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Abstract--We have recently determined that -Ile-Tyr- were the two critical residues as a peptidc substrate for p60 ....... protein 
tyrosine kinase (Lou, Q. et al., Lett. Peptide Sci., 1995, 2, 289). Here, we report on the design and synthesis of a secondary 
'one-bead, one-compound' combinatorial peptide library based on this dipeptide motif (XIYXXXX, where X = all 19 eukaryotic 
amino acids except for cysteine). This secondary library was screened for its ability to be phosphorylated by p60 ..... PTK using 
[y~2p]ATP as a tracer. Five of the strongest [32p]-labeled peptide-beads were identified and microsequenced: GIYWHHY, 
KIYDDYE, EIYEENG, EIYEEYE, and YIYEEED. A solid-phase phosphorylation assay was used to evaluate the structure- 
activity relationship of GIYWHHY. It was determined that Ile :, Ty¢, His ', and His" were crucial for its activity as a substrate. 
Copyright © 1996 Elsevier Science Ltd 

Introduction 

Protein tyrosine kinases (PTKs) are key enzymes in the 
signaling pathways of many cellular functions. ''2 The 
p60 ..... protein is the protein product of the first 
discovered proto-oncogene and the first PTK 
described) It belongs to the non-receptor class of PTK 
and is localized at the inner surface of the plasma 
membrane via its N-terminal myristate. 45 Human 
p60 ..... has been implicated in the development of 
leukemia, breast, and colon cancer. 6-" However, the 
exact physiological role of p60 ..... or its physiological 
target proteins are not known, and the mechanism by 
which the p60 ..... activity is regulated is not completely 
understood. 

To understand the physiological role and mechanism of 
action of p60 ...... , it is important to study its substrate 
specificity. In the absence of clear physiological target 
substrates, a number of exogenous substrates have 
been used to study this enzyme function and its 
substrate specificity. These substrates include casein, ~ 
enolase, ~" and synthetic peptides such as autophosphor- 
ylation sites of p60 ..... itselP ~'~2 and cdc(26-20) 
peptide? 3H However, most of these substrates are 
phosphorylated only at very high substrate concentra- 
tions. In an attempt to define the primary sequence 
requirements for tyrosine phosphorylation, much effort 
has been devoted to finding peptide substrates with low 
K m values. '~." 

Recently, we L7 and Songyang et al. 1~ reported the use 
of combinatorial peptide library methods to identify 

Key words: combinatorial libraries, peptide substrate, p60 ...... protein 
tyrosine kinase. 

efficient and specific peptide substrates for p60 ~-~'c PTK. 
We employed the 'one-bead, one-peptide' combina- 
torial peptide library method~9 2~ and solid-phase 
phosphorylation approach to screen a completely 
random heptapeptide library XXXXXXX (where 
X =  19 eukaryotic amino acids except Cys, and only 
500,000 peptide-beads were screened) and identified 
YIYGSFK as a relatively potent and specific substrate 
for p60 ..... PTK] 7 The library was prepared by a split 
synthesis method ~9"22 such that each peptide-bead 
displayed only one peptide entity? ~ The peptide-bead 
library was then incubated with [y32p]ATP and p60 ...... 
PTK. After thorough washing, the bead library was 
then immobilized on a glass plate by agarose, and the 
[32P]-labeled peptide-beads were localized by autora- 
diography and isolated for m icrosequencing.~7'21 

Songyang et al. ~ used a completely different screening 
approach. A biased 15-mer peptide library, MAXXX- 
XYXXXXAKKK (where X =  15 eukaryotic amino 
acids except Cys, Trp, Tyr, Ser, and Thr) was synthe- 
sized and cleaved off the resin. After phosphorylation 
in the solution-phase, the phosphopeptides were 
isolated by ferric chelation column chromatography. 
Concurrent sequencing of all the eluted peptides was 
then performed to determine the optimal substrate 
motif for p60 ..... PTK or other protein kinases. Despite 
the two completely different approaches, our peptide 
YIYGSFK does share considerable sequence homology 
with the EEIY G EF F  motif determined by Songyang 
et al.: ~ IYG F . Despite their similarity, the net 
charge of these two peptides are completely different. 

We have recently used a rapid solid-phase phosphoryl- 
ation assay to study the structure-activity relationship 
(SAR) of over 70 YIYGSFK analogues and deter- 

677 



678 Q. Lou et al. 

mined that a hydrophobic L-residue at position 2 and a 
L-tyrosine at position 3 are critical for activity. 23 Combi- 
natorial peptide library methods, besides facilitating 
the discovery of initial leads, can also be used to 
optimize initial leads using a sequential library 
approach. 24'25 In this paper, we report on the screening 
of a secondary peptide library (XIYXXXX), in which 
the second and third positions are fixed with Ile and 
Tyr, respectively, and the rest of the residues were 
randomized with 19 eukaryotic amino acids, except 
cysteine. 

Results 

The reduction of background phosphorylation by HCI 
treatment 

The background phosphorylation of the peptide-bead 
library can drastically be reduced by the treatment of 
the [32P]-labeled library with 1 N HC1 at 100 °C for 15 
min. This is illustrated in Figure 1. Figure 1A shows 
the representative autoradiogram of a library screen on 
which no acid treatment was performed. After acid 
treatment, the background phosphorylation was 
minimal (Fig. 1B). 

Screening of secondary peptide library XIYXXXX 

Approximately 1 million peptide-bead were screened. 
Five strongly labeled-beads were picked and 
sequenced: GIYWHHY, KIYDDYE, EIYEENG, 
EIYEEYE, and YIYEEED. These five peptides 
together with the initial lead YIYGSFK were resynthe- 
sized and their phosphorylation by p60 . . . . .  on solid- 
phase confirmed. In addition, the Phosphor-Imager 
(Molecular Dynamics, Sunnyvale, CA) was used to 
quantitate their relative level of phosphorylation on 
solid-phase as described elsewhere. 23 The result is 
shown in Table 1. GIYWHHY was almost two-fold 
more potent than that of the parent compound 
YIYGSFK. However, the rest of the four acidic 
peptides were significantly weaker. 

Phosphorylation studies of GIYWHHY analogues on 
solid-phase 

The structure-activity relationship of GIYWHHY 
analogues (Table 2) was examined by quantitative 
solid-phase phosphorylation studies. Eleven analogues 
of GIYWHHY were examined. 'Alanine-walk' of 
GIYWHHY indicated that lie 2 and Tyr 3 were crucial 
for p60 ..... activity. In addition, His 5 and His 6 were also 
extremely important, and replacement of either of 
those two histidines by alanine resulted in a great loss 
in activity. Tyr 7 was not essential, as it could readily be 
replaced by alanine or totally deleted. This also 
strongly suggests that Wyr 3, but not Tyr 7, is the 
phosphorylation site. Although Gly ~ could be replaced 
by alanine with only a loss of half of the activity, 
further decrease in activity (down to 20%) was 
observed when that residue was deleted. Further 

deletion of both Gly I and Ile 2 rendered the peptide 
totally inactive. 

Discussion 

Over the last 5 years, the combinatorial library field 
has grown enormously. The library concept was first 
applied to peptide 19'26-2~ and nucleic acids, 29-35 and 
more recently it has been rapidly expanded to non-pep- 
tide or small organic molecules. 36-4° This latter 
development is primarily driven by the realization that 
the combinatorial library methods can greatly facilitate 
the drug discovery process. New solid-phase chemis- 
tries that can be applied to the library format are 
currently under intense development, both in academia 
and pharmaceutical industries. In addition to facili- 
tating drug development, combinatorial library 
methods also serve as powerful tools for basic research. 

There are several general approaches for screening 
peptide libraries: (1) Biological libraries with the 
filamentous phage, 27'41 plasimid 42 or polysomes, 43 (2) 
synthetic peptide libraries using iterative approach 26'2~'44 
or positional scanning, 45 (3) the 'one-bead, one-com- 
pound' approach or the 'Selectide Process', j9'2" (4) 
synthetic peptide libraries using affinity chroma- 
tography selection approach, ~s'46 (5) spatially addres- 
sable parallel solid-phase library methods such as the 
multi-pin technology, 47 spots-membrane, 4~ or light- 
directed parallel synthesis on chips. 49 The biological 
library method, in general, can only be applied to 
peptides with 20 eukaryotic amino acids, whereas, the 
latter three methods can be applied to unnatural amino 
acids and even non-peptide small organic moleculesY' 

We first described the 'one-bead one-compound' 
combinatorial library approach 4 years ago. ~9 Since 
then, we have successfully applied this method in the 
identification of ligands for various targets: monoclonal 
antibodies, ~'5~'~2 streptavidin, ~9'-~3 avidin, 53 lymphoma 
specific surface idiotypes, ~4 MHC-class I molecules, 55 
cAMP-dependent protein kinase, 2~ p60 ..... PTK, ~7 glyco- 
protein IIb/IIIa integrin, 56 and small organic indigo 
carmine. 57 Others have also used this method in many 
other systems? T M  In this paper, we describe the use of 
the 'one-bead one-compound' combinatorial library 
method in the identification of potent and specific 
peptide substrates for p60 ..... . The structure of the 
peptide library used in this study was XIYXXXX. The 
design of this secondary library was based on the SAR 
study 23 of the YIYGSFK peptide identified from our 
primary screen with a totally random heptapeptide 
library? 7 After screening a limited secondary library 
(approximately one million peptide-beads) with p60 c-~rc, 
we identified and sequenced five strongly positive 
beads (Table 1). Interestingly, of these five peptides, 
four were highly acidic. This is similar to the highly 
acidic motif (EEIYGEFF) identified by Songyang et 
al. ~ who used a ferric chelation column chromato- 
graphic selection approach. The remaining peptide 
GIYWHHY, on the other hand, does not contain any 
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acidic residues. In solid-phase phosphorylation assay, 
GIYWHHY is a much more potent substrate than the 
other four acidic peptides. This peptide would have 
been missed in Songyang's affinity chromatographic 
selection approach as their eluted peptides were 

sequenced concurrently and only the residues with 
highest occurence will be reflected in their final motif. 

With our solid-phase phosphorylation on-bead 
screening approach, treatment of the peptide-bead 

( A )  ' 

~i ~ 

(B) 

Figure 1. Autoradiogram showing the screening of a secondary peptide library (XIYXXXX) of which the 1 N HCI treatment step is (A) omitted, 
or (B) included. The high background of (A) is due to non-covalent interaction of [732p]ATP with highly basic peptides. See text for explanation. 
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Table 1. Peptide substrate identified from a limited secondary 
peptide library (XIYXXXX) and quantitation of peptide phosphoryl- 
ation with Phosphorlmager 

Peptide Relative phosphorylation 
(% of YIYGSFK) 

YIYGSFK 100 
GIYWHHY 198 
KIYDDYE 12 
EIYEENG 10 
EIYEEYE 20 
YIYEEED 8 

library prior to autoradiography is crucial in elimi- 
nating the background label. The background label is 
primarily due to the noncovalent interaction of 
[732p]ATP with some highly basic peptides (Lam, K. S., 
unpublished data). Acid treatment hydrolyzes the ATP 
but leaving the tyrosyl, seryl, and threonyl phosphate 
intact, thereby eliminating the undesirable noncovalent 
[32p]-labeling. For those who desire to study tyrosine 
phosphorylation only, the peptide-beads may be 
treated with alkali condition prior to autoradiography 
since the seryl or threonyl phosphate is base-labile. The 
p60 ..... PTK preparation used in our present study is 
highly purified and there are no contaminating serine 
or threonine kinases, therefore alkaline treatment is 
not necessary. 

Solid-phase phosphorylation assay is quantitative and 
convenient. It is invaluable in rapidly surveying the 
SAR of numerous analogues at the same time. 23 
However, it does not necessarily reflect the true 
phosphorylation rate when both the substrate and 
kinase are in solution. Therefore any peptide of poten- 
tial interest should be resynthesized and its kinetic 
parameters determined in solution-phase. Preliminary 
solution-phase kinetic studies in our laboratory indicate 
that GIYWHHY has a Km of approximately 20 ~tM and 
substituting Tyr 3 with 2-naphthylalanine generates a 
potent and very specific pseudosubstrate-based 
inhibitor for p60 ..... PTK, with an ICs, of approximately 
10 ~tM. 

Table 2. Solid-phase phosphorylation of GIYWHHY analogues by 
p60 ...... PTK 

Peptide Relative phosphorylation 
(% of GIYWHHY) 

GIYWHHY 100 
AIYWHHY 49 
GAYWHHY 16 
GIAWHHY 5 
GIYAHHY 67 
GIYWAHY 14 
GIYWHAY 15 
GIYWHHA 88 
IYWHHY 20 
YWHHY 7 
WHHY 6 
GIYWHH 89 

Experimental 
Materials 

Human p60 ..... was purchased from UBI (Lake Placid, 
New York). [732p]ATP was obtained from ICN 
Biomedicals Inc. (Irvine, California). BSA (fraction V), 
agarose, (MES), magnesium chloride, phenol, anisole, 
and ethanedithiol were purchased from Sigma (St. 
Louis, Missouri). Fmoc-protected amino acids, Rink 
resin, TFA, piperidine, BOP, HOBt, and DIEA were 
purchased from Advanced ChemTech (Louisville, 
Kentucky). TentaGel S resin was obtained from Rapp 
Polymere (Tubingen, Germany). DMF and methanol 
were purchased from Baxter (McGaw Park, Illinois). 
Glogos II autoradiogram marker was purchased from 
Stratagene (La Jolla, California). X-ray film (Kodak 
X-OMAT LS) was also obtained from Sigma. Thin- 
layer chromatography (TLC) plates [Cellulose MN 300 
polyethyleneimine (PEI) impregnated] were purchased 
from Bodwen (Aston, Pennsylvania). 

Synthesis of the secondary peptide library (XIYXXXX) 

The 'split synthesis' method 19'22 was used in the 
synthesis of the secondary peptide library as previously 
describedJ 9'2° TentaGel S and Fmoc chemistry were 
usedY '66 TentaGel S already has a polyoxyethylene 
linker and, therefore, no further linker is needed in the 
synthesis of peptide libraries. The resins were first 
divided into 19 equal aliquots, and a four-fold excess of 
each Fmoc-protected amino acid was added to eack 
aliquot (all 19 eukaryotic amino acids except for 
cysteine were used). The coupling reaction was started 
by the addition of 4 molar excess of HOBt, BOP, and 
DIEA. Coupling was continued for 1 h. The ninhydrin 
test was used to evaluate the completion of the 
coupling reaction. The resins were then mixed, 
thoroughly washed, and the N-a Fmoc group was 
removed with 20% piperidine in DMF (v/v), washed, 
and ready for another coupling cycle. After three 
additional cycles of split synthesis coupling with 19 
amino acids, the resins were pooled, deprotected, and 
coupled with Fmoc-Ile alone without any resin split- 
ting. Similarly, Fmoc-Tyr alone were added at the sixth 
coupling cycle. For the seventh and last cycle of 
coupling, the resins were again splitted into 19 aliquots 
and coupled with all the 19 amino acids as described 
above. After all the couplings were completed, the N-~ 
Fmoc group was removed with 20% piperidine in DMF 
(v/v) and side chain protected groups were then 
removed with a mixture of TFA:phenol:anisole:ethane- 
dithiol (94:2:2:2; v/w/v/v). The resin beads were then 
washed thoroughly with DMF and stored in 0.01% 
HC1. 

Screening of secondary peptide library (XIYXXXX) 

About one million peptide-beads from the secondary 
peptide library (XIYXXXX) were washed six times 
with the MES buffer (pH 6.8) containing 30 mM MES, 
10 mM MgCI2, and 0.4 mg/mL BSA. Phosphorylation 
of the peptide library was conducted in 2 mL MES 
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buffer containing 60 units p60 ..... , and 0.1 laM 
[y32p]ATP as previously described. ~7 After incubation at 
room temperature for 2 h with gentle shaking, the 
beads were washed three times with 1 M HC1, then 
treated with 1 M HC1 at 100 °C for 15 min to hydrolyze 
the ATP and to eliminate any non-covalent labelling. 
Following 1 M HCI treatment, the beads were washed 
three times with PBS-Tween (0.68 M NaC1, 10 M KC1, 
40 mM Na~HPO4, 7 mM KH2PO4, and 0.05% Tween 
20, pH 1). The thoroughly washed library beads were 
then suspended in 1% agarose solution at 70-80°C 
and carefully poured onto glass plates (16 x 18 cm) and 
air-dried overnight at room temperature. Glogos TM I1 
autoradiogram markers were taped on each corner of 
dried agrose plate prior to exposure in order to be able 
to later align the immobilized beads with the auto- 
radiogram. The immobilized beads on the plate were 
then exposed to an X-ray film (Kodak X-OMAT LS) 
for 20-30 h at room temperature and the film 
developed. The agarose gel with embedded beads 
corresponding the dark spots on the X-ray film was 
excised with a razor blade, swollen in double-distilled 
water and then carefully transferred to a tube with 
5 mL water. The agarose gel was dissolved in water at 
80-85°C and the beads treated with 1 M HCI and 
washed with PBS-Tween in order further to decrease 
noncovalent labelling. The washed beads were diluted 
with additional agarose, dried on glass plates, and 
autoradiography performed as described above. 
Because at this time, individual beads were relatively 
far away from each other, a single [32p]-labeled 
peptide-bead can be precisely localized and readily 
removed with a micropipettor. The positive beads were 
washed with water, transferred to a glass-fiber filter, 
and inserted into a ABI protein sequencer (Model 
477A, Applied Biosystems, Foster City, CA) for 
peptide structure determination as described. ~9"53 

Quantitation of peptide phosphorylation on solid- 
phase 

The positive-beads were synthesized on TentaGel S 
resin according to the method described above. A 
quantitative solid-phase phosphorylation assay of 
various peptide analogues was performed as described 
previously, z3 About 100 peptide-beads from each 
sample were washed extensively (6 × ) with MES buffer 
(pH 6.8). The phosphorylation reaction was performed 
in 20 laL MES buffer containing 1.5 units human 
p60 ..... , 0.1 ~tM [@2p] ATP (specific activity 25 
Ci/mmol) and about 100 peptide-beads. After 2 h of 
incubation at room temperature with gentle shaking, 
the beads were then washed with 1 M HCi 2 x  and 
treated with 1 M HC1 at 100 °C for 15 min. After treat- 
ment, the peptide-beads were washed 3× with 
PBS-Tween.  About 20 thoroughly washed [32p]-labeled 
beads were randomly picked up and suspended in 0.5 
mL 1% agarose solution (w/v) at 80-85°C and 
carefully poured onto a section of a glass plate that had 
been sectioned into 2 x 4 cm sections with a wax pencil, 
and air-dried overnight. The immobilized beads were 
then exposed to the storage phosphor screen for 12 h 

at room temperature. The exposed screen was then 
read by the 425S PhosphorImager (Molecular 
Dynamics, Sunnyvale, CA) and the relative phosphoryl- 
ation of the peptide-beads was quantitated. 
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