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ABSTRACT A 10,000 member peptide nucleic acid (PNA) encoded peptide li-
brary was prepared, treated with the Abelson tyrosine kinase (Abl), and decoded
using a DNA microarray and a fluorescently labeled secondary antiphosphoty-
rosine antibody. A dual-color approach ensured internal referencing for each and
every member of the library and the generation of robust data sets. Analysis iden-
tified 155 peptides (out of 10,000) that were strongly phosphorylated by Abl in
full agreement with known Abl specificities. BLAST analysis identified known cel-
lular Abl substrates such as c-Jun amino-terminal kinase as well as new potential
target proteins such as the G-protein coupled receptor kinase 6 and diacylglycerol
kinase gamma. To illustrate the generalization of this approach, two other ty-
rosine kinases, human epidermal growth factor 2 (Her2) and vascular endothelial
growth factor receptor 2/kinase insert domain protein receptor (VEGFR2/KDR),
were profiled allowing characterization of specific peptide sequences known to in-
teract with these kinases; under these conditions Her2 was demonstrated to
have a marked preference for D-proline perhaps offering a unique means of target-
ing and inhibiting this kinase.

M ore than 500 kinases have been identified
within the human genome, with some 90 be-
lieved to be protein tyrosine kinases, al-

though to date only a small proportion of them have
been fully characterized (1, 2). The uniqueness of any ki-
nase arises from its ability to phosphorylate hydroxy
residues in a highly selective and specific manner, a pro-
cess by which kinases can exert exquisite and selec-
tive control over many cellular processes. Their dysfunc-
tion can be catastrophic and lead to a variety of disease
states such as cancer, cardiovascular disease, inflam-
mation, and diabetes (3). For instance, the breakpoint
cluster region (Bcr)-Abl fusion protein has been associ-
ated with chronic myelogenous leukemia (4, 5). Many
small-molecule kinase inhibitors such as Fasudil for
Rho-dependent kinase (6), Sirolimus for mammalian tar-
get of rapamycin (7), Imatinib for Bcr-Abl (8), and Ge-
fitinib for epidermal growth factor receptor (9) have thus
emerged, but there is still a huge demand for the devel-
opment of approaches that would help in the design of
new kinase inhibitors (10).

A necessity in the area of kinase analysis is the abil-
ity to determine and understand the exact substrate
specificity of any kinase, and over the past decade sev-
eral kinases profiling methods have been developed.
For example in 1995 a solution peptide library (prepared
by split and mix methods) was used to determine the
substrate specificity of nine tyrosine kinases by trapping
phosphorylated peptide mixtures onto a ferric chelat-
ing column and subsequent Edman sequencing, giving
a consensus peptide sequence for each kinase (11). A
positional scanning peptide library tagged with biotin at
the C-terminus, containing nine positions surrounding
a central serine/threonine residue, was used to profile
eight serine/threonine protein kinases, with the peptide
mixtures treated in parallel with �-[32P]-ATP and a spe-
cific kinase before being immobilized onto avidin-
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coated membranes allowing quantifica-
tion by phosphorimaging (12). Another
example was the use of mRNA-protein
and peptide fusion libraries that were de-
signed to have a tyrosine residue sur-
rounded by five random amino acids to
interrogate the v-abl tyrosine kinase.
These libraries were designed to have
one tyrosine residue surrounded by five
random amino acids. Following modifica-
tion of the libraries by v-abl, phosphory-
lated residues were isolated via rounds of
immunoprecipitation with the phospho-
tyrosine-specific �4G10 antibody. Finally,
amplification by PCR of the mRNA al-
lowed DNA microarray identification (13).
Direct bead-based assays have also al-
lowed the identification of the substrate specificity of
two protein tyrosine kinases, p60c-src and zeta-chain-
associated protein kinase 70 (ZAP-70) (14). In this case,
phosphorylated peptides (on beads) were identified us-
ing an antiphosphotyrosine antibody with subsequent
ladder-based analysis (15) by matrix-assisted laser de-
sorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS). Another bead-based platform has re-
cently been used to study kinase phosphorylation, via
parallel peptide synthesis and subsequent encoding,
with detection through chemical phosphate activation
and dye coupling. Surprisingly, dyes were then detected
using antibodies, presumably due to the low level of la-
beling (16). Several microarray-based methods have
also been developed. Thus, self-assembled monolay-
ers of alkanethiolates displaying peptides on gold sur-
faces combined with MALDI-TOF MS have been used to
study kinases, although only seven peptides were stud-
ied (17). Microarrays of 710 peptides, generated by
SPOT synthesis (18), with subsequent oxime attach-
ment to a glass slide and phosphorylation in the pres-
ence of radioactive ATP allowed “phosphorimaging”
and analysis of kinase specificity (19).

RESULTS AND DISCUSSION
Library Design and Synthesis. Herein is described

an approach that allows the screening and analysis of
10,000 kinase substrates in a single experiment, with
analysis of ALL 10,000 members of the library on a one-
by-one basis via the combined application of DNA mi-

croarrays, fluorescently labeled secondary antibodies
and PNA-split and mix encoding (20–23) (the basic con-
cept of nucleic acid encoding goes back to the early
days of combinatorial chemistry (24)). This was
achieved by the split and mix synthesis of a 10,000
member PNA-encoded library containing the peptide se-
quence -Phe-Gln-AA4-AA3-Tyr-AA2-AA1-Ile-Lys- (Figure 1),
with the expected phosphorylation site surrounded by
four variable positions (AA1, AA2, AA3, and AA4), each
containing 10 different amino acids. The library con-
tained both natural and unnatural amino acids with dif-
fering properties (hydrophobic, hydrophilic, neutral, ba-
sic, and acidic); Tyr was not included in the randomized
positions to avoid multiple phosphorylation sites. Each
amino acid was encoded by a specific PNA triplet to give
an encoding PNA tag composed of 12 PNA monomers
(Supplementary Table 1). The orthogonality and robust-
ness of the PNA and peptide split and mix chemistry
have been reported previously (25–27). In this case,
four bases were used, but isothermal sequences can
be generated by the use of three bases (20, 28). The
PNA tag was also supplemented with two common PNA
sequences at the C-terminus (CC) and three at the
N-terminus (AAG) to help control the selectivity of hybrid-
ization and reduce mismatches (29). Two PEG spacers
were also added between the peptide arm and the PNA
oligomer to distance the peptide away from the PNA
strand, and finally, every peptide was labeled with 5(6)-
carboxyfluorescein in order to allow internal control of
each and every library member (20, 21).
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Figure 1. General structure of the 10,000 member PNA-encoded library, where AA1, AA2, and AA4 are
[Ile, Val, Phe, Pro, Arg, Glu, Lys, D-Pro, Ser, D-Val] and AA3 is [Ile, Val, Ala, Pro, Arg, Glu, Lys, D-Ala,
Ser, Pro].
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Abl Kinase Assay. Following solid-phase synthesis,
the library was incubated with the kinase Abl (the
Abelson nonreceptor tyrosine kinase that is involved
in the regulation of cell proliferation, transcription, and
apoptosis (30)) and ATP allowing phosphorylation of
any peptides recognized by Abl, with subsequent pull
down (hybridization) of the 10,000 member PNA-
encoded library onto the DNA microarray. The arrays
used contained 22,575 features with 10,000 oligonucle-
otide sequences complementary to the PNA sequences
(each in duplicate) and 2575 control DNA sequences
that were designed to be noncomplementary to any of
the PNA tags in the library. In this approach, all 10,000
peptides are in essence “delivered” to a specific ad-
dress on the array by virtue of their specific and unique
tag (zip or postcode) via antiparallel PNA/DNA duplex
formation (Scheme 1) (20, 21).

General Detection Method for Phosphorylated
Peptides on Microarrays. At this stage the DNA array
was converted into a peptide array containing some
phosphorylated peptides that were subsequently de-
tected using a primary/secondary antibody approach.
Therefore, an antiphosphotyrosine antibody (mouse
IgG) was added on the array followed by addition of a
Cy3-labeled secondary antibody (antimouse IgG) (31).
Any phosphorylated peptides (“hits”), localized onto its
defined DNA, were readily identified by scanning the
DNA microarray using a Cy3 filter (control experiments
were carried out to prove the selectivity of the detection
method using peptide microarrays, see Supporting In-

formation). Since every peptide was also
labeled with fluorescein, the resulting ra-
tio of Cy3/Fluorescein provided an inter-
nal control for each and every member of
the library, which is crucial due to natu-
ral variations in melting temperatures,
concentrations, and differences in hy-
bridization efficiency between the
10,000 different library members. The
use of just Cy3 fluorescence for example
would mean it would be impossible to
distinguish between high-efficiency
phosphorylation of a PNA�peptide con-
jugate that hybridizes poorly and low ef-
ficiency kinase modification with a
higher concentration. Comparing the
Cy3/Fluorescein ratio of every feature

allows relative quantification of the fluorescence inde-
pendently of any other factors and Abl can be accurately
profiled, with the highest ratio of Cy3/Fluorescein
corresponding to the peptide best recognized by Abl
(Scheme 1).

Data Analysis. An Excel macro allowed every DNA se-
quence to be correlated to its PNA tag and hence its pep-
tide, which in combination with BlueFuse (BlueGnome)
allowed extensive mining and manipulation. Analysis of
the images obtained after scanning the chip using a
fluorescein filter showed a total absence of fluorescence
on the 2575 control sequences, confirming highly selec-
tive hybridization (Figure 2). Since fluorescein was used
as a label for each library member, analysis of the array
using the fluorescein channel confirmed that all library
members had been synthesized and hybridized onto
the DNA microarray. In order to quantify the level of
phosphorylation, a second channel (Cy3) was used
(Scheme 1). Although similarities with gene expression
profiling exist, the analysis used here differed in many
respects due to the fact that the majority of the features
in the Cy3 channel had little if any signal (most pep-
tides were nonphosphorylated). In order to gain valu-
able data, only features (specific peptides) with a Cy3 in-
tensity twice that of the background were considered
(giving some 703 initial hits). These data were then veri-
fied by identification of all duplicates from within these
703 single signals (duplicates of each DNA oligomer ex-
isted scattered across the array) removing those with a
standard deviation higher than 0.25 (comparing normal-
ized ratios of Cy3/Fluorescein intensities for each fea-
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Scheme 1. Schematic representation of the hybridization of a PNA-encoded library incubated with
the protein tyrosine kinase Abl and ATP onto a DNA microarray followed by identification of the
“hits” using an antiphosphotyrosine antibody and a secondary Cy3-labeled antibodya

aUsing ratios of Cy3/Fluorescein, the kinase Abl can be accurately profiled.
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ture with values ranging from 0 to 1). In doing so, 155
peptides (“310 duplicative hits”) gave data for Abl, with
very high confidence (see Supporting Information for de-

tails). The same analysis approach was used for the
two other kinases (see Supplementary Figure 2 for Abl
profiles and Supplementary Figure 3 for the image of the
chip obtained using a Cy3 filter).

Specificity of Abl. Broad specificity for the amino ac-
ids in positions AA4 and AA1 was found whereas a high
selectivity was clearly observed for the amino acids
around the phosphorylation site (Tyr) in the AA3 and
AA2 positions. Glu seems to play a crucial role in Abl
phosphorylation since it was the most frequent amino
acid found in each randomized position, confirming that
this protein tyrosine kinase accepts acidic residues
around the phosphorylation site (Asp was not chosen
as a building block in the library synthesis due to its
similarity to Glu) (11, 14). Glu (85 “hits” out of 155,
55%) was clearly the most accepted amino acid in the
AA3 position. Thus, an acidic, negatively charged amino
acid on the amino side of tyrosine seems to be impor-
tant for efficient phosphorylation by Abl.Smaller propor-
tions of Val (18%) and Ser (11%) were also observed.
In the AA2 position, Abl displayed a preference for po-
lar amino acids such as Ser (35%) and acidic residues
such as Glu (32%). In the AA4 and AA1 positions, Abl

was observed to be less specific and accepted a broad
range of amino acids such as Ser (24%), Glu (19%),
D-Val (17%) in the AA4 position and Ser (22%), Val
(18%), Glu (13%) in the AA1 position (Figure 3). When
these results were compared with the sequences of
known Abl kinase substrates, marked similarities were
displayed (Table 1).

Figure 2. Image of a 10,000 member PNA-encoded kinase library hybridized onto a
22,575 member custom DNA microarray, following incubation with Abl, obtained us-
ing a fluorescein filter. Every fluorescent spot represents a unique peptide, whose
sequence is known via its PNA tag and location on the array. Empty white circles (in-
sert) correspond to DNAs that were designed to be noncomplementary to any of the
PNA tags in the library and were printed as controls of the hybridization process.
Note the variation in fluorescence intensity which highlights differences in hybrid-
ization and synthesis efficiency that have to be controlled using relative ratios of
fluorescence rather than absolute values.
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Figure 3. Bar graphs for Abl showing the proportion of amino acids at the four randomized positions (AA4, AA3,
AA2, and AA1) in the 155 “hits”.
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Specificity of the Top Peptide Sequences for Abl.
The data from the 155 “hits” could also be analyzed to
determine the best substrates accepted by Abl, and the
sequences of the top 10 peptides are listed in Table 2.
The motif SEY appeared 5 times (out of 10), revealing
this to be an important factor in Abl specificity. More-
over, among the 155 “hits”, 21 peptides contained the
SEY motif and 14 were found in the top 40 peptide se-
quences (Supplementary Table 2). The Abl optimal sub-
strate predicted by Songyang (11) contains the motif
I/VYXXP, where X represents any amino acid. Although
Pro is replaced by Ile in our library (Figure 1), 8 peptides
contained Ile (5%, Figure 3) in the AA3 position and
they were among those giving the highest ratios of Cy3/
Fluorescein (Supplementary Figure 2). Thus in the top
10 peptide sequences, Ile appeared three times in the
AA3 position (Table 2).

Interacting Partners for Abl. A BLAST search using
the Swiss-Prot database was performed with the top
25 peptide sequences identified (32, 33). The results
were observed to be in agreement with known Abl sig-
naling pathways and proteins implicated in leukemia
(30, 34�36). Thus, the second best peptide sequence
(SEYES) was the well-known Abl substrate, c-Jun amino-
terminal kinase (Table 3) (34). Although the role of Abl
with G protein coupled receptor kinases and diacylglyc-
erol kinase is not fully understood, our data reveal that
Abl may interact with these proteins (37, 38).

Screening Additional Kinases. To further demon-
strate the validity of the method, two additional ki-
nases (Her2 and VEGFR2/KDR) were screened using
the same 10,000 member PNA-encoded peptide library,
giving two new profiles (Supplementary Figures 4 and
5). Her2 has been found to be amplified in more than
25% of human primary breast cancers (39) and VEGFR2/
KDR plays crucial roles in angiogenesis and vasculogen-
esis (40). Surprisingly, Her2 showed a remarkable pref-
erence for the unnatural amino acid D-Pro at the
C-terminus site of the phosphorylation site. Thus, look-
ing at the 299 “hits”, in the AA1 position, D-Pro was the
most accepted amino acid (34%) along with Ser (28%).
This was also observed in the AA2 position, where D-Pro
(22%), Ser (20%), and D-Val (17%) were the most com-
mon amino acids. Moreover, in the top 15 peptides
(Supplementary Table 3), 10 peptides in the AA1 posi-
tion and 7 in the AA2 position contained D-Pro, with the
sequence D-Pro/D-Pro (AA2/AA1) represented five times.
These results were particularly interesting since even
though L-Pro was present in positions AA1 and AA2, Her2
had a clear preference for D-Pro. The marked preference
for this unnatural amino acid was unexpected and
would not be observed in other library screens. How-
ever, it is already known that protein kinase C can phos-
phorylate both D- and L-amino acids (41). Her2 was
less specific for the amino acids in positions AA4 and
AA3, but a small preference for Lys (18%), Glu (14%),
and Ser (14%) in the AA4 position and Ser (23%), Lys

TABLE 1. Comparison between the sequences of known Abl substrates and the most frequent amino
acids obtained from the library screening (32)a

Substrate Swiss-Prot Position Sequence

SHP1 PTN6_HUMAN (MOUSE) Y536 SEYGN
SHP1 PTN6_HUMAN (MOUSE) Y564 DVYEN (EVYEN)
Mdm2 MDM2_HUMAN (MOUSE) Y394 (Y393) EDYSQ (DDYSQ)
p62dok DOK1_MOUSE Y314 SVYSD
p62dok DOK1_MOUSE Y397 EGYEL
Myogenic factor 3 MYOD1_MOUSE Y30 DFYDD
Myogenic factor 3 MYOD1_MOUSE Y212 MDYSG

aThe known tyrosine phosphorylation site is indicated and bold letters represent amino acids that were common to our study (one-letter
amino acid codes are used).

TABLE 2. Sequences of the top 10 peptides, recognized by Abl, with the highest ratios of Cy3/Fluo-
resceina

Peptide sequence Ratio Cy3/Fluorescein Peptide sequence Ratio Cy3/Fluorescein

1) SEYEV 4.50 6) SIYEP 3.44
2) SEYES 4.45 7) SIYSP 3.32
3) SEYSF 4.16 8) PEYSE 3.29
4) SEYVF 4.03 9) SEYEE 3.27
5) VIYES 3.62 10) VEYES 3.26

aThe one letter amino acid code is used.

814 VOL.2 NO.12 • 810–818 • 2007 www.acschemicalbiology.orgPOUCHAIN ET AL.



(17%), and D-Ala (16%) in the AA3 position could be no-
ticed (Supplementary Figure 4). Unlike the two other ki-
nases, VEGFR2/KDR was less specific and accepted a
broad range of amino acids, giving a much greater num-
ber of “hits” (829 “hits”) (Supplementary Figure 5). A
slight preference for polar amino acids (both acidic and
basic) immediately adjacent to the phosphorylation site
(positions AA3 and AA2) could be observed: Glu (AA3/
AA2, 20%/16%), Lys (AA3/AA2, 17%/16%), and Ser
(AA3/AA2, 17%/14%) were the most commonly ob-
served amino acids. In the AA4 and AA1 positions, Lys
(15%) and D-Pro (18%), respectively, were the most
common amino acids.

Interacting Partners for Her2 and VEGFR2/KDR. A
BLAST search using the Swiss-Prot database was per-
formed with the top 25 peptide sequences of Her2 and
VEGFR2/KDR (Table 4, Supplementary Tables 3 and 4).
Although only six peptide sequences (within the top
25) contained natural amino acids for Her2, proteins

that are known to interact with Her2 or present in breast
cancer could be identified (42–44). For VEGFR2/KDR,
the results were also in agreement with known signal-
ing proteins (45–47).

CONCLUSION
The high-throughput screening of 10,000 tyrosine
kinase Abl substrates in a single experiment has
been demonstrated via the detection of tyrosine-phos-
phorylated peptides (“hits”) using a nonradioactive,
selective and sensitive method based on a primary
antiphosphotyrosine antibody and a fluorescently la-
beled secondary antibody. The use of PNA-encoded li-
braries simplified the deconvolution process while us-
ing minimal amounts of kinase (60 pmol), library (5
nmol), and antibodies (0.4 �g per antibody). ALL
10,000 members of the library were analyzed, allow-
ing a unique insight into the substrate requirements of
Abl; however it is a general method as there is no
need to have any previous knowledge about an opti-

TABLE 3. Predicted proteins for Abl identified by running a BLAST search using peptide sequences
from the 25 top peptides and the Swiss-Prot database (only proteins with the highest scores were
selected)

Protein name Swiss-Prot Identified sequence

G-protein coupled receptor kinase GRK6_MOUSE SEYEV
c-Jun N terminal kinase JIP2_MOUSE SEYES
Diacylglycerol kinase gamma DGKG_MOUSE SEYSS
G-protein coupled receptor kinase GRK5_MOUSE EVYSS
C�C chemokine receptor CCR6_MOUSE RVYSE
Epidermal growth factor receptor substrate EP15_MOUSE PVYEK

TABLE 4. Predicted protein targets for Her2 and VEGFR2/KDR identified by running a BLAST search
using peptide sequences from the 25 top peptides identified from the microarray and the Swiss-
Prot database (only proteins with the highest scores were selected)a

Tyrosine kinase Protein name (sequence) Swiss-Prot Identified sequence

Her2 Breast tumor-amplified kinase (YQETYKRI) STK6_HUMAN FQEIYKRI
Her2 G protein coupled receptor 158 (EIYKRKK) GP158_ HUMAN EIYKRIK
Her2 Ephrin receptor EPHA7 (FQTRYPS) EPHA7_ HUMAN FQSRYPS
VEGFR2/KDR Leptin receptor isoform 1 (FQIRY) LEPR_HUMAN FQIRY
VEGFR2/KDR Protein kinase C, theta (IVYRD) KPCT_ HUMAN IVYRE
VEGFR2/KDR Endothelial differentiation G protein coupled receptor 6 (IIYSF) EDG6_ HUMAN IIYSF

aBold letters for the identified peptide sequence represent amino acids that are common to the predicted protein.
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mal kinase substrate. The dual color approach (ratio
of Cy3/Fluorescein) was essential to allow accurate
profiling and gave a set of peptides that were phos-
phorylated in agreement with known Abl interacting
partners, while new target proteins were quickly and
simply identified by analysis of the top peptide se-
quences and BLAST searching. Moreover, it is known
that Abl accepts a wide range of substrates and one of
the advantages of our method is that optimal pep-
tides for Abl, rather than consensus sequences, can

be identified. Finally, unlike other methods (14) that
give large number of “hits” without relative quantifica-
tion, the approach described here offers the advantage
of not only detecting phosphorylated peptides but also
quantifying the extent of phosphorylation. The approach
was used to profile and identify specific proteins for two
other tyrosine kinases, Her2 and VEGFR2/KDR, showing
its generality, while adaptations (16) will allow serine and
threonine kinases to be analyzed allowing rapid and ef-
ficient substrate deorphaning.

METHODS
Materials. Fmoc amino acids were purchased from GL Bio-

chem except Fmoc-Tyr(HPO3Bzl)-OH and Fmoc-Ser(HPO3Bzl)-OH
which were from LC Sciences. CodeLink activated slides were
obtained from Amersham Biosciences. ATP and monoclonal an-
tiphosphotyrosine clone PY-20 were from Sigma, Cy3-goat anti-
mouse IgG (H�L) conjugate (ZyMax grade) was from Invitrogen.
Abl, mouse recombinant (Escherichia coli) was from New En-
gland Biolabs, Her2 (human, recombinant, N-terminal GST tag)
and VEGFR2/KDR (human, recombinant, N-terminal GST tag)
were purchased from BPS Bioscience.

Library Synthesis. The PNA-encoded peptide library (see
Figure 1 for general structure of the library and Supplementary
Table 1 for PNA code) was synthesized according to published
procedures (25, 26). It was carried out on PEGA resin with a Rink
linker where Fmoc-PEG spacer-Lys(Dde)-OH [PEG spacer � NH-
(CH2)3-O-(CH2)2-O-(CH2)2-O-(CH2)3-NH-CO-(CH2)2-CO] was at-
tached as the core unit presenting two different orthogonal pro-
tecting groups (Fmoc � 20% piperidine in DMF and Dde �
hydroxylamine, pH 5.0). This orthogonality allowed elongation
of either the peptide or PNA arm at will through selective Fmoc
and Dde chemistries.

Thus, Fmoc-Rink-amide linker was attached to PEGA resin fol-
lowing stepwise couplings with Fmoc-Lys(Dde)-OH (48), Fmoc-
PEG spacer-OH (49), Fmoc-Lys(Boc)-OH, and Fmoc-Ile-OH. Then,
the Dde group was removed (NH2OH.HCl/imidazole in NMP/
DCM, 1 h) and two cytosine PNA monomers were coupled to
the resin. The synthesis was then carried out as follows: (1) Split
into 10 different pools. (2) Dde deprotection. (3) Dde/Mmt PNA
monomer coupling: Dde-PNA(Mmt)-OH (5.5 equiv) and PyBOP
(5 equiv) were dissolved in DMF (0.1 M) followed by addition of
NEM (11 equiv). The resulting solution was mixed for 10 s be-
fore being added to the resin preswollen in DMF, and the mix-
ture was shaken for 3 h. Repeat (2) and (3) twice. (4) Fmoc
deprotection (20% piperidine in DMF, two cycles of 10 min).
(5) Fmoc amino acids couplings: Fmoc-AA-OH (5.5 equiv), Py-
BOP (5 equiv), and HOBt (5.5 equiv) were dissolved in DMF (0.08
M) followed by addition of DIPEA (16 equiv). The resulting solu-
tion was mixed for 10 s before being added to the resin, and the
mixture was shaken for 3 h. (6) The 10 resin pools were mixed.
(7) The resin was split again into 10 pools; repeat steps (2) to
(6). After encoding two positions and before splitting, Fmoc-
Tyr(tBu)-OH was coupled to the resin. Then the synthesis contin-
ued (steps (1)�(7)). At the end of the encoding process, Fmoc-
Gln(Trt)-OH, Fmoc-Phe-OH, and Fmoc-PEG spacer-OH were
respectively coupled followed by coupling of guanine, adenine,
and adenine PNA-protected monomers at the PNA arm as previ-
ously described. Finally, the library was labeled using 5(6)-
carboxyfluorescein (Fluorescein) (5.5 equiv), PyBOP (5 equiv),

and NEM (5 equiv) in DMF (0.1 M). Before cleavage, the library
was treated with 20% piperidine in DMF (5 � 10 min) (50). Fi-
nal cleavage from the resin was carried out using TFA/TIS/DCM
(90/5/5) for 1 h. The crude compound was precipitated from
cold diethyl ether, sonicated for 5 min, and centrifuged for 5 min
at 4000 rpm. The supernatant was then discarded, and the pro-
cess was repeated four times to give rise to a yellow solid.

Solution-Phase Kinase Assay. The 10,000 member PNA-
encoded library was incubated, in solution, at a final concentra-
tion of 50 �M and final volume of 100 �L, in a buffer contain-
ing 60 units of the selected kinase (Abl, Her2, or VEGFR2/KDR),
5 mM ATP, kinase reaction buffer (for Abl 1x, 50 mM Tris-HCl (pH
7.5 at 25 °C), 10 mM MgCl2, 1 mM EGTA, 2 mM DTT, 0.01%
Brij 35; or for Her2 and VEGFR2/KDR, 50 mM HEPES, pH 7.4,
3 mM MgCl2, 3 mM MnCl2, 1 mM DTT, 3 �M Na-orthovanadate)
and 0.1% BSA for 24 h at 30 °C. Before hybridization, 1 volume
of this buffer was diluted with 1 volume of GenHyb buffer (Ge-
netix). Solutions were denatured by heating at 65 °C for 3 min;
100 �L of the solution was then poured onto a 22,500 custom-
ized DNA chip from Oxford Gene Technology (Oxford), which was
covered with a glass cover slide and kept in a hybridization
chamber (Genomic Solutions) at 60 °C. Temperature was then
slowly lowered to 37 °C over a period of 21 h. Finally, the chips
were washed twice (20 mL) for 10 min at 30 °C in the following
buffer (100 mM Nacl, 10 mM citric acid, 0.7% (w/v) N-lauroyl-
sarcosine sodium salt, 0.1 mM EGTA, pH 7.5), rinsed with dis-
tilled water (20 mL), and spin-dried by centrifugation (1000 rpm
for 10 min) (20).

Antibody Assay on the 22,500 Customized DNA Chip. To avoid
any unspecific binding, the slides were blocked with a pre-
warmed buffer containing TPBS (0.05% Tween-20/PBS, pH
7.4)/1% BSA (20 mL) for 1 h at 30 °C. After being washed in
PBS (20 mL) for 5 min at 30 °C, slides, that were covered with
a glass cover-slide and kept in a hybridization chamber
(Genomic Solutions), were probed with the primary antibody,
monoclonal antiphosphotyrosine clone PY-20 (mouse IgG2b iso-
type), diluted 1/500 (0.4 �g) in an antibody buffer containing
TPBS/1% BSA (final volume of 200 �L) for 1 h at 30 °C. After the
slides were washed with the antibody buffer (2 � 20 mL) for
10 min at 30 °C, a labeled secondary antibody, Cy3-goat anti-
mouse IgG (H�L), diluted 1/500 (0.2 �g) in the antibody buffer
(final volume of 200 �L) was added and slides were incubated
in the dark for 1 h at 30 °C. Slides were then washed in the an-
tibody buffer (2 � 20 mL for 10 min at 30 °C) and rinsed with Tris
buffer (20 mL) at 25 °C before being spin-dried by centrifuga-
tion (1000 rpm for 10 min) (31).
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