.
com

http://www.jpt.com

seconds (versus hours of spotting) and it can yield up to 5440
individual peptide spots per microscope slide.44

Designing peptide arrays—decision making time
As mentioned above, the SPOT technology is currently well
commercialized, making it is much cheaper and quicker to
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order the peptide array from a commercial company rather than
perform in-house synthesis, for which most laboratories are not
equipped. The major task before ordering is the design of the
required peptide array. This includes deciding how many peptides
the array will contain, their length, their sequences and whether to
introduce any modiﬁcation into some of the peptides.
There are two main approaches for designing the peptides
in the array: rational design and combinatorial design.
This journal is
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Combinatorial design is based on the synthesis of many
peptides, usually derived from one speciﬁc motif (which is
suspected to be the interactor), with systematic small
modiﬁcations in the parent sequence. This results in a wide
range of diverse peptides that are based on the same motif and
are screened for binding in order to ﬁnd the optimal interacting
sequence.12,45 On the other hand, randomized peptides can be
also combined with speciﬁc deﬁned positions (see ref. 31 for an
example). In the rational design, the array includes peptides
derived from sequences in partner proteins that are known to
bind the protein of interest, or from sequences of proteins that
are related or homologous to each other and act via the same
biological pathway. This approach is applied both for
identifying the precise binding sites in the partner proteins,
and for identifying peptides that can serve as ligand-mimics for
therapeutic applications. After deciding on the best approach
for determining the sequences of the peptides in the array, six
rules should be followed:
(i) The optimal length of the peptides should not exceed
15 residues. This is since the typical purity of an average
6–15 AA peptide is 470%.24 For longer peptides purity cannot
be guaranteed, since the purity and identity of each individual
peptide is not tested. Longer peptides can be made in addition to
the shorter peptides, but in any case the binding should be
conﬁrmed by studies with the puriﬁed peptides, to avoid false
positive results caused by binding of the synthesis by-products.
(ii) To increase the reliability of the screening results, the
designed peptides should be partly overlapping. When binding
of the protein to partly overlapping peptides is observed, it
strongly indicates a speciﬁc binding region rather than one
random binding sequence. Moreover, it can help minimizing
the binding site to the shortest binding sequence common to all
the observed partly overlapping peptides (Fig. 1).
(iii) When choosing a sequence composition it is important
to notice the surface electrical charge and the hydrophobic
nature of the peptide. Peptides containing a large percentage of
hydrophobic residues, such as Leu, Val, Ile, Met, Phe, and Trp,
usually have solubility problems in aqueous solutions (which
are the buﬀers using for the screening of the arrays). In
addition, sometimes hydrophobic peptides tend to have nonspeciﬁc interactions due to aggregation eﬀect, and this is a
potential source for false screening results. Cys, Met, and Trp
residues can also cause synthetic problems because they are
susceptible to oxidation and side reactions.46 If possible, it is
advisable to choose sequences that contain a minimal number
of these residues. On the other hand, solid phase peptide arrays
do not have problems with solubility and allows mapping of
interactions that is not possible in solution, as shown for
example for the speciﬁcity of molecular chaperones. Many
high aﬃnity binders of DnaK turned out to be insoluble in
solution while they were accessible on the peptide array.47
(iv) When performing rational design of peptides derived
from the sequence of a known protein for mimicking
protein–protein interactions, it is highly recommended
checking if its structure has been solved. If so, the secondary
structures of the protein should be considered during the
design. For example, helices or beta strands should be taken
as whole, even with 2–3 ﬂanking residues from each side, to
allow the peptide to populate its native secondary structure in
This journal is
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its conformational ensemble (Fig. 1). If the peptide containing
the full secondary structure element is longer than 15 residues,
it is advisable to synthesize both the short and long peptides.
(v) When doing rational design of peptides derived from the
sequence of a protein, their N-terminus should be acetylated,
eliminating the positive charge on the N-terminal amine.
This acetylated uncharged state represents the physiological
condition where the peptide is derived from a protein sequence
in which the N-terminus is participating in an amide bond.
Acetylated peptides are also more stable to degradation.
(vi) Last but not least, always insert a few control peptides
with known binding aﬃnity to the protein of interest. It gives a
comparative measure to the binding aﬃnity of the unknown
peptides, since the binding assays results are only semiquantitative. Moreover, the peptide arrays are expensive, and
it is better to use such an internal control than to use a whole
array for calibration of the system. Calibrating the assays
according to a control peptide also speeds up the process.

The next step—what to do with the screening results
The spot patterns obtained from peptide array screening can be
documented and semi-quantitatively evaluated using standard
modern image analysis readers such as the ones commonly
used in 2D analysis of gel electrophoresis and blotting. Weiser
et al. presented a comprehensive study on the reliability and
accuracy of dissociation constant calculation based on the signal
intensities.48 They showed that the data analysis for array
screening is not trivial, since many variables may inﬂuence the
signal intensities. These include for example the array type,
peptides composition, number of spots on the array, antibody
concentration, incubation time, inhomogeneity of the array, the
possibility of competition among the peptides for the binding to
the partner protein and the array functionality quotient. The
array functionality quotient depends on the ratios between the
solutions (Fmoc-b-alanine-OPfp and N-acetyl-b-alanine-OPfp
in dimethyl sulfoxide) in the second coupling step of the next
anchor position.
Each experiment is an individual collection of the above
variables and thus we recommend evaluating the observed
intensity of the peptides within each array only in comparison
to the other peptides on the same array, but not to compare the
intensity with the screening results of other copies of the same
array or other arrays. The intensity control is internal for each
array. Weiser et al. found that the standard deviation of the
signal intensities varies in the range of 8–22%. They found a
way to improve the standard deviation by taking regional trends
in the membrane surface into account. They normalized (using a
particular equation) all the binding intensities according to
two types of reference peptides: peptides with high-aﬃnity and
peptides with low-aﬃnity to the binding partner.48 Since in
many cases there is no prior knowledge about the binding
aﬃnities, they also established an equation that allows using
the background signal around each spot as an alternative to a
low-aﬃnity reference.48 In a similar way signal intensities can
also be normalized by reference peptides with known
dissociation constants.37,39
The bottom line is that the peptide array screening method is
only semi-quantitative. Comparisons of the spots intensity can
Chem. Soc. Rev., 2011, 40, 2131–2145
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be made but the information gained will be of relative aﬃnities
and not of absolute Kd values. The reasons for that are mainly
technical: for example, since the peptides on the array are
usually not puriﬁed, diﬀerent peptides can be present at
diﬀerent yields. The results could be inﬂuenced by
unsuccessful synthesis with low yields or high amounts of byproducts. In addition, observed binding at the peptide level
does not prove with certainty that the interaction also occurs at
the protein level. To verify this, experiments at protein level are
also required.
In a study that identiﬁed binding between PLCg1 SH3
domain and peptides (derived from 12 diﬀerent proteins)
containing proline rich motifs on a macro-array the peptides
binding was validated at two levels: (i) At the protein level: the
full length proteins from which the observed peptides are
derived were tested for binding to PLCg1 SH3 domain by
GST pull-down or co-IP. The results showed 75% success,
indicating that peptide array screening is a good method for
discovering protein–protein interactions. (ii) At the peptide
level: the observed peptides were synthesized and their binding
aﬃnities towards PLCg1 SH3 were measured using
ﬂuorescence polarization. The results demonstrated good
correlation between the strength of the signal on the array
and the dissociation constant. It was clear that peptides with
high signal intensity on the array also had stronger binding in
solution (Kd o 50 mM). These peptides also demonstrated
interactions at the protein level. Peptide with low
signal intensity on the array had weaker binding in solution
(Kd 4 50 mM) and did not show any detectable interaction at
the protein level.49
In our laboratory, we also test the binding aﬃnities in
solution for the binding peptides observed in the array. We
synthesize and purify the binding peptides that had high signal
intensity on the array and then measure their binding aﬃnity
using quantitative methods as ﬂuorescence anisotropy or
SPR.6,32 In parallel, some of the non-binding peptides are
synthesized and tested for binding in solution as control. For
example, in studies of the interaction between ASPP2Ank-SH3
and peptides derived from the anti-apoptotic Bcl2 family
members, the results showed that some of the peptides gave
a weak binding aﬃnity (450 mM), meaning that the
physiological signiﬁcance of their interactions with the parent
protein is doubtful, especially in cases of linear binding motifs.
On the other hand, some of the peptides gave a relatively
strong binding aﬃnity (Kd o1 mM). In consistence with the
previous study, we conclude that the range of binding aﬃnities
covered by the array screening method is very wide and
therefore validation of the screening results is crucial for data
evaluation. The results reliability increases when using several
independent methods gives the same aﬃnity. For example, we
observed that for all the peptides that exhibited a relatively
strong binding aﬃnity (Kd o 1 mM) similar Kd values were
obtained using several independent methods.6 Aﬃnities also
depend on the protein–protein interaction that is studied. In
the case of the DnaK chaperone, for example, all peptides that
showed aﬃnity on a peptide array showed aﬃnity in solution,
with Kds covering a range of 0.1–3 mM, while non-binding
peptides on the array did not show detectable aﬃnity in
solution.47 We conclude that from our experience the peptide
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array is a good tool for rapid screening of many sequences. But
it must be accompanied by another biophysical quantitative
method in order to reveal the precise binding aﬃnities.

Peptide array screening: examples for new
applications and developments
The peptide array screening is currently a well established
method. In this section, we will present some of the recent
unique developments and applications in the ﬁeld.
All the peptide arrays mentioned so far are suitable only for
cases in which the interaction occurs between a protein and
linear epitopes or interfaces from the partner protein, which
can be represented by linear peptides. Such a system is not
necessarily suitable for testing all kinds of interactions between
proteins. For example, if the binding site consists of several
discontinuous sequences that are spatially close only when the
protein is folded, each peptide on the array will represent only
part of the binding site. Thus, an individual representative liner
peptide on a micro-array would not necessarily demonstrate
binding. Several techniques have been developed to solve this
problem, for example the duotope scan and the CLIPSt
(Chemical
LInkage
of
Peptides
onto
Scaﬀolds)
technology.50,51 The duotope scan is based on the idea that a
discontinuous binding site can be mimicked by connecting the
potential binding regions (represented by linear peptides) using
a linker that resembles their distance in the native 3D protein
structure. The linker provides the necessary ﬂexibility for the
region to fold correctly.50 The CLIPSt technology allows the
ﬁxation of peptides into stable secondary structures using a
selective chemical reaction between peptides containing
homocysteine residues and a synthetic scaﬀold containing a
benzyl bromide group (PhCH2Br). For further details and
ﬁgures see ref. 51. Using this technology, protein–protein
interactions mediated by discontinuous binding sites can be
mapped, even if the epitopes are found in oligomeric states
such as dimer or tetramer. In addition, it has been shown that
using the CLIPSt method, mapping of interaction sites can be
done at the level of single amino acids. This was demonstrated
for mapping the mAbs protein binding sites with several
proteins—hFSH, hCG, CD20, and CCR5.51
Espanel et al. have designed another approach for using
peptide arrays to study interactions of several regions
simultaneously and/or cooperatively. They developed a
method to synthesize more than one peptide at each spot. In
an early study, the synthesis of two peptides in one spot, using
orthogonal protection strategy, was demonstrated. A mixture
of Fmoc-b-alanine and Alloc-b-alanine was used in the ﬁrst
cycle, permitting selective deprotection of the Fmoc and
Alloc by diﬀerent reagents (piperidine for Fmoc vs.
bis(triphenylphosphine) palladium(II)chloride (PdCl2(PPh3)2
for Alloc). This selective deprotection allowed a separate
synthesis on each b-alanine in the same spot. The synthesis
could not be performed in parallel, and the second peptide
had to be synthesized after the acetylation of the ﬁrst
peptide.52 Recently, the same group further developed the
technique for the synthesis of up to four peptides in one spot.
An additional protecting group, ivDde (1-[4,4-dimethyl-2,6dioxocyclohexylidene]3-methylbutyl), was added on the side
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chain of the ﬁrst C-terminal lysine. This group is stable under
piperidine treatment, therefore enabling the separate synthesis
of two peptides on each Fmoc and Alloc-b-alanine. The ivDde
is removed by 2% hydrazine monohydrate in DMF allowing
the second peptide synthesis and making it possible to
synthesize a total of four peptides in the same spot.53
In standard SPPS the peptide C-terminus is immobilized to
the solid support and the synthesis is carried out towards the
N terminus, resulting in a peptide with a free N-terminus. A
new application, which was evolved in order to address cases
where there is a need for a free C-terminus (such as interactions
of PDZ domains), is named ‘‘inverted peptide arrays’’. In this
case, the N terminus of the peptide is modiﬁed so that after the
end of a standard synthesis (from the C to the N terminus), it
can undergo intramolecular cyclization with the solid support.
That support usually contains Cys (Trt) and the cyclization
occurs upon treatment with cesium carbonate. The C terminus
is then detached from the solid support by hydrolysis (and
simultaneous side chain deprotection) leaving a complete
peptide attached only by its N terminus (for a detailed
scheme see ref. 26). Inverted peptide arrays have been used
for mapping several interactions of PDZ domains.54–56
A novel type of peptide array is the dry peptide array.57 This
method includes drying peptides in wells of glass plates (using
vacuum pump), then adding a solution of the partner protein
labeled with ﬂuorescein. This leads to the dissolution of
the dried peptides as well. After a short incubation (about
15 minutes), the wells are being dried again. Fluorescent traces
will remain only in the wells where binding took place. This
ﬂuorescence can then be quantiﬁed. The advantage of this
system is the use of non-immobilized peptides, which may
better represent the native structure of the peptide allowing its
correct folding upon ligand binding. Additional beneﬁts are
that peptides remain more stable under dry conditions, the
assay procedure does not include washing steps, and it is
considered to be much simpler than standard screening.
The dry peptide arrays approach was demonstrated with
several proteins including calmodulin (CaM) and a miniarray consisting of 20 designed basic amphiphilic a-helical
peptides.57 It is a disadvantage, though, that the protein has
to be labeled with ﬂuorescein or comparable dyes, which may
change the properties or solubility of the protein.
A common application for peptide array screening is
enzymatic assays. Peptide arrays can be used to determine
enzyme kinetics, to screen rapidly for enzyme inhibitors, and to
test biological activity in a dose-dependant manner.58 A variety
of enzymes have been examined using peptide microarrays, the
most studied are kinases and proteases. These applications are
usually straightforward because the label can be covalently
linked to the enzyme (for reviews see refs. 59 and 60). One
recent unique example for using the peptide array for enzyme
proﬁling is shown in ref. 61. The authors addressed the
problem of quantitative array analysis and demonstrated
biological activity (kinase phosphorylation) on a peptide
array.61 They prepared an array of peptides derived from the
tyrosine kinase c-Src. The peptides contained N-terminal
cysteines and were immobilized onto the amino-modiﬁed
glass chip via glutaraldehyde linkage. Activity assays were
carried out by phosphorylation of the peptides on the array
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by c-Src kinase followed by treatment with ﬂuorescently (Cy5)labeled anti-phosphotyrosine antibody. Two c-Src peptides
on the array were designed to be positive and negative
controls for a quantitative assay: a peptide synthesized with
a phosphotyrosine served as a positive control, while the same
peptide with a Phe residue in the same position served as a
negative control. Taking the positive control as a reference for
100% phosphorylation and the negative control as a reference
for 0% phosphorylation, they obtained the actual on-chip
phosphorylation ratio for the substrate. In this study, on top
of the regular calibrations, diﬀerent amounts of peptides were
immobilized on the same array, leading to optimization of the
immobilized peptides concentrations. This step is important
for the activity assay since it indicates that there is correlation
between the ﬂuorescence intensity and the phosphorylated
substrate in the measured concentration range. This is an
important diﬀerence between this method and the cases
described so far, for which the levels of the immobilized
peptide were identical for all spots.
Another new type of micro-array that emerged in past ten
years is the carbohydrate micro-array. Those arrays have become
important tools to investigate binding events that involve sugars.
Carbohydrate arrays simulated the natural arrangement of
carbohydrates on the cell surface, and can be used to study
carbohydrate interactions with a wide range of binding partners
including proteins, RNA and viruses. This tool has many diverse
applications in research and diagnosis and it has already proved
itself in the glycobiology ﬁeld. For more details see ref. 62.
In addition to the new types of arrays described above,
new scanning methods are also being developed. For example,
Greving et al. presented the two-dimensional scanning
of peptide arrays.63 Using a ﬂow chamber and ﬂuorescence
imaging, they were able to measure in a single experiment both
the kinetic and thermodynamic parameters for peptides
binding. They demonstrated the new technique with a
labeled TNF-a protein and a micro-array containing
800 peptides. The micro-array was placed in a chamber
equipped with a micro-channel that transports the ﬂuids and
with a low vacuum around the slide edge, which provides a ﬂat
imaging plane. Fluorescently labeled TNF-a was incubated
with the peptide array for 50 min, and then dissociated
by ﬂowing buﬀer through the chamber. Fluorescence
images revealed the binding peptides and the dissociation
phase provided the dissociation curves. The reliability of the
dissociation constants was veriﬁed using SPR for 180 peptides
(out of the 800 peptides in the array). 60 peptides displayed
observable TNF-a binding in the SPR experiments. Of these,
54 have also shown signiﬁcant binding in the micro-array. 26 of
the 60 peptides that showed signiﬁcant kinetic dissociation
constants (koﬀ) in the SPR experiments have showed also
signiﬁcant Koﬀ in the micro-array analysis. The koﬀ
determined on the micro-array were on average B20-fold
slower when compared to the koﬀ determined by SPR.
Therefore, this two-dimensional scanning method is only
oﬀered as an extensive scan tool for rapid search of binding
peptides. Binding should then be conﬁrmed and quantiﬁed
using additional methods. This application provides an insight
into the binding mechanism in addition to mapping the
potential binding sites.63
Chem. Soc. Rev., 2011, 40, 2131–2145
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Integration between computational analysis/modeling and
scanning of peptide arrays is becoming widely used. Peptide
scans can provide much information, and sometimes even

hundreds of peptides are considered as potential interactors
based on the screening results. It is necessary to thoroughly
analyze this information and focus only on a few best binding

Fig. 3 Peptide array screening results of the ASPP2Ank-SH3–Bcl2 interaction.6 Using peptide array screening ASPP2Ank-SH3 found to bind
two homologous sites in all the three anti-apoptotic Bcl2 family proteins (Bcl-2, Bcl-W and Bcl-XL): (i) the conserved BH4 motif; colored green;
(ii) a binding site for pro-apoptotic regulators, colored red. The homologous sites colored both on the known 3D structures (Bcl-2 PDB: 1ysw (23),
Bcl-XL PDB: 1g5j (20), Bcl-W PDB:1o0l (33)) and on the three aligned sequences.

Fig. 4 Docking model for the complex ASPP2Ank-SH3-Bcl2 based on the peptide array screening results of both Bcl2 and ASPP2Ank-SH3.6 On the left an
array consisting of partly overlapping peptides derived from Bcl2 protein was screened for binding ASPP2Ank-SH3. Each dark spot represents binding of
ASPP2Ank-SH3 to a speciﬁc peptide. The ASPP2 binding sites, as observed in the peptide array screening, are highlighted in red on the known 3D structure
of the Bcl2 colored pink (PDB: 1ysw). On the right an array consisting of partly overlapping peptides derived from ASPP2Ank-SH3 protein was screened
for binding Bcl2. Each dark spot represents binding of Bcl2 to a speciﬁc peptide. The Bcl2 binding sites, as observed in the peptide array screening, are
highlighted in blue on the known 3D structure of the ASPP2Ank-SH3 colored in cyan (PDB: 1ycs). In the middle, binding peptides served as a base (data
restriction) for a docking model for the interaction between the ASPP2Ank-SH3 and Bcl2 at the full protein level. Figures were generated using PyMol (34).
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peptides to avoid unnecessary work. Using computational
algorithms and models, it is possible to dramatically improve
the array design as well as screening analysis and focus on the
best potential interactors, thereby saving lots of materials,
money and time. Several such computationally assisted
peptide screening and design tools are already known (see
ref. 64). Recently, this was demonstrated for the design of cell
adhesive peptides for cell culture scaﬀolds64 and for the
detection of ZnO-binding peptides.65 In both cases, a fuzzy
neural network (FNN) algorithm was used by comparison of
high and low aﬃnity peptides. FNN is a type of artiﬁcial neural
network that automatically constructs complex model
structures by learning the hidden relationships between input
and output data and thus functions as a predictor.
Improvement of the predictive strength of the model was
achieved by repeating and reﬁning the experiments. Computationally assisted screening can be very useful in ﬁnding
leading peptides with minimum trials.

Conclusions
Peptide arrays screening is becoming extensively used both in
the genomic and proteomic ﬁelds. This is one of the best
methods of performing a rapid scan through a lot of peptide
sequences, using a relatively simple technique, which yields
masses of high quality information. Putting an emphasis on
proper peptide design and creating partly overlapping peptide
sequences are essential in order to obtain a system with all the
required internal controls.
Peptides are excellent tools for studying protein–protein
interactions. Since they are chemically synthesized and not
recombinantly expressed, they are easier to produce and
handle relative to proteins. Peptides serve as good models for
binding studies of proteins domains, because they often undergo
induced ﬁt upon ligand binding and gain their native structure.
This was shown for example for peptides derived from the BH4
domain of Bcl266 and from Bak.67 Peptide synthesis is also
essential in order to incorporate modiﬁed or non-natural amino
acid with 100% speciﬁcity. This enables for example the
design of peptide arrays to systematically test the eﬀect of
post-translational modiﬁcations.
Synthesis of peptides immobilized to a solid phase has
several advantages compared to peptides in solution: (i) they
are cheaper than making the individual peptides; (ii) they
enable comparable analysis of hundreds or thousands of
peptides in one experiment under identical conditions. This
can be very useful for comparing between several homologous
proteins of the same family. For example in the case of
ASPP2Ank-SH3 protein, we revealed that ASPP2Ank-SH3 binds
two homologous sites in all three anti-apoptotic Bcl2 family
members tested6 (Fig. 3); (iii) no solubility problems; (iv) easy
variation of sequences; (v) combination of randomized and
non-randomized peptides is made easy; (vi) peptide array
screening also provides a highly eﬃcient way for identifying
the binding sites in both interaction partners, and these results
can serve as a base for modeling prediction for the whole
complex at the full proteins level, as we did for the Bcl2ASPP2Ank-SH3 complex6 (Fig. 4). Combination of peptides
This journal is
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Fig. 5 Disclosing the substrate speciﬁcity of a molecular chaperone
by peptide screening (modiﬁed from Rüdiger et al.).31 (A) Binding of
the Hsp70 chaperone DnaK to peptides derived from the sequence of
human p53. Macro-array, 13 mer peptides, each peptide is shifted
3 amino acids towards the C-terminus compared to the peptide before.
(B) Plotting of the DnaK binding sites onto the structure of the p53
DNA binding domain demonstrates that the chaperone binding sites
are mainly buried inside the hydrophobic core. The backbone (left) or
the side chains (right) of the Dnak binding sites are indicated in red. (C)
An algorithm to predict DnaK binding and non-binding peptides. The
algorithm was developed based on the analysis of binding data of more
than 4000 peptides. Score values of 5 and lower indicate DnaK
binders. The experimentally veriﬁed peptides are plotted against
the algorithm score value: green, DnaK binding peptides; red, DnaK
non-binding peptides.

arrays with alanine scan can further ‘‘zoom in’’ and provide
the minimum binding sites at the single residue level.
A key advantage of peptide arrays compared to the analysis
of peptides in solution is the cheap and fast analysis of a
large amount of peptides. This does not only allow mapping
of protein–protein interaction sites or developing lead
compounds, it also enables identiﬁcation of binding motifs of
peptide binding proteins, such as molecular chaperones of the
Hsp70 class.31 For example, in the case of the Hsp70 chaperone
DnaK, a prediction algorithm could be developed based on
peptide array data that allows prediction of binding sites
in protein sequences with more than 80% accuracy (Fig. 5).
Chem. Soc. Rev., 2011, 40, 2131–2145
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Such a study requires 2000–4000 peptides. It is a signiﬁcant
advantage of peptide arrays over methods such as phage
display libraries that they allow not only to identify binders
but also non-binders.
Technical developments in recent years led to minimization
of the system, moving from macro-arrays to micro-arrays.
Micro-arrays not only give more results per experiment, but
also improve the quality of the results. Preparation of the
arrays is not a complicated procedure and it usually requires
only standard materials and equipment, yet it is a long and
expensive process. Thus, it is better in our opinion, to order the
arrays from commercial companies rather to make it in-house,
and focus in the lab on the peptide array design, the assay
performance, optimization and the results analysis.
The main limitation of the peptide array screening method
remains the quantiﬁcation of the observed results. In our
opinion, despite the eﬀorts made for quantifying peptide
array data, it is still best to treat the method as a semiquantitative method that provides preliminary results but
needs veriﬁcation and quantiﬁcation by other methods. The
capability of the system to mimic the physiological structure of
a peptide/binding site is limited due to the immobilization of
the peptides to a solid support. In addition, it is essential
to verify that the observed peptide–protein interaction also
occurs in the full length proteins level. In summary, the peptide
array scanning method is excellent for mapping protein
binding sites of previously known interactions, and not for
discovering new interaction between proteins.
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37 S. Rüdiger, J. Schneider-Mergener and B. Bukau, EMBO J., 2001,
20(5), 1042–1050.
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