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Peptide microarrays for the detection of molecular

interactions in cellular signal transduction
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The formation of protein complexes is a hallmark of cellular signal transduction. Here, we show
that peptide microarrays provide a robust and quantitative means to detect signalling-dependent
changes of molecular interactions. Recruitment of a protein into a complex upon stimulation of a
cell leads to the masking of an otherwise exposed binding site. In cell lysates this masking can be
detected by reduced binding to a microarray carrying a peptide that corresponds to the binding
motif of the respective interaction domain. The method is exemplified for the lymphocyte-spe-
cific tyrosine kinase 70 kDa zeta-associated protein binding to a bis-phosphotyrosine-motif of the
activated T-cell receptor via its tandem SH2 domain. Compared to established techniques, the
method provides a significant shortcut to the detection of molecular interactions.
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1 Introduction

Over the past years, oligonucleotide microarrays have revo-
lutionised the way in which changes in gene expression can
be detected in parallel [1–4]. Recently, similar advances in the
measurement of protein levels have been achieved using
antibody arrays [5]. The changes in mRNA and protein con-
tent detected by these types of arrays are the result of signal
transduction processes. Given the complexity of signalling
networks, the application of microarrays for the parallel

analysis of signal transduction events seems evident. How-
ever, except for microarray sensing kinase activities [6], the
molecular events constituting these signalling processes
have so far largely escaped detection by microarrays. Espe-
cially for the parallel detection of molecular interactions,
conceptual advances are required.

We realised that microarrays of peptides corresponding
to protein interaction motifs [7] may provide a specific means
for detecting the signalling-dependent masking or unmask-
ing of binding sites. If, inside a cell, a protein engages in a
molecular interaction, the binding domain involved in this
interaction is masked. Complex formation should therefore
decrease the amount of protein available for binding to the
microarray after lysis (Fig. 1). Peptide arrays have been
employed already to profile the structural requirements of
the binding of protein domains [8, 9]. For interaction motifs
involving PTMs, such as phosphorylation, peptide micro-
arrays are advantageous compared to protein microarrays.
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Figure 1. Schematic of the application of peptide microarrays for
detecting the masking of binding sites. Peptide microarrays are
generated from peptides that correspond to motifs interacting
with binding domains of signalling proteins. Recruitment of a
protein into a complex masks a binding site on the protein, which
is therefore no longer available for interaction with the micro-
array. Consequently, those proteins engaging in a molecular
interaction will yield weakened signals on the microarray. The
binding of proteins may be detected in parallel by immuno-
fluorescence, employing cocktails of primary antibodies. The
pattern of proteins bound to the microarray reflects the pattern of
molecular interactions inside the cells.

Amino acids carrying PTMs can be incorporated in a site-
specific manner by organic synthesis procedures. For the
detection of protein-peptide interactions, purified recombi-
nant proteins as well as crude cell lysates [10] have served as
the source for protein.

In order to validate our concept, the activation dependent
interaction of the tyrosine kinase 70 kDa z-associated protein
(ZAP-70) with the T-cell receptor (TCR)-associated CD3z-
chain, was selected as a model system [11]. ZAP-70 consists
of an N-terminal tandem SH2 domain and a C-terminal ty-
rosine kinase domain. In resting cells, this protein distribut-
ed is throughout the cell [12]. Crosslinking of the TCRs by
MHC-peptide complexes on an antigen-presenting cell leads
to the phosphorylation of several tyrosine residues within
immunoreceptor tyrosine-based activation motifs (ITAM) of
the CD3z-chain [13]. The bis-phosphorylated CD3z ITAM
peptide motif NQL(pY)NELNLGRREE(pY)DVL acts as a
high-affinity docking site for the tandem SH2 domain of
ZAP-70 and recruits ZAP-70 to the plasma membrane.
Using plasmon resonance spectroscopy, an apparent dis-

sociation constant of 2.0 6 0.5 nM was reported for this
interaction [14]. Once incorporated into the TCR complex,
ZAP-70 becomes phosphorylated and fully activated and
initiates a series of downstream signalling events [15].

In the experiments presented here, peptide microarrays
were functionalised with the bis-phosphorylated CD3z ITAM
(pITAM) peptide and the nonphosphorylated counterpart
(ITAM). Lysates of cells overexpressing a fusion protein of
ZAP-70 with the enhanced yellow fluorescent protein (ZAP-
70-YFP) and of cells expressing endogenous amounts of
ZAP-70 were used as the source for the protein. Binding of
ZAP-70 to the microarray was either detected by virtue of the
intrinsic fluorescence of the fusion protein or by indirect
immunofluorescence. In both cases, the activation-depend-
ent recruitment of ZAP-70 into signalling complexes
reduced the microarray-bound signal. This reduction in sig-
nal provides quantitative information on the change of the
fraction of available binding sites and even on the number of
available binding sites per cell.

2 Materials and methods

2.1 Peptides

The phosphopeptide C-Ahx-NQL(pY)NELNLGRREE(pY)
DVL-NH2 (pITAM), the nonphosphorylated control peptide
Ac-C-Ahx-NQLYNELNLGRREEYDVL-NH2 (ITAM) and the
fluorescein-labelled control peptide Fluo-Ahx-KAA were syn-
thesised as described in the supplementary material section.

2.2 Generation of microarrays

The preparation of microarrays followed a protocol described
previously [16]. In brief, coverslips (BK7, type 1 with 12 mm
diameter) were cleaned by sonication in an aqueous solution
of Extran MA01 (Merck, Darmstadt, Germany)/water (1:4, v/
v) for 5 min followed by sonication in piranha solution, a
freshly prepared mixture of H2SO4/30% v/v H2O2 (6:5, v/v)
for 20 min. For silanisation coverslips were covered with
40 mL of (3-glycidyloxypropyl)trimethoxysilane (Fluka, Dei-
senhofen, Germany), placed in an airtight container and
incubated at room temperature for 6 h, followed by rinsing
with acetone. Immediately after silanisation the dry cover-
slips were functionalised with the peptides. Peptides were
dissolved to a concentration of 100 mM in 100 mM phosphate
buffer (pH 8.0). Peptide solutions (0.8 nL) were spotted with
a GeSiM NP2.0 nanopipettor (GeSiM, Dresden, Germany)
with a centre-to-centre spacing of 300 mm, maintaining 80%
humidity within the spotter casing. After 30 min at room
temperature, the coverslips were dried and incubated with
80 mL of O,O’-bis(2-aminopropyl)PEG 800 (Fluka) at 707C for
16 h to quench the remaining reactive groups. After cooling,
the coverslips were rinsed with water, dried under an air-
stream and stored at room temperature.
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2.3 Cell culture and preparation of cell lysates

3A9 T-hybridoma cells and derivatives transfected with both
ZAP-70-YFP and a fusion protein of the CD3z-chain with
cyan fluorescent protein (CFP), or both free YFP and CD3z-
CFP were cultured in DMEM supplemented with 10% fetal
calf serum, 100 mM sodium pyruvate, nonessential amino
acids and 200 mM L-glutamine. The generation of the trans-
fected cell lines is described in the supplementary material
section. The broad-range phosphatase inhibitor sodium per-
vanadate was generated in a freshly prepared mixture of
5 mM Na3VO4 and 5 mM H2O2 in HEPES-buffered saline
(HBS; 10 mM HEPES, 135 mM NaCl, 5 mM KCl, 1 mM

MgCl2, 1.8 mM CaCl2, pH 7.4). The solution was incubated at
room temperature for 15 min and used immediately at a ten-
fold dilution. For activation, cells suspended in HBS supple-
mented with 0.1% BSA and 5 mM glucose were incubated
with pervanadate for 20 min at 377C. Cell lysates were pre-
pared by suspension of cells in lysis buffer (1% Triton X-100,
20 mM Tris, 1 mM EDTA, 150 mM NaCl, protease inhibitor
cocktail (Roche, Mannheim, Germany), 1 mM Na3VO4,
pH 7.5). Unless indicated otherwise, 107 cells per 1 mL of
lysis buffer were used. After lysis on ice for 30 min, the crude
lysates were clarified by centrifugation at 20 000 6 g for
15 min. Total protein concentration of lysates was deter-
mined by a standard protein assay (Bio-Rad, Munich, Ger-
many).

2.4 SDS-PAGE and Western blotting

SDS-PAGE of lysates was carried out according to the proce-
dure described by Laemmli [17]. The gel was blotted on a
PVDF membrane (Millipore, Schwalbach, Germany) using
25 mM Tris, 192 mM glycine, 20% v/v methanol (pH 8.3) as
transfer buffer. After blocking with 5% nonfat dry milk pow-
der in TPBS (PBS, 0.05% Tween-20), the blot was developed
using a mouse mAb directed against a C-terminal part of
ZAP-70 (BD Transduction Laboratories, Franklin Lakes,
USA), an alkaline phosphatase-conjugated anti-mouse IgG
secondary antibody (Sigma, Munich, Germany) and a colori-
genic substrate. Western bands were quantified by scanning
the blots and integrating mean signal intensity and area of
the bands.

2.5 Microscopy

Confocal laser scanning microscopy was performed using an
inverted LSM510 confocal laser scanning microscope (Carl
Zeiss, Göttingen, Germany). YFP was excited with the
514 nm line of an argon-ion laser and detected using a
BP530–600 nm band pass filter, Cy5 was excited with the
633 nm line of a helium neon laser and detected using an
LP650 nm long pass filter. Cell images were acquired at a
sampling rate of 1024 6 1024 pixels using a C-Apochromat
63 6 1.2 NA water immersion objective. The coverslips with
the arrayed peptides were mounted in a custom-made open

measurement chamber with the coated surface up, allowing
addition of solution to the microarray during observation.
One hundred microlitres of cell lysate or antibody solutions
were used for incubation on each coverslip. After addition to
the coverslip, the solution was mixed by pipetting up and
down several times. Incubation was carried out for 3 min for
the lysates and 15 min for antibodies. Antibodies were dilut-
ed to 5 mg/mL for anti-ZAP-70, to 15 mg/mL for anti-phos-
photyrosine (Cell Signaling Technologies, Beverly, USA) and
to 2.8 mg/mL for Cy5-labelled goat-anti-mouse-antibody
(Dianova, Hamburg, Germany) in TPBS containing 0.5%
BSA. Between each incubation step, arrays were washed
twice with TPBS. Digital images were acquired at a sampling
rate of 512 6 512 pixels using a Plan-Neofluar 10 6 0.3 NA
objective. For data evaluation, the functionalised spots and
the surrounding background were defined as separate areas
of interest and the mean intensity within the respective area
of interest determined using Image Pro Plus 4.5 for Win-
dows 2000 (Media Cybernetics, Silver Spring, USA). The net
fluorescence (F) was calculated by subtracting the mean
intensity of the background from the mean intensity of the
respective spot. The net fluorescence over equally functiona-
lised spots was averaged.

2.6 Fluorescence correlation spectroscopy (FCS)

FCS measurements in cell lysates were performed using a
ConfoCor2 fluorescence correlation spectroscope (Carl
Zeiss). YFP was excited with the 514 nm line of an argon-ion
laser and detected using an infrared-blocking BP535–
590 nm bandpass filter. For each condition, 10 FCS meas-
urements of 15 s duration each were recorded. Autocorrela-
tion functions were calculated online and the data were
evaluated using the LSM-FCS software (V. 2.8; Carl Zeiss).
YFP autocorrelation curves were fitted between 10 ms and 1 s
(Eq. 1).

GðtÞ ¼ 1 þ 1
N
� 1

1 þ t=tD

� � � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ t=S2 � tD

q � 1 þ R
1 � R

� e�
t
tR

� �
(1)

The fit formalism accounted for one species of fluorescent
particles with a diffusional autocorrelation time tD and an
average number of particles N in the detection volume, and
protonation-dependent fluctuations in YFP fluorescence
with a relaxation time tR and a fraction R of molecules in the
protonated state [18]. S = z0/o0 denotes the instrument-spe-
cific structure parameter, where z0 and o0 are the radii of the
detection volume along the optical axis and in the optical
plane, defined by the isocontour of e22 detection efficiency
relative to the centre of the confocal detection volume. Molar
concentrations of ZAP-70-YFP were calculated from the
numbers of particles N present in the confocal detection
volume Vdet according to Eq. 2:
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c ¼ N
NAVdet
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3=2

(2)

NA is Avogadro’s constant. The structure factor S and the
diffusional autocorrelation time tD,cal were determined in a
calibration measurement using carboxyrhodamine 6G (Mo-
lecular Probes, Leiden, The Netherlands) with the known
diffusion coefficient Dcal = 2.8 6 1026 cm2/s.

3 Results and discussion

In T-cell signal transduction the bis-phosphorylated pITAM
preferentially interacts with the tandem SH2 domain of the
ZAP-70 tyrosine kinase [14, 19]. Because of its relevance for
the propagation of the TCR signal, this peptide motif was
selected to probe for the masking of signalling domains
using a peptide microarray approach (Fig. 1). The non-
phosphorylated counterpart (ITAM) served as a control for
the specificity of binding. Both peptides were synthesised as
peptide amides with an N-terminal cysteine residue for the
covalent immobilisation on epoxy-activated surfaces. Ahx
served as a spacer. Fluo-Ahx-KAA was employed as a control
for surface chemistry and spotting. This peptide was immo-
bilised via the e-amino group of the lysine side-chain.
Microarrays were generated by nanopipetting subnanolitre
volumes of solutions of the peptides.

In initial experiments, ZAP-70-containing cell lysates
were prepared from cells stably overexpressing a ZAP-70-
YFP fusion protein as well as a fusion protein of the ZAP-70-
binding CD3z-chain with the CFP (CD3z-CFP). Binding of
the ZAP-70 fusion protein to the microarray was detected
using a confocal microscope by recording the YFP fluores-
cence or after indirect immunofluorescence staining.

For microarrays incubated with lysis buffer, only the flu-
orescence of the fluorescein-labelled control peptide could be
detected (Fig. 2A). When microarrays were incubated with
lysate from resting cells expressing ZAP-70-YFP, the pITAM
spots showed a bright fluorescence, indicating an interaction
of the peptide with the ZAP-70 tandem SH2 domains,
whereas the ITAM spots remained dark (Fig. 2B). The speci-
ficity of the binding of ZAP-70-YFP to the pITAM was further
confirmed by preincubation of the lysate with 1 mM of free
pITAM peptide to block available SH2 domains. Here, only
the reference spots were visible (not shown).

In comparison to lysates of resting cells, for lysates of
cells treated with the tyrosine phosphatase inhibitor sodium
pervanadate, binding of ZAP-70-YFP was strongly reduced
(Fig. 2C). The pITAM-associated net fluorescence was only
about one-quarter to one-third of that detected for lysates of
resting cells (graph in Fig. 2). Inhibition of tyrosine phos-
phatases leads to a strong phosphorylation of the trans-
membrane protein CD3z by protein tyrosine kinases. On the
whole-cell level the effect of pervanadate was apparent by the
recruitment of ZAP-70-YFP to the plasma membrane

Figure 2. Activation-dependent binding of the ZAP-70 tyrosine
kinase to peptide microarrays. All microarrays contained spots of
a fluorescein labelled peptide, serving as a control for the surface
chemistry (upper row in A–C), the unphosphorylated ITAM-pep-
tide (middle row in A–C) and the bisphophorylated pITAM-pep-
tide (lower row in A–C). (D–G) pITAM spots. Microarrays were
scanned by confocal fluorescence microscopy. (A) Microarray
incubated with lysis buffer. Microarrays in (B, D, F) were incu-
bated with lysates of resting cells, those in (C, E, G) with corre-
sponding lysates of cells treated with sodium pervanadate. (B, C)
Binding of ZAP-70-YFP detected by YFP-fluorescence, (D, E)
binding of ZAP-70-YFP after indirect immunostaining for ZAP-70
using Cy5-fluorescence. (F, G) Indirect immunostaining of en-
dogenous ZAP-70. The image contrast of each set of images (A–
C; D, E; F, G) was optimised separately. The graph depicts the
mean intensity of the background-corrected fluorescence of each
set of spots, normalised to the untreated condition for each
experiment. Error bars reflect the mean deviation of the mean for
each condition.

Figure 3. Pervanadate-dependent cellular redistribution of ZAP-
70-YFP. In resting cells, ZAP-70-YFP was evenly distributed (A).
After incubation with pervanadate, ZAP-70-YFP was recruited to
the membrane-proximal region (B).

(Fig. 3). The observed decrease in the microarray-bound
signal is therefore consistent with the activation-dependent
masking of the ZAP-70 SH2 domains and reduction of
protein available for binding. A comparable reduction in
signal was also observed when ZAP-70-YFP binding was
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detected by indirect immunofluorescence using an anti-
ZAP-70 primary and a Cy5-labelled secondary antibody
(Fig. 2D and E).

Up to this point, the microarrays had succeeded in
detecting an activation-dependent reduction of protein bind-
ing using cells in which both binding partners were over-
expressed. Western blot analysis revealed that the level of
ZAP-70-YFP fusion protein was about 2.5 times the level of
endogenous protein in nontransfected cells (Fig. 4A). In
order to test whether the microarray approach was sensitive
enough to detect the masking of binding sites in lysates of
cells expressing endogenous amounts of both proteins,
untransfected cells were employed. Binding of ZAP-70 could
be detected by immunofluorescence. Again, pervanadate
treatment led to a significant reduction in the signal (Figs. 2F
and G).

To exclude a pervanadate-dependent degradation of total
protein or specifically of ZAP-70 as the cause of the reduced
binding, lysates of pervanadate treated and resting cells were
analysed for protein content and ZAP-70 levels. Neither the
total protein content (data not shown) nor the ZAP-70 con-
tent were influenced by pervanadate (Fig. 4A). FCS in lysates

Figure 4. (A) Cellular content of ZAP-70 and ZAP-70-YFP before
and after pervanadate treatment. Lysates of untransfected cells
and cells overexpressing ZAP-70-YFP and CD3z-CFP, both treated
with pervanadate or left untreated, were probed by Western blot
analysis for ZAP-70. Equal amounts of protein were loaded in each
lane. Endogenous ZAP-70 runs at an apparent molecular weight of
70 kDa, ZAP-70-YFP at approximately 100 kDa. (B) Validation of
ZAP-70 complex formation upon pervanadate treatment by FCS.
Autocorrelation functions were determined from lysates of cells
overexpressing ZAP-70-YFP and CD3z-CFP, treated with pervana-
date or left untreated. The amplitudes of the autocorrelation
functions were normalised to unity. The decay time of the auto-
correlation function reflects the size of the fluorescent particle. As
a control, FCS measurements were performed in lysates of per-
vanadate treated or resting cells expressing free YFP.

of ZAP-70-YFP expressing cells was employed to further
substantiate that the reduction in binding reflected recruit-
ment of ZAP-70 into molecular complexes. FCS derives
information on diffusion constants of fluorescent particles
by the analysis of temporal fluctuations of a fluorescence
signal [20, 21]. In a close approximation, the diffusion con-
stant of a particle is inversely related to the cubic root of its
mass. The intrinsic fluorophore YFP allows the sensitive
detection of fusion proteins by FCS. Autocorrelation func-
tions of ZAP-70-YFP could be derived from fluorescence
fluctuations recorded in crude cell lysates of pervanadate
treated and resting cells. For pervanadate treated cells, the
autocorrelation curve was shifted towards longer auto-
correlation times. The observed shift corresponded to a de-
crease of the diffusion constant by 45% and a six-fold
increase in mass of the fluorescent particle, consistent with
the recruitment of ZAP-70-YFP into high-molecular weight
complexes (Fig. 4B). No such change was observed for cells
expressing free YFP instead of ZAP-70-YFP.

Although a marked reduction of the pITAM-bound flu-
orescence was consistently found after pervanadate treat-
ment, the reduction was stronger for cells overexpressing
the fusion protein (Fig. 2). This observation could either be
due to the fact that the transfected cells also overexpressed
the CD3z-chain or inherent to the detection method, i.e.,
YFP-fluorescence versus indirect immunofluorescence. In
order to resolve this question, we next asked to which
degree the changes in signal on the microarray correlated
with the availability of binding sites of ZAP-70 in the cell
lysate. Given such a correlation, microarray-based analyses
would yield a quantitative measure of changes in molecu-
lar interactions in cellular signalling. In a first step, we
took advantage of the ability of FCS to directly determine
the concentration of fluorescent molecules. Lysates of rest-
ing cells expressing ZAP-70-YFP were prepared at different
cell densities, ranging from 2 to 50 6 106 cells per milli-
litre lysate. The total protein content increased linearly
with the cell density. The same was found for the ZAP-70-
YFP concentration, determined by FCS. By autocorrelation
analysis, concentrations of the fusion protein in the cell
lysates between 4 and 85 nM were derived. Moreover, the
net fluorescence of ZAP-70-YFP bound to pITAM spots on
the microarrays was directly proportional to the concentra-
tion of ZAP-70-YFP in the examined range (Fig. 5A). This
calibration curve provided the basis to determine the de-
crease in the concentration of available binding sites upon
treatment with pervanadate. In a lysate of 1 6 107 resting
cells per millilitre the concentration of ZAP-70-YFP was
19.9 6. 2.2 nM. From the reduction of the array-bound
fluorescence after pervanadate treatment, a reduction of
unbound ZAP-70-YFP to 7.1 6. 0.4 nM was calculated for
a lysate of corresponding cell density (Fig. 5A). In order to
confirm that the concentration determined by FCS corre-
sponded to the concentration of ZAP-70-YFP with available
binding sites, we performed an immunoprecipitation of
the CD3z-chain (not shown). Only after pervanadate treat-
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Figure 5. Relation between the concentration of ZAP-70 in the lysates of resting
cells and array-bound fluorescence on pITAM spots after incubation on micro-
arrays. (A) Lysates of resting cells expressing ZAP-70-YFP were prepared at cell
densities of 2, 5, 10, 20 and 50 6 106 cells per millilitre lysate (black diamonds).
The concentration of ZAP-70-YFP was determined by FCS. Array-bound fluores-
cence of ZAP-70-YFP increased linearly over the concentration range tested.
Binding of ZAP-70-YFP from a pervanadate treated lysate prepared at
10 6 106 cells per millilitre was strongly reduced (open diamond). (B) pITAM
spots on arrays incubated with lysates of 1, 10 and 50 6 106 cells per millilitre
displayed an increasing fluorescence intensity of ZAP-70-YFP, while indirect
immunostaining against phosphotyrosine using a Cy5-labelled secondary anti-
body revealed that pITAM was not saturated by ZAP-70-YFP. (C) Western blot
analysis of endogenous ZAP-70 from lysates of untransfected cells prepared at
cell densities from 2 to 50 6 106 cells per millilitre. Equal volumes of lysate were
loaded. Pervanadate treatment of the cells prior to lysis is denoted by pv. (D) ZAP-
70 Western bands shown in (C) were quantitated by integrating their density and
area. The ZAP-70 content increased linearly with the density of cells in the lysate.
(E) Aliquots of the lysates depicted in (D) were incubated on arrays and the arrays
indirectly immunostained for ZAP-70. A correlation between ZAP-70 content as
determined by Western blotting and intensity of the immunostaining on the array
was established for lysates of resting cells (black diamonds). An array incubated
with lysate from pervanadate treated cells (open diamond) showed a clear
reduction of immunostaining. Error bars represent the mean deviation from the
mean.

ment, ZAP-70 coprecipitated with the CD3z-chain. In resting
cells, no interaction of ZAP-70 with the CD3z-chain was
detectable.

At this point we were concerned, that the activation-de-
pendent change in the level of microarray-bound ZAP-70
could also have arisen from a competition of ZAP-70 with

other proteins in the lysate for which an activation-depend-
ent unmasking of binding sites had occurred. Such a com-
petition would take place if binding of protein to the peptide
spots was close to saturation. The linear dependence of array-
bound fluorescence and ZAP-70-YFP concentration to lysate
densities of up to 5 6 107 cells per millilitre, five times the
density employed for the quantification of activation-de-
pendent changes, indicated that binding of ZAP-70 to the
microarray was clearly below saturation. The capacity of the
spots for binding protein was further analysed by detection
of remaining free pITAM after incubation with lysate. Here
we took advantage of the detectability of the pITAM peptide
by indirect immunostaining, using antiphosphotyrosine
primary and Cy5-labelled secondary antibodies. With
increasing lysate concentration, Cy5-fluorescence decreased
by half (Fig. 5B), demonstrating that the pITAM peptide was
not a limiting factor for detecting activation-dependent
changes in the masking of binding sites.

Next, we intended to demonstrate that for endogenous
protein as well, calibration curves can provide quantitative
information on the masking of binding sites. Lysates of
untransfected resting cells were prepared at cell densities up
to 5 6 107 per millilitre lysate. The ZAP-70 content of the
lysates as determined by Western blot analysis scaled linearly
with the cell density (Fig. 5C and D). Again, the microarray-
bound fluorescence after indirect immunostaining correlated
positively with the ZAP-70 content. In contrast to the fluo-
rescence of the ZAP-70-YFP fusion protein, the correlation
was nonlinear (Fig. 5E). In the lysates of cells expressing
ZAP-70-YFP, the fusion protein was overexpressed by 2.5-fold
in addition to the endogenous protein (Fig. 4A) and the arrays
were still not saturated at the highest lysate concentration
tested. Therefore, the nonlinear increase of immuno-
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Table 1. Pervanadate-dependent changes in the number of ZAP-70 molecules with unmasked
SH2 domains per cell. Numbers given relate to ZAP-70-YFP for cells overexpressing the
fusion protein and to endogenous ZAP-70 for untransfected cells

ZAP-70-YFP with unmasked SH2 domains Endogenous ZAP-
70 with unmasked
SH2 domains

Concentration (nM) Molecules per cell Molecules per cell

Resting cells 19.9 6 2.2a) (1.20 6 0.13) 6 106 4.8 6 105 c)

PV treated cells 7.1 6 0.4b) (0.43 6 0.02) 6 106 1.0 6 105 d)

a) Directly determined by FCS
b) Calculated from array-bound fluorescence using the calibration curve of array-bound fluores-

cence versus ZAP-70-YFP concentration (Fig. 5A)
c) Estimated from the 2.5-fold overexpression of ZAP-70-YFP over endogenous ZAP-70 as deter-

mined by Western blotting (Fig. 4A)
d) Estimated from array-bound fluorescence using the calibration curve of indirect immuno-

staining for array-bound ZAP-70 versus integrated Western band (Fig. 5E)

fluorescence staining for endogenous ZAP-70 most likely
was not due to saturation. Rather, the immunostaining of
bound ZAP-70 had not reached equilibrium under the incu-
bation conditions used. However, as long as incubation times
are carefully controlled, antigen-antibody interactions can be
used quantitatively in nonequilibrium assays [22]. Especially
for protein-peptide interactions with lower affinity, dissocia-
tion of bound protein after removal of the cell lysate would
preclude a prolonged incubation to reach equilibrium. Even
though the interaction of ZAP-70 with the pITAM peptide is
of rather high affinity, we intended to validate the method for
conditions appropriate for interactions of lower affinity,
therefore using short incubation times with primary and
secondary antibody. The observed decrease in array-bound
fluorescence for lysate from pervanadate treated cells corre-
sponded to an 80% decrease of endogenous ZAP-70 with
unmasked SH2 domains.

Finally, we combined the information obtained from (i)
determining the concentration of ZAP-70-YFP in lysates of
resting cells by FCS; (ii) the relative pervanadate-dependent
reduction of free binding sites derived from the calibration
curves; and (iii) the level of overexpression of fusion protein
versus endogenous protein to calculate absolute numbers of
available ZAP-70-YFP or ZAP-70 molecules per cell both in
resting and in pervanadate treated cells (Table 1). The total
number of available ZAP-70 molecules (ZAP-70-YFP and
ZAP-70) in cells overexpressing the fusion protein could be
determined experimentally by Western blot analysis and
quantification of the overexpression level of the fusion protein.

4 Concluding remarks

The detection of the signalling-dependent masking of bind-
ing sites represents a valuable new protocol for the applica-
tion of peptide microarrays in the analysis of cellular signal-
ling processes. The protocol provides a significant shortcut to

the detection of molecular interactions in comparison to
established techniques such as co-immunoprecipitation.
While the identity of the binding partner in the complex is
not resolved, the parallel detection of binding events using
microarrays functionalised with a multitude of peptides will
provide a detailed description of the functional state of sig-
nalling proteins inside a cell. Given a repertoire of peptides
that act as specific sensors for individual signalling proteins,
each spot of a microarray may specifically report on the
availability of a specific binding site.

In these multiplexed assays, cocktails of primary anti-
bodies together with only one secondary antibody may be
employed for the parallel detection of binding events. Multi-
plexed immunoassays for the quantitative detection of up to
20–30 analytes have been described (reviewed in [23]). With a
similar number of protein-peptide interactions addressed in
parallel, our concept may be employed to simultaneously
probe the changes in the interaction state of multiple pro-
teins engaging in cellular signalling. The affinity range of
protein-peptide interactions detectable by this technique will
have to be determined. Interactions will have to withstand
multiple washing steps. Compared to other interactions of
proteins with peptide motifs, the interaction of the ZAP-70
SH2 domains with the pITAM peptide is of rather high af-
finity. However, the applicability of peptide microarrays for
the profiling of interactions with dissociation constants in
the upper nanomolar to lower micromolar has already been
demonstrated [8, 9].

In future experiments, similar to the assembly of collec-
tions of antibodies with optimised specificity, collections of
peptides with optimal specificity for individual proteins need
to be identified. Instead of peptide microarrays, protein
microarrays may be used to monitor the masking of binding
sites in a similar way. However, especially for interactions
involving PTMs, different functional states of an interaction
motif may be incorporated in peptide microarrays in a highly
defined manner.
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Finally, through acquisition of calibration curves, e.g., by
Western blot analysis, quantitative information on the frac-
tion of a protein recruited into a molecular complex is
obtained. If cells expressing a fusion protein with a fluores-
cent protein are available, combination of the microarray-
based approach with FCS yields absolute figures on the
change of available binding sites both in cells overexpressing
the fusion protein and, through comparison of expression
levels by Western blotting, also in cells only expressing the
endogenous protein.
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