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Protein phosphorylation plays a pivotal role in the regulation
of cellular functions such as growth and differentiation.1 The
study of the substrate recognition of protein kinases and protein
phosphatases is critical to our understanding of protein phos-
phorylation and could yield valuable structural information to
assist in the design of selective inhibitors to interfere with
cellular signalling processes. Studies on protein tyrosine
phosphatases (PTPs) using phosphotyrosyl peptide substrates
have demonstrated some level of substrate specificity.2,3 Such
studies have largely been based on peptide sequences derived
from phosphoproteins that include the autophosphorylation sites
of the insulin receptor4,5 and the epidermal growth factor
receptor.2,3,6 However, the necessity to synthesize and test single
phosphopeptides limits the exploration of PTP specificities. A
suitable combinatorial approach would provide a valuable means
of rapidly identifying substrate consensus sequences for PTPs.
There are examples of the application of solution-phase

combinatorial methods to the discovery of ligands that bind to
a target receptor.7 For a solid-phase library, ligand selection
has been mediated by binding assays using a fluorescently
labeled target protein8 or by immunostaining the protein-bound
beads.9-11 The identification of good substrates for enzymatic
turnover requires the discrimination of solid-phase products of
catalysis from solid-phase substrates, with single-bead sensitiv-
ity. This has been demonstrated in the screening of peptide
libraries with endopeptidases by a quenched fluorescence assay12

and also in the detection of protein kinase substrates by the
incorporation of radioactive32P.13 Immunodetection of solid-
phase products has been employed in the selection of catalytic
antibodies.14 We report a novel combinatorial approach for
identifying substrates for PTPs from a resin-bound library of
phosphotyrosyl peptides.
The assay requires the discrimination between tyrosyl and

phosphotyrosyl peptides on-bead. It is well-known that the
serine protease,R-chymotrypsin (CT), is selective for the

cleavage of amide bonds on the C-terminal side of aromatic
residues, in particular tyrosine.15 The selectivity of CT is
primarily due to the presence of a hydrophobic binding pocket
adjacent to the scissile bond. We proposed that a phosphoty-
rosine (pY) residue would bind poorly in this pocket providing
an enzymatic discrimination between a tyrosyl- and phospho-
tyrosylpeptide. This kinetic discrimination was studied by
comparing the on-bead rates of CT-mediated cleavage of an
N-dabcyl-labeled epidermal growth factor receptor [EGFR988-998]
peptide, DADEpYLIPQQG, for both phosphorylated and un-
phosphorylated tyrosine. The discrimination in favor of un-
phosphorylated peptide was greater than a factor of 100 for CT,16

sufficient to be exploited as the basis for detecting positives in
a combinatorial screen.
The choice of resin for an on-bead enzyme assay is important.

Kieselguhr and PEGA resins gave excellent substrate turnover
efficiencies for CT, PTP, and proteins as large as 140 kDa,17

whereas Tentagel was found to be unsuitable owing to very
poor enzyme accessibility. Phosphotyrosyl peptides were
synthesised on amino-functionalized Kieselguhr (KD) resin,
using the unprotected phosphotyrosine monomer.18,19

The screening strategy is outlined in Figure 1. A solid-phase
phosphopeptide library is first synthesized in which the pY
position is doped with∼30% glycine to generate an encoding
strand. The N-termini are left capped with Fmoc protecting
groups (A, Figure 1, Fmoc) (fluorenylmethoxy)carbonyl). The
library is subjected to on-bead dephosphorylation with the
chosen PTP resulting in the transformation of substrates to
tyrosyl peptides (B, Figure 1). Following incubation with PTP,
the library is subjected to proteolytic cleavage with CT, which
is selective for those sequences that have undergone PTP-
mediated dephosphorylation in the previous step. The encoding
strand, which lacks tyrosine, remains intact throughout. The
free amino termini that result from dephosphorylated sequences
are coupled to an amine-reactive fluorophore or chromophore
to locate the positive beads. Removal of the terminal Fmoc
group from the encoding strands of positive beads permits facile
sequence identification by standard peptide sequencing.
To exemplify this methodology, we have studied the substrate

specificity of leukocyte antigen receptor (LAR) phosphatase.20,21

The undecapeptide corresponding to the autophosphorylation
site of the epidermal growth factor receptor (EGFR988-998,
Figure 2) has been shown to be a good substrate forYersinia
and mammalian PTPases3 and was used as a prototype sequence
for our combinatorial library. EGFR988-998contains three acidic
residues on the N-terminal side of the phosphorylation site. It
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has been noted that several PTPs exhibit a general requirement
for >4 residues on the N-terminal side of the phosphotyrosine,
of which at least one should bear an acidic side-chain.2,22 The
phosphopeptide library was synthesised on Kieselguhr resin
using a “split and mix approach,”7 inserting one of eight possible
amino acids in each of the positions designated X1, X2, and X3
(Figure 2), to generate a 512-member library. The pool of
variable amino acids was chosen to include acidic, hydrophobic,
hydrophilic, large, and small side chains, in order to explore
the requirement for carboxyl side chains in these positions for

LAR PTP.23 The resin-bound library was incubated with LAR
PTP, to mediate the release of∼1% of the total available
phosphate (Pi), as detected by a malachite green assay.24 It
was then subjected to CT as depicted in Figure 1. Positive beads
were stained by coupling any free amino termini to carboxy-
fluorescein. Analysis of the beads showed that∼4% of the
library was lightly labeled, with<1% of the beads heavily
labeled.25 Seven of the heavily stained beads were sequenced
to give the results shown in Table 1.
Sequences 1-3 (Table 1) were resynthesized and assayed

individually (resin-bound) with LAR PTP for release of Pi24

against time. The release profile for all three sequences were
comparable with that of EGFR988-998, and furthermore, the initial
rates of dephosphorylation were∼30-fold greater than those
for the sequence Fmoc-GAPGpYLIPQQG-KD, which has no
acidic residues in positions X1, X2, or X3 and did not label
strongly under the screening conditions.
The combinatorial screening experiment generated six distinct

substrate sequences for LAR PTP, each of which contained at
least two acidic residues in the three variable positions. There
also appears to be a preference for an acidic side chain derived
from Glu rather than Asp in position X1. These results are
broadly in agreement with the substrate specificity studies by
Zhanget al. onYersiniaPTPase and rat PTP1, which concluded
that acidic residues on the N-terminal side of pY are important
for binding and catalysis.2

In summary, we have demonstrated a novel combinatorial
screening approach to identify substrate sequence motifs for
PTPs. The main advantages over existing methods for studying
PTPs include screening efficiency and the ability to identify
individual sequences rather than simply a positional preference
for particular residues. The methodology will be expanded to
study and compare the specificities of a range of PTPs.
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Figure 1. The screening strategy: (i) Typically 40 mg of N-terminal
Fmoc-protected phosphopeptide library (A) is subjected to dephospho-
rylation by incubation with LAR PTP (200 units) in 30 mM Hepes
(pH 7.4), 150 mM NaCl, 6.25 mM DTT in a total volume of 1 mL at
37 °C for 60 min, releasing typically∼1% available Pi; (ii) dephos-
phorylated peptide (B) is selectively cleaved by incubation with
chymotrypsin (100 units) in 20 mM Tris-HCl (pH 8.0), 160 mM NaCl
in a total volume of 1 mL, at 20°C for 45 min; (iii) cleaved peptide
(C) is identified by coupling the free N-terminus to carboxyfluorescein
using the coupling reagents PyBOP/HOBt/DIPEA; (iv) labeled beads
(D) are isolated, the terminal Fmoc group is removed by treatment
with 20% piperidine/DMF, and the peptide is sequenced.

Figure 2. The bead-bound phosphopeptide library was based around
the epidermal growth factor receptor, EGFR988-998, sequence. The acidic
side chains on the N-terminal side of pY were each substituted by one
of eight amino acids (D, E, G, V, S, M, Q, P) to generate a 512-member
library.

Table 1. Sequences of Seven Selected Positive Beads Isolated
from Screening the Library with Leukocyte Antigen Receptor
Protein Tyrosine Phosphatase

residue at position

sequence X1 X2 X3

1a E E Q
2 E D Q
3 D E P
4 E Q P
5 E D E
6 E Q D

a Sequence appeared twice.
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