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ABSTRACT: Protein tyrosine phosphatases (PTPases) are important regulators of signal transduction systems,
but the specificity of their action is largely unexplored. We have approached this problem by attempting
to map the subsite preferences of these enzymes using combinatorial chemistry approaches. Protein-
tyrosine peptidomimetics containing nonhydrolyzable phosphotyrosine analogues bind to PTPases with
high affinity and act as competitive inhibitors of phosphatase activity. Human PTP-1B, a PTPase implicated
to play an important role in the regulation of growth factor signal transduction pathways, was used to
screen a synthetic combinatorial library containing malonyltyrosine as a phosphotyrosine mimic. Using
two cross-validating combinatorial chemistry screening approaches, one using an iterative method and
the other employing library affinity selection-mass spectrometric detection, peptides with high affinity
for PTP-1B were identified and subsite preferences were detailed by quantitatively comparing residues of
different character. Consistent with previous observations, acidic residues were preferred in subsites X-3

and X-2. In contrast, aromatic substitutions were clearly preferred at the X-1 subsite. This information
supports the concept that this class of enzymes may have high substrate specificity as dictated by the
sequence proximal to the phosphorylation site. The results are discussed with regards to the use of
combinatorial techniques in order to elucidate the interplay between enzyme subsites.

Protein-tyrosine phosphatases (PTPases)1 comprise a large
superfamily of enzymes that catalyzes the hydrolysis of
phosphate from phosphotyrosine (pY) residues (1, 2). This
family of enzymes is characterized by having a structurally
conserved catalytic domain of approximately 250 amino acid
and a unique cysteine-containing signature sequence, I/VH-
CXAGXXRS/TG [additional domains may include src
homology-2 (SH2), transmembrane, and extracellular do-
mains]. PTPases function in maintaining the steady-state
balance of protein-tyrosine phosphorylation in mammalian
signal transduction pathways; in so doing, they regulate
important biological functions including metabolism, pro-
liferation, and differentiation. In addition, certain PTPases

have been identified as being potent disease causing virulence
factors (3-5).

Human PTP-1B is the best characterized member of the
mammalian PTPase superfamily (6-8) and has been impli-
cated in playing an important role in the regulation of growth
factor signal transduction pathways such as the insulin
receptor system (9-14). Following insulin binding, the
insulin receptor undergoes autophosphorylation of tyrosine
residues in the kinase activation loop and parallel activation
of intrinsic tyrosine kinase activity toward endogenous
substrates (15). Tyrosine autophosphorylation is essential
for activity of the insulin receptor, and it is increasingly
evident that PTP-1B and/or closely associated PTPases
deactivate the insulin receptor by dephosphorylation
[reviewed by Goldstein (9)].

A detailed understanding of the substrate specificity of
mammalian PTPases is generally lacking. Kinetic studies,
however, have provided some evidence for the ability of
related PTPases to discriminate between substrates at the
primary structural level (16-21). Important structural
determinants of substrate recognition are included in short
pY-containing peptides (16, 19). Alanine scanning of the
EGFR988-998 phosphopeptide has suggested that substrate
recognition is primarily dictated by subsites proximal and
N-terminal to the phosphorylation site.
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We sought a more detailed understanding of the subsite
preference of human PTP-1B to better understand substrate
specificity and to potentially lead to a rational design of
competitive inhibitors. Accordingly, a “synthetic combina-
torial library” of protein-tyrosine peptidomimetics was
designed based on the EGFR autophosphorylation site at Y992

(EGFR988-995). Three residues proximal and N-terminal to
the phosphorylation site were randomized using a “split-
synthesis” approach (22). Split-synthesis permitted the
construction of mixed sequence peptides containing the
nonnatural amino acid malonyltyrosine (mY), a nonhydro-
lyzable pY mimic used to decouple binding affinity from
catalytic activity (23, 24). Two cross-validating screening
approaches, an “iterative” approach (25-27), and a library
affinity selection-mass spectrometric detection (LAS-MS)
approach (28) were employed. Through this effort, protein-
tyrosine peptidomimetics that function as potent inhibitors
of PTP-1B phosphatase activity were identified, and a novel
subsite preference for PTP-1B was documented.

METHODS AND MATERIALS

Peptide Synthesis.The phosphopeptide substrates were
synthesized using Rink resin (Midwest Bio-Tech, Fishers,
IN) and standard FMOC solid-phase peptide chemistry. The
synthetic combinatorial library was prepared by split syn-
thesis using a divide, couple, and recombine procedure with
Rink resin and standard FMOC solid-phase peptide chem-
istry. Following deprotection, cleavage, and extraction, the
peptides were purified using reversed-phase HPLC, lyo-
philized, resuspended in DMSO, and stored at 4°C as 20
mM stock solutions. The library was defined as DXXX-
(mY)LIP, where mY denotes malonyltyrosine, and X denotes
an equal mixture of 19 standardL-amino-acids (cysteine
excluded) plusL-hydroxyproline. Particular care was taken
to ensure the integrity of various libraries. The split synthesis
method allowed individual reactions to be individually
monitored and therefore taken to completion and assured near
equal contribution of individual building blocks at a each
step in a library synthesis. As further confirmation, libraries
were routinely evaluated by mass spectral (MS) analysis, as
detailed below. For individual peptides synthesis, HPLC and
amino acid analysis was performed to allow for accurate
quantitation.

PTP-1B Purification. Glutathione-Sepharose beads were
purchased from Pharmacia (Piscataway, NJ). All other
chemicals were purchased from Sigma (St. Louis, MO).
Human PTP-1B (amino acids 1-411, lacking the endogenous
C-terminal 23 amino acids) was cloned by PCR from a
human hippocampus cDNA library and inserted into
pGEX5x-2 (Pharmacia) at theEcoR1 andSma1 restriction
endonuclease sites.Escherichia coli strain BL21 was
transformed with the above clone and stored as a stock in
15% glycerol at-70 °C. The above construct allowed high-
level, IPTG-inducible expression of PTP-1B fused at the
N-terminus to glutathione-S-transferase. GST-PTP-1B prepa-
rations were grown at a 1 L scale to an OD590 of 0.6 at 37
°C, induced with 1.5 mM IPTG, and harvested 3 h later (all
subsequent steps were performed at 4°C). Cells were
pelleted, washed with 100 mL of phosphate-buffered saline
(PBS), and resuspended in 10 mL of PBS supplemented with
complete protease inhibitor cocktail (Boehringer Mannheim)
and 0.1% Triton X-100. The suspension was sonicated 5×

30 s on ice using a Branson sonicator with a microtip and
then centrifuged at 20 000 rpm for 20 min in a SS-34 rotor.
The supernatant was decanted, incubated with 1 mL of
glutathione-Sepharose beads (as a 50% slury of beads
prewashed with PBS) for 1 h with gentle shaking, and then
loaded onto a column. After 3× 10 mL washes of the
column with PBS, GST-PTP-1B fusion protein was eluted
by treatment with 1 mL of 10 mM reduced glutathione in
PBS. The preparation contained 2-5 mg of GST-PTP-1B/
mL of beads as verified by protein analysis and by SDS-
PAGE, after removal from beads. Enzyme was passed
through a NAP column (Pharmacia) preequilibrated with 50
mM HEPES, pH 7.0, 1 mM DTT, concentrated with an
Amicon YM-10 membrane, and stored at-70 °C until use.

Malachite Green PTPase Assay.PTP-1B activity was
measured using a Malachite Green color reagent to detect
release of inorganic phosphate from phosphopeptides. The
Malachite Green reagent was prepared as a 3:1 mixture of
0.045% malachite green and 4.2% ammonium molybdate
supplemented with 0.01% TritonX-100. Reaction mixtures
(100 µL) containing GST-PTP-1B and phosphopeptide
substrates in buffer A (50 mM Tris, pH 7.5, 50 mM NaCl,
3 mM DTT, and 0.1% BSA) were incubated for 15 min at
37 °C with gentle shaking and then quenched with 200µL
of Malachite Green reagent. After 30 min at room temper-
ature with gentle shaking, the absorbance at 620 nanometers
was measured using a Ceres UV900C microtiter plate
spectrometer (Bio-Tek Instruments). Specific activity was
defined as the difference between samples with and without
substrate. Inhibition was measured as the reduction in the
activity of PTP-1B (20 nM) with the phosphopeptide
substrate GNGDPpYPMSPKS (30µM) in the presence of
inhibitor.

PTP-1B Library Affinity Selection.GST-PTP-1B fusion
protein from a 1 lfermentation was immobilized onto 1 mL
of glutathione-Sepharose beads as above and washed with 3
× 10 mL in buffer B (150 mM NaCl and 50 mM ammonium
acetate, pH 6.6). For the batch method of library affinity
selection, a 10 mL suspension of beads and library containing
50 nmol of immobilized GST-PTP-1B and 2.0µmol of
DDXX(mY)LIP in buffer B was used. (Since the library
contained 400 components, 5.0 nmol of each component
peptide was present.) Mixtures were incubated at 4°C for 2
h with gentle shaking, washed with 3× 5 mL of buffer B to
remove unbound library components, and then washed with
3 × 5 mL of buffer C (500 mM ammonium acetate, pH 6.6)
to remove weakly bound library components. Library
components with high affinity for PTP-1B were eluted by
washing with 3× 5 mL of buffer D (100 mM triethylamine
acetate, pH 3.5), and the eluted peptides were monitored by
ES-MS and ES-MS/MS (see below).

Mass Spectrometry.ES-MS and ES-MS/MS were per-
formed with a PE-SCIEX API III triple-quadruple mass
spectrometer (Thornhill, Ontario) in the positive ion mode.
All analyses were carried out via LC/MS. Peptides contained
in the buffer D wash were lyophilized, reconstituted in 2%
acetonitrile/0.1% TFA in water, and injected into a 1.0×
150 mm Vydac C18 microbore column for on-line analysis.
A gradient program of 2-2-50-50-90-90% B at 0-5-
7-17-20-30 min was applied where A was 0.05% TFA
in water and B was acetonitrile. The flow rate was 50µL/
min. ES-MS conditions utilized a spray voltage of 5 kV,
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an orifice voltage of 60 V, a scan range of 900-1300m/z
units in 0.1m/z increments, and a speed of 2 s/scan. Purified
air was used as a nebulization gas (30 psi) and ultrapure
nitrogen was used as a curtain gas at a flow rate of 1 L/min.
ES-MS/MS experiments were carried out using ultrapure
argon at∼300× 10-12 molecules/cm2 collision gas thickness,
a 30 eV collision energy, a scan range of 50 (parent ion+
ca. 10)m/z units in 0.33m/z increments

RESULTS

IteratiVe Approach. The screening of synthetic peptide
combinatorial libraries using an iterative approach permitted
rapid and efficient structural deconvolution leading to
optimized peptide ligands. To accommodate this process, a
Malachite Green enzyme assay (29, 30) was employed to
measure PTP-1B catalysis in a high-throughput, solution
format. Free inorganic phosphate liberated from the phos-
phopeptide substrate GNGDPpYPMSPKS by recombinant
PTP-1B was detected by measuring OD620. Control experi-
ments demonstrated linearity of the enzyme with respect to
both time and enzyme concentration (not shown), and
saturation analysis revealed aKm of 68 µM and Vmax of 4
µmol/min/mg (not shown). The kinetic properties of the
GST-PTP-1B fusion enzyme were similar to literature values
of PTP-1B isolated from natural and recombinant sources
and indicate that the activity correctly reflects the native
enzyme (discussed by Barford et al. (31), Zhang and Dixon
(32), and Milarski et al. (18).

The initial library synthesis was defined as DO-3X-2-
X-1(mY)LIP, where O denotes a defined residue subsite
having each of the 19 standardL-amino-acids (cysteine
excluded) plusL-hydroxyproline, and X denotes a mixed
residue subsite having equal fractions of these 20 building
blocks (the standard PTPase nomenclature names residues
N-terminal to pY as successively negative subsites). Library
O-3 contained 20 separate sublibraries, each with a different
fixed O-3 residue and each containing 400 different peptides
(202). The 20 sublibraries were screened and rank ordered
for their ability to inhibit PTP-1B catalysis to define the
amino acid preference at the-3 subsite (Figure 1A). Of
these, DDXX(mY)LIP caused the greatest inhibition. Other
O-3 residues that provided strong inhibition (>50%) were
G, W, hP, and E.

The second library synthesis was defined as DD-3O-2-
X-1(mY)LIP, where D-3 corresponds to the most effective
inhibitory residue from the first iteration. Library O-2

contained 20 separate sublibraries, each with a different fixed
O-2 residue and each containing 20 different peptides. The
20 sublibraries were screened and rank ordered for their
ability to inhibit PTP-1B catalysis to define the amino acid
preference at the-2 subsite (Figure 1B). Of these, DDEX-
(mY)LIP caused the greatest inhibition. Other O-2 residues
that provided strong inhibition were D and S, while K was
the weakest substitution.

The third library synthesis was defined as DD-3E-2-
O-1(mY)LIP, where D-3E-2 corresponds to the most effec-
tive inhibitory sequence from the second iteration. Library
O-1 contained 20 separate peptides, each with a different
fixed O-1 residue. Each of the 20 peptides was screened
and rank ordered for their ability to inhibit PTP-1B catalysis
to define the amino acid preference at the-1 subsite (Figure

1C). Of these, DDEW(mY)LIP caused the greatest inhibition
of PTP-1B phosphatase activity. Importantly, aromatic
residues were preferred (W, Y, and F) and strong discrimina-
tory behavior was observed.

Each step in the library iteration resulted in inhibitors with
greater affinity for the PTP-1B. This can be seen from the
inhibition data from Figure 1, where decreasing screening
concentrations were used: 20, 2, and 0.2µM, for respective
rounds. When IC50 values were determined for the best
inhibitors of each round, DDXX(mY)LIP had an IC50 of 8.6
(( 2.3)µM, DDEX(mY)LIP had an IC50 of 6.8 (( 0.7)µM,
DDEW(mY)LIP had an IC50 of 0.73 (( 0.17) µM, and
DDEY(mY)LIP had and IC50 of 0.76 ((0.22) µM. In
general, basic residues were not favored and clear discrimi-
natory behavior was demonstrated at each of the randomized
subsites. Assuming normal competitive inhibition kinetics
and a Hill coefficient of unity, the range of activities between
individual pools within each iteration correlated to roughly
a 100-fold difference in binding affinities.

The data from Figure 1 has been evaluated for significant
differences using a one-way ANOVA (SigmaStat 2.0) with
a Tukey Test for multiple comparisons. All pairwise
comparisons were made to determine significance (p < 0.05)

FIGURE 1: Iterative screening of a combinatorial library. The
DXXX(mY)LIP library was screened for the ability to inhibit PTP-
1B activity using then Malachite Green assay described in the
Materials and Methods using (A) library O-3; DO-3X-2X-1(mY)LIP
screened at a peptide concentration of 20µM, (B) library O-2;
DD-3O-2X-1(mY)LIP screened at 2µM, and (C) library O-1;
DD-3E-2O-1(mY)LIP screened at 0.2µM. The results are the
average ((SEM) of three independent experiments performed in
triplicate.
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between different amino acids at each site. These evaluations
extended the graphical representation presented in Figure 1.
In site X-1, “W” was found significantly greater than all other
groups except “F and Y”. “Y” was significantly greater than
all but D, F, L, and W. While “F” was ranked as the third
largest inhibition, it was statistically different from “G, H,
K, Q, S, and hP”. These preferences between amino acids
at a particular site resulted in some unexpected observations.
One example is the lack of significance between “F, D and
L” at X-1, since these are very different amino acids.
Another example was the finding that “G” was not signifi-
cantly different from “E, D, and W” in X-3. While it is
difficult to reconcile these comparisons on theoretical

grounds, it may attest to the remarkable selectivity of protein
interactions and could support the dynamic fit into a
malleable contact surface. Taking these interpretations one
step further in the reverse sense, unfavorable residues are
found at each subsite. Positive residues, particularly “K”,
showed low affinity at all three sites. Negative preferences,
like the positive preferences, are likely to play a significant
role in driving specific and high-affinity interactions.

LAS-MS Experiments.To strengthen the observations
made with the iterative screening approach, selection of high-
affinity sequences from the most effective inhibitory O-3

sublibrary was performed using library affinity selection with
mass spectrometric detection (LAS-MS). Coupling an

FIGURE 2: ES-MS spectra of DDXX(mY)LIP from library O-3 before and after library affinity selection. (A) ES-MS spectrum of the intact
library. (B) ES-MS spectrum of the library affinity selected components. The protocol is detailed in the Materials and Methods. Weakly
bound library components were removed with high salt (buffer C) and affinity selected components were eluted with low pH (buffer D).
The eluted peptides were monitored by ES-MS with a scan range of 900-1300m/z units. Amino acid designations are for the sequence
X-2X-1 and are detailed in Table 1.
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affinity selection process with electrospray ionization mass
spectrometry (ES-MS) and electrospray tandem mass spec-
trometry (ES-MS/MS) affords a powerful means for the
structural deconvolution of optimized ligands from synthetic
combinatorial libraries. Peak redundancies may exist be-
cause certain building blocks have identical mass. Further-
more, ES-MS will not discern between ligands with the same
amino acid content but different sequence, for example the
sequence DDEY(mY)LIP and DDYE(mY)LIP. Because ES-
MS analysis alone will not resolve these redundancies, ES-
MS/MS was employed due to its sequencing ability. ES/
MS-MS is ideally suited to achieve unequivocal identification
of high-affinity ligands by this method.

The LAS-MS system was calibrated with DDEY(mY)-
LIP, a peptide with high affinity for PTP-1B as determined
by the iterative approach. GST-PTP-1B was immobilized
to glutathione-Agarose and incubated with DDEY(mY)LIP.
Mass spectrometry was performed on three successively
more stringent elution steps: (1) unbound, (2) high-salt wash,
and (3) low-pH wash. The standard peptide was tightly
bound and eluted in the low pH wash at the expected
molecular ion [(M+ H)+] of m/z 1129.2 (data not shown).
ES-MS/MS analysis of this molecular ion confirmed its
sequence.

For the affinity selection process, the most effective
inhibitory O-3 sublibrary, DDXX(mY)LIP, was chosen for
further study. ES-MS analysis of the intact library revealed
the diversity of the 400 components of the library, and the
peak distribution agreed well with theoretical calculations
(Figure 2A). When PTP-1B was screened with this library,
most of the library components bound weakly, eluting in
the unbound and high-salt washes (not shown). The low-
pH acid elution step, however, contained a subset of the
library which was affinity selected (Figure 2B). A “relative
selection” was used to rank order these library components
(Table 1), listed as the molecular ions found. The peak
which had the greatest relative selection eluted with a
molecular ion [(M+ H)+] of m/z 1129.2, which was a peak
corresponding to the amino acid combination E/Y. Confirm-
ing this assignment, the ES-MS/MS spectrum of this peak
gave a fragmentation pattern that corresponded to the
sequence DDEY(mY)LIP (Figure 3). Strikingly, the peaks
which had the highest relative selectionsEY, DY, and EFs
corresponded to peptides containing aromatic residues in the
-1 subsite and acidic residues in the-2 subsite, in good
agreement with the results obtained from the iterative
approach. The information from the ES-MS/MS technique
clearly established an unequivocal identification of the
sequence of the high-affinity peptides.

Peptides containing tryptophan at the-1 subsite were not
seen by the LAS-MS method, but were found to be strong
inhibitors of PTP-1B catalysis when tested as individual
compounds (round three of the iterative approach). Since it
is well documented that the indole portion of the tryptophan
side chain is susceptible to oxidation and destruction, this
destruction would be magnified within the context of a
mixture of 400 peptides and could account for its absence
in the library screening. To confirm this, we analyzed the
ES-MS spectrum of the O-3 sublibrary DDXX(mY)LIP
(Figure 2A) for the presence of unambiguous peaks contain-
ing a tryptophan residue. As predicted, this spectrum showed
a lack of these peptides at concentrations sufficient for ES-

MS detection. In contrast, MS performed on authentic
DDEW(mY)LIP indicated a normal detection sensitivity for
this peptide, ruling out the possibility of a MS detection
problem of tryptophan-containing peptides.

Phosphotyrosine Phosphatase Analysis.An interesting
question arose as to whether the optimized inhibitor would
correspond to the optimized substrate as well. To investigate
the contributions to catalytic activity by individual subsites,
“alanine-scanning” of the substrate peptide D-4A-3D-2E-1p-
YL+1I+2P+3 (EGFR988-995) was performed with GST-PTP-
1B. This peptide was chosen as it is a good substrate for
PTP-1B and because a substantial amount of work of this
type has been performed with this substrate using the rat
and a bacterial enzyme (17). In addition, a derivative
containing an aspartic acid substitution at the-3 subsite was
prepared, and the release of inorganic phosphate by PTP-
1B was determined using the Malachite Green enzyme assay
(Figure 4). Substitutions which had a significant effect on
the specific activity of PTP-1B for substrate (>50%) included
subsites-2 > -1 > -3, with alanine being preferred in
the-1/-2 subsites and aspartic acid being preferred in the
-3 subsite. Substitutions which had only a modest effect
on the specific activity of PTP-1B for substrate (<50%)
included subsites+2 > -4 > +1 > +3, with alanine being
preferred in the+1/+2 subsites, aspartic acid being preferred
in the -4 subsite, and proline being preferred in the+3

Table 1a

X-2X-1 (M + H)+
relative

selectionb (%) ES-MS/MS

EY 1129.3 9 yes
DY 1115.3 5 yes
NY 1114.3 5 yes
EF 1113.3 1 yes
(I,L,hP)cY 1113.3 1 yes
D/F,d V/Y,M/M 1099.3 1 no
A/Y,S/F,H/P 1071.3 0.8 no
D/(I,L,hP),E/V,N/N,M/P 1065.3 0.6 no
A/F,S/M 1055.1 0.5 no
E/(I,L,hP),N/(Q/K) 1079.3 0.3 no
G/(I,L,hP),V/A 1007.3 0.2 no
A/(I,L,hP),S/P 1021.2 0.05 no
T/(I/L/hP),V/D 1051.3 0.05 no

a The peptides derived from the experiment of Figure 3 were
enumerated by ES-MS and, as noted in the table, by ES-MS/MS. ES-
MS alone does not resolve sequences (i.e., AY vs. YA) and in these
cases, unresolved sequences are listed with a slash as A/Y. Likewise,
ES-MS does not distinguish sequences of identical mass (AF and SM)
and this potential redundancy is represented as lists separated by comas.
Finally, building blocks of identical mol. wt. (I, L, hP) are listed in
series in parentheses. The LAS-MS experiment was performed on three
occasions with similar results and similar analysis have been performed
with three other sublibraries (X-3 ) G, V, and E), and support the
same conclusions.b MS is not considered a quantitative analytical tool,
for example due to variations in the response factor in the electrospray
MS detection. Furthermore, where there is a redundancy of library
components at a particular molecular weight, assessment of one of these
components is difficult to estimate due to the redundancy. Nevertheless,
to estimate selectivity of the components isolated by affinity selection,
a “relative selection” factor is presented. It is the normalized area of a
particular component found in the pH 3.5 elution divided by the area
of that component in the original library, without considering potential
redundancy. A nonredundant component, therefore, would have a
theoretical limit of 100% and any component represented by a
redundancy in the original library would have a theoretical maximum
less than 100%, as dictated by its relative contribution to the library
peak signal.c Amino acids with identical masses (i.e., L) I ) hP).
d Unresolved sequence redundancies.
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subsite. Thus, in agreement with previous results using
related PTPases, substitutions at subsites proximal and
N-terminal to the phosphorylation site appear to have a
greater effect on catalytic activity than those proximal and
C-terminal. However, based upon this information, the
potential importance of subsites proximal and C-terminal,
particularly the+2 subsite, should not be overlooked.

Structural Model. The present information indicating a
preference for aromatic residues in the-1 position (Phe,
Trp, and Tyr) was considered in light of the crystal structure
of human PTP-1B. This structure was established as an

inactive enzyme (active-site-mutated Cys215Ser) with a
bound hexapeptide substrate, originally presented by Jia et
al. (33). As shown in Figure 5, Arg 47 is a key contact
residue for the-1 position (glutamic acid of the substrate).
Assuming the inhibitor peptides elucidated in this study bind
in a similar fashion as this substrate, a charged residues
Arg 47sis in close proximity to an aromatic ring of the
inhibitor. A stacking configuration may serve to stabilize
this interaction. An alternative explanation would involve
a conformational change of the enzyme or of the inhibitor,
relative to the substrate represented in the model, to take
advantage of the proximity of aromatic residue Tyr 46.

DISCUSSION

We sought to elucidate the subsite preferences of human
PTP-1B by screening a synthetic combinatorial library of
∼8000 components using nonhydrolyzable peptidomimetics
of PTP-1B substrates. Using an iterative approach, DDEW-
(mY)LIP was found to be the most effective inhibitory
sequence. Similar sequences with aromatic-1 and acidic
-2 residues served as potent inhibitors. Consistent with
these observations, when a LAS-MS approach was used,
DDEY(mY)LIP, DDDY(mY)LIP, and DDEF(mY)LIP were
preferentially bound. Thus, two cross-validating screening
approaches gave similar results and demonstrated a novel
preference of PTP-1B for aromatic residues at the-1 subsite.
Interestingly, Puius et al. (34) have recently documented a
bi-aromatic PTPase inhibitor. The selection of acidic
residues in the-2 subsite agreed well with previous studies
(17) and with the PTP-1B/EGFR988-993 cocrystal structure
(33).

While the focus of this work was on inhibitor design, it
was of interest to attempt to ask whether the activity of PTP-
1B toward pY-containing substrates would correlate with the
subsite preferences for inhibitors containing mY as a pY
mimic. To do so, we compared the results obtained from
the phosphatase assay with those from the combinatorial
screening (iterative approach). Both approaches showed a
clear preference for aspartic acid over alanine at the-3

FIGURE 3: ES-MS/MS spectrum of DDEY(mY)LIP after library affinity selection. Library O-3; DD-3X-2X-1(mY)LIP (200 µM) was
evaluated by LAS-MS as described in the Materials and Methods. The molecular ion [(M+ H)+] of m/z 1129.2 from the affinity elution
was monitored by ES-MS/MS with a scan range of 50 (parent ion+ ca. 10)m/z units. The b-ions relate to ions formed upon cleavage at
the peptide bond. The amino acid sequence is designated above the b-ions in the mass spectrum.

FIGURE 4: Analysis of PTP-1B activity versus various phospho-
peptides. The activity of PTP-1B with different substrate variations
based upon the peptide DADEpYLIP are presented. Reaction
mixtures contained 20 nM GST-PTP-1B and 200µM phospho-
peptide. Specific activity was determined using the Malachite Green
Assay (Materials and Methods) and is expressed relative to
DADEpYLIP. The results are the average ((SEM) of three
independent experiments each performed in triplicate.
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subsite, but discrepancies arose at the-1 and-2 subsites.
When phosphatase activity was measured using pY-contain-
ing peptides, a clear preference for alanine was shown at
subsites-1 and-2, whereas, when inhibition activity was
measured using mY-containing peptides, glutamic acid was
preferred over alanine at subsite-1 and aspartic acid was
preferred over alanine at subsite-2. Differing synergistic
effects with neighboring residues within the two approaches
could account for these discrepancies and may attest to the
powers of the combinatorial approach. Alternatively, gen-
eralizations from the principles which govern inhibitor
binding to the principles which govern substrate specificity
may not be valid. Although attractive, there is little reason
to assume that important biological substrate sequences for
PTP-1B will correspond to its highest affinity peptidomimetic
inhibition. Efficient substrate catalysis is dependent on both
affinity and rapid turnover; the two properties need not be
directly correlated. Another distinction which was consid-
ered is the potential influence of the phosphotyrosine mimic
on neighboring residues. Although evidence has been

presented that the difluoromethylphosphonate (f2pmp-F) and
the malonyltyrosine (mY) mimics are able to correctly
position in the phosphotyrosine-binding site (23, 24), only
recently have studies compared optimum inhibitor design
using different phosphotyrosine mimics. Huyer et al. (35)
studied the optimization of PTP-1B-binding sequences using
the f2pmp-F mimic with an affinity-based method employing
gel filtration separation on small peptide mixtures. Although
the rank order of the certain building blocks in each subsite
is subtly different that those reported here using mY as the
mimic, overall the results are quite consistent and imply the
nature of the mimic is not playing a large role to influence
proximal sites.

A number of observations have shown that the specificity
of PTPs is determined by a composite of different molecular
interactions, both near the active site and outside the catalytic
domain, involving both regulatory domains and localization
domains. Examples of localization domainssdomains out-
side the catalytic domain which assist binding to selective
substratessare numerous, for both phosphatases and kinases.
In fact, owing to these multiple mechanisms, the initial
impression that protein phosphatases were promiscuous for
substrates has been shown to be incorrect. Clear examples
of substrate specificity have been documented (36, 37). In
the same fashion, the interaction domain of the substrate
includes more than the residues within three amino acids
from the phosphotyrosine group. However, a large binding
energy can be attributed to this proximal area, as documented
by comparing phosphopeptide substrates of different length
(38).

Many different combinatorial methods can be used to study
substrate preferences, including encoded (39-41), phage
display (42-45), one-bead/one-peptide (22, 46), termination
synthesis (47), and spatially addressed (48, 49) approaches.
The iterative/LAS-MS approach, as first demonstrated for
tyrosine phosphatases in this communication, has certain
advantages because it supplies a detailed understanding of
amino acid preferences at the subsite level and, in addition,
it utilizes library components which are free in solution rather
than tethered or tagged. The powers of the iterative approach
are to move rapidly to a high-affinity ligand and to rank order
the contributions of different subsites. Such information
creates a powerful matrix for the design and optimization
of isoform-specific enzyme inhibitors. While the results
presented here and from numerous other papers attest to the
power of the iterative approach, no claim is made that the
absolute optimal inhibitor structure has been derived. In this
regard, it should be noted that, in the case of PTP-1B or any
PTPase, there is little concrete information regarding the
importance of the positive subsites. Indeed, in view of the
results obtained from alanine scanning, optimization of the
+2 subsite may further improve the inhibitor structure.

The iterative approach can be criticized because it
optimizes one residue at a time and does not fully take into
account the combinatorial effects of interactions between
distinct residues. In general, confirmatory methods have not
been reported. Isolation of the same sequence by the LAS-
MS method from a large library cross-validates the iterative
approach and has strong confirmatory implications for the
optimization process.

A similar analysis with different members of the PTPase
superfamily is currently in progress. Preliminary results

FIGURE 5: A structural model of human PTP-1B. The model was
constructed from the crystal structure of human PTP-1B (Cys215Ser)
with bound phosphopeptide substrate, as reported by Jia et al. (33).
The structure was generated using the Insight II program (MSI,
Burlington, MA). The main-chain backbone of PTP-1B is repre-
sented as a ribbon diagram in lavender. The binding motif region
from Cys 215 to Arg 221 is colored in blue. The hexapeptide
substrate, DADEpYL-amide is represented as a render molecule
(gray, blue and red). The side chain of two essential residues
contacting the-1 subsite, Arg 47 and Tyr 46, are highlighted as
stick representations (colored yellow). The top picture is a view
encompassing the whole enzyme and the lower picture shows an
enlargement of the-1 subsite.
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suggest the potential for specifically targeting a single
PTPase, due to its unique subsite preference, and attests to
the utility of this approach. Furthermore, characterization
of phosphopeptides containing the inhibitor subsite prefer-
ences presented herein could provide important insights into
the specific biological substrates for PTP-1B.
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