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Protein tyrosine phosphatases (PTPases) are involved in the control of tyrosine phosphorylation
levels in the cell and are believed to be crucial for the regulation of a multitude of cellular
functions. A detailed understanding of the role played by PTPases in various signaling pathways
has not yet been achieved, and potent and selective PTPase inhibitors are essential in the
quest to determine the functionality of individual PTPases. Using the DOCK methodology, we
have carried out a structure-based, computer-assisted search of an available chemical database
in order to identify low molecular weight, nonpeptidic PTP1B inhibitors. We have identified
several organic molecules that not only possess inhibitory activity against PTP1B but which
also display significant selectivity for PTP1B. This indicates that although structural features
important for pTyr recognition are conserved among different PTPases, it is possible to generate
selective inhibitors targeted primarily to the catalytic site. Kinetic analysis and molecular
modeling experiments suggest that the PTP1B active site possesses significant plasticity such
that substituted and extended aromatic systems can be accommodated. The newly identified
molecules provide a molecular framework upon which therapeutically useful compounds can
ultimately be based, and systematic optimization of these lead compounds is likely to further
enhance their potency and selectivity.

Introduction

Protein tyrosine phosphatases (PTPases) make up a
diverse family of enzymes which is important for
controlling the status of tyrosine phosphorylation and
regulation of numerous cellular functions.1,2 The PTPase
family is presently comprised of approximately 100
enzymes which are either receptor-like or cytoplasmic.
The hallmark for this family of enzymes is the PTPase
signature motif, (H/V)CX5R(S/T), housed within the
catalytic domain.3 Genetic and biochemical evidence
indicate that PTPases are involved in a number of
disease processes.3 Unfortunately, a detailed under-
standing of the role played by PTPases in various
signaling pathways has been hampered by the absence
of PTPase-specific inhibitors.

Our interest in PTPase inhibitors is focused on
PTP1B, a prototypic intracellular PTPase that is ex-
pressed in a wide variety of human tissues.4 PTP1B has

been implicated as a negative regulator of insulin
receptor signaling.5-9 Clinical studies have found a
correlation between insulin resistance states and levels
of PTP1B expression in muscle and adipose tissues,
suggesting that PTP1B may play a role in the insulin
resistance associated with diabetes and obesity.10-12 A
recent pivotal PTP1B knockout study revealed that mice
lacking functional PTP1B exhibit increased sensitivity
toward insulin and are resistant to obesity.13 These
results, taken together, establish a direct role for PTP1B
in down regulating the insulin functions. Highly selec-
tive PTP1B inhibitors would be of decided utility in
helping to identify PTP1B in vivo substrates and in
examining the specific regulatory role that PTP1B plays
in insulin signaling. Additionally, specific inhibition of
PTP1B may be therapeutically beneficial in the treat-
ment of Type II diabetes mellitus, insulin resistance,
and obesity.

Most of the PTP1B inhibitors which have been previ-
ously described are peptide-based, containing negatively
charged sulfate or phosphonic acid derivatives. These
compounds are inefficient in crossing cell membranes
and are unstable in vivo. Thus, it was our goal to
identify small organic compounds which exhibit potent
and selective inhibitory profiles against PTP1B. Sys-
tematically docking compounds from chemical databases
to molecular targets of known structure has become a
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powerful tool in the discovery of enzyme inhibitors,14-18

novel enzyme substrates,19 ligands targeted to an RNA
double helix,20 and nonpeptidic compounds which block
protein-protein interactions.21,22 Since three-dimen-
sional structures of PTP1B in complex with various
substrates are available,23,24 we describe here a structure-
based computer screening approach for the discovery
of low molecular weight nonpeptidic PTP1B inhibitors.
Using the DOCK methodology,25 we have identified
several organic molecules that not only possess high
affinity for PTP1B but also display significant selectivity
against LAR, PTPR, and the dual specificity phos-
phatase VHR.

Results and Discussion

DOCK Analysis. Progress in defining the physiologi-
cal roles of PTPases has been hampered by the lack of
potent and selective inhibitors. The DOCK program is
designed to identify novel compounds complementary
to the ligand binding site of an enzyme or receptor of
known 3D structure.26 In this study, we seek to identify
small molecule inhibitors targeted to PTP1B by using
the DOCK approach. The crystal structure employed in
this computer-based screening is PTP1B bound with
pTyr at 1.8 Å resolution,24 the highest resolution PTP1B
structure to date. We focused primarily on the active
site pocket encompassing the pTyr binding site and its
immediate surroundings. The DOCK algorithm21 was
used to screen about 150 000 compounds in the Avail-
able Chemicals Directory (Molecular Design Limited
Information Systems, San Leandro, CA) for compounds
displaying good geometric and electrostatic complemen-
tarity to the PTP1B active site. The putative interac-
tions between the top scoring compounds, which in-
cluded 1000 from the distance-based and 1000 from the
force field-based screen, and PTP1B were examined
individually in order to select a subset of compounds
for biological testing. The following criteria were em-
ployed for compound selection: (1) chemical diversity;
(2) modes of interaction with the enzyme active site; (3)
overall fit and how well the compound complemented
the shape of the pocket without protruding into solvent;
and (4) solubility, chemical stability, commercial avail-
ability, and cost. From the original 2000 compounds
identified by DOCK, 25 were purchased for testing as
PTPase inhibitors. Of these 25, 17 were chosen based
on distance screens and 8 based on force field screens.

Kinetic Characterization of the Compounds
Selected from the DOCK Screen. The ability of the
25 compounds selected from the DOCK screening to
inhibit the PTP1B-catalyzed hydrolysis of p-nitrophenyl
phosphate (pNPP) was assessed at pH 7 and 30 °C (for
details, see Experimental Section). Seven out of the 25
compounds examined in the enzyme assay exhibited
measurable inhibition of PTP1B at 100 µM concentra-
tion. The structures of these seven compounds are
shown in Figure 1. To further characterize the interac-
tions between these compounds and PTP1B, the inhibi-
tion constant and the mode of inhibition were deter-
mined by steady-state kinetic analysis of the PTPase
with 8 different substrate concentrations and 3 different
inhibitor concentrations. The results are summarized
in Table 1. As shown in Figure 2, the effect of compound

4 on the PTP1B-catalyzed pNPP hydrolysis displayed
the characteristic intersecting line pattern for competi-
tive inhibition. Similarly, compounds 1, 3, 6, and 7 also
displayed competitive inhibition of PTP1B with respect
to the substrate pNPP. Interestingly, compounds 2 and
5 displayed mixed inhibition patterns (data not shown),
suggesting that these two compounds bind to both free
enzyme and the enzyme-substrate complex.

It is known that conserved amino acids from prokary-
otic to eukaryotic PTPases27 are located in and around
the active site.28-32 Some of these amino acid residues
maintain the active site’s shape, while others are
involved in binding pTyr and/or catalysis. As shown in
the crystal structures of PTP1B/C215S complexed with
pTyr,23,24 invariant nonpolar residues in the PTPase
catalytic domains (Tyr46, Val49, Phe182, and Gln262
in PTP1B) form the binding site for the phenyl ring of
pTyr, while the phosphoryl group of pTyr is surrounded
by residues corresponding to the PTPase signature motif
(residues 215-222 in PTP1B). This suggests that the

Figure 1. Structures of PTP1B inhibitors identified by
DOCK: 1, dibenz[b,i]pyrene-1,6-disulfate; 2, 2-nitrobenzan-
throne; 3, 5,6,7,8-tetrahydro-2-phenanthrenesulfonic; 4, 5-(2,3-
dihydro-2-thioxo-1-benzimidazolylmethylamino)salicylic acid;
5, 1-(4-chlorophenyl)-2-[(5-(4-fluoroanilino)-1,3.4-thiadiazol-2-
yl)thio]ethane-1-one; 6, 7-nitro-3-(3-(3-nitro-phenyl)-acryloyl)-
4-phenyl-1H-quinolon-2-one; 7, 4-(4-(1,3-dioxo-1,3-dihydro-
isobenzofuran-5-carbonyl)-phenoxy)benzoic acid.

Table 1. Inhibition Constants (µM) of Compounds 1-7 as
Inhibitors of PTP1B, PTPR, LAR, and VHR

compda PTP1B PTPR LAR VHR

1 Kis ) 39 ( 8 >100b >100b >100b

2 Kis ) 21 ( 5 >100b Kis ) 68 ( 20 >100b

Kii ) 34 ( 6 Kii ) 57 ( 10
3 Kis ) 240 ( 50 Kis ) 410 ( 120 >1000c >1000c

4 Kis ) 61 ( 3 Kis ) 180 ( 50 >100b >100b

5 Kis ) 110 ( 34 Kis ) 57 ( 5 Kis ) 53 ( 8 >100b

Kii ) 131 ( 18 Kii ) 92 ( 11
6 Kis ) 54 ( 6 >100b >100b >100b

7 Kis ) 510 ( 50 >1000c >1000c >1000c

a The compound numbering corresponds to that given in Figure
1. b No inhibition detected at 100 µM concentration. c No inhibition
detected at 1000 µM concentration.
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mechanism for pTyr recognition is similar among all
PTPases. However, it is important to note that the
active sites are not identical among the different PT-
Pases. Since our docking analysis was based on the
active site structure of PTP1B, it is of interest to
determine whether the compounds identified display
any selectivity against other PTPases.

We therefore examined the effect of the compounds
which inhibited PTP1B on the receptor-like PTPases,
LAR and PTPR, both of which have also been implicated
as negative regulatory agents in the insulin-mediated
signal transduction pathways.3 The effect of these
compounds on the human dual specificity phosphatase
VHR, the best characterized member of this subfamily
of phosphatases, was also investigated. As shown in
Table 1, none of the compounds showed significant
inhibition of the VHR-catalyzed reaction at the concen-
trations indicated. This inability to inhibit VHR is not
surprising, given the known dissimilarities in primary
and tertiary structures between the tyrosine-specific
PTPases28-32 and the dual specificity phosphatases.33,34

Compound 5 inhibited PTP1B, LAR, and PTPR equally
well. The inhibitory efficacy of 2 was 2-fold higher for
PTP1B than for LAR, whereas it exhibited no inhibition
against PTPR. Compound 3 and 4 inhibited PTP1B and
PTPR with a 2- and 3-fold selectivity, respectively, in
favor of PTP1B. In contrast, neither 3 nor 4 were
particularly effective inhibitors of LAR. Remarkably,
compounds such as 1, 6, and 7 did not appreciably
inhibit LAR or PTPR at the highest attainable concen-
trations and exhibited a strong preference for PTP1B
relative to the other tyrosine-specific PTPases impli-
cated in the insulin-driven signaling pathways. These
results demonstrate that it should be feasible to develop
potent, selective, active site-directed inhibitors for in-
dividual members of the PTPase family of enzymes.

Structural Basis for PTP1B Inhibition by Com-
pound 1. The identification of compounds 1 and 3 as
potential PTP1B inhibitors from the DOCK screening
was not surprising, since aryl sulfate esters/sulfonic
acids are structural analogues of aryl phosphate esters/
phosphonic acids. Considering the structural similarity
of aryl sulfate/sulfonate moieties to pTyr and the DOCK-
predicated modes of binding for 1 and 3, in which the
aryl sulfate/sulfonate moieties approximate the interac-

tions between pTyr and the active site of PTP1B, the
competitive inhibition pattern seen for 1 and 3 was
expected. It has been previously shown that sulfotyrosyl-
containing peptides are not hydrolyzed by PTPases but
rather act as competitive inhibitors of the PTPase-
catalyzed reactions.35,36 We have recently demonstrated
that suramin, a molecule containing multiple aryl
sulfonates, is also a competitive, reversible PTPase
inhibitor.37 Thus, the fact that 1 and 3 were identified
from the active site-targeted DOCK and inhibited
PTP1B competitively validates the docking approach.

The observed potency and selectivity of compound 1
toward PTP1B is striking. Although compound 1 con-
tains a phenyl sulfate element, the overall size of the
molecule is much bulkier than pTyr. To gain further
insight about the structural features of 1 responsible
for the high affinity binding, we tested the ability of
p-nitrophenyl sulfate (8), estrone-3-sulfate (9), and
estradiol-3-sulfate (10) (Figure 3) to inhibit PTP1B. As
shown in Table 2, p-nitrophenyl sulfate and estrone-3-
sulfate inhibited PTP1B activity competitively, with a
Kis value of 10 and 2.1 mM, respectively. Estradiol-3-
sulfate did not inhibit PTP1B at 1 mM concentration.
Because the affinity of p-nitrophenyl sulfate for PTP1B
is 250-fold lower than that of compound 1, the extended
aromatic ring system, in addition to the aryl sulfate
motif, must be important for high affinity binding.
Indeed, it has been previously shown that difluoro-
phosphonomethyl phenyl compounds are poor inhibitors
of PTP1B, whereas the corresponding naphthyl deriva-
tives exhibit enhanced affinities.38 The X-ray crystal
structure of PTP1B in complex with [1,1-diflouro-1-(2-
naphthalenyl)-methyl] phosphonic acid39 revealed ex-
tensive hydrophobic interactions between PTP1B and
the naphthyl ring, which is not available to the single
phenyl ring. The inability of estrone-3-sulfate and
estradiol-3-sulfate to inhibit PTP1B effectively also

Figure 2. Effect of compound 4 on the PTP1B-catalyzed
hydrolysis of pNPP. The experiment was performed at 30 °C,
pH 7.0. Compound 4 concentrations were 0 (O), 100 (0), and
200 µM (4), respectively.

Figure 3. Structures of compounds with similar structural
features to 1 and 4: 8, p-nitrophenyl sulfate; 9, estrone-3-
sulfate; 10, estradiol-3-sulfate; 11, salicylic acid; 12, 4-N-(2-
mercapto-5-methylbenzimidazolyl)methylaminosalicylic acid.

Table 2. Inhibition Constants (µM) of Compounds 8-12 as
Inhibitors of PTP1B

compda PTP1B

8 Kis ) 10000 ( 1000
9 Kis ) 2100 ( 100

10 no inhibition at 1 mM
11 Kis ) 19400 ( 630
12 Kis ) 750 ( 90

a The compound numbering corresponds to that given in Figure
3.
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suggests that a planar ring system is preferred by
PTP1B. Thus, a great deal of plasticity must exist in
the PTP1B active site so that it can accommodate
molecules significantly larger than pTyr and bind bulky
polyaromatic systems.

To rationalize the observed binding affinity of com-
pound 1 to PTP1B, we performed dynamic simulations
and energy minimizations on the PTP1B‚1 complex
determined by DOCK. As can be seen from the dynamic-
simulated and energy-minimized structure (Figure 4A),
compound 1 is effectively buried within the active site
of PTP1B, clearly demonstrating the hydrophobic po-
tential and flexibility of the pocket. In this structure,
the planar ring system of 1 is able to form extensive
interactions with PTP1B: aromatic-aromatic interac-
tions with Tyr46 and Phe182, van der Waals contacts
with the aliphatic side chains of Arg47, Asp48, Val49,
Glu115, Lys120, Asp181, and Ile219, and polar interac-
tions with the side chain of Gln262. In addition, the
sulfate group of 1 facing the active site forms hydrogen
bonds with the backbone amides of Ser216, Ala217,
Gly218, and Gly220 and the side chain of Arg221
(Figure 5). Compared to the original orientation deter-
mined by DOCK, Arg47 has moved approximately 4.0
Å toward 1 in the energy-minimized structure of the
PTP1B‚1 complex. Consequently, a long hydrogen bond
(3.8 Å) between one of the oxygens of the sulfate distal
from the pTyr site and the guanidinium group of Arg47
is now possible (Figures 4B and 5). According to the
structure,24 the guanidinium group of Arg47 does not
interact directly with pTyr (or pNPP). Indeed, mutations
at residue 47 did not lead to any alteration in the rate
of PTP1B-catalyzed pNPP hydrolysis.40 If Arg47 plays
a role in binding compound 1 by interacting directly
with the sulfate group, then abrogation of this interac-
tion should lead to a decrease in binding affinity. Indeed,
compound 1 inhibited PTP1B/R47E with a Kis value of
276 µM, a 7-fold decrease in affinity relative to wild-
type PTP1B. This result validates the observed interac-
tion between Arg47 and 1 and confirms the importance
of Arg47 in inhibitor binding.

A comparison between the putative modes of interac-
tion of 1 with PTP1B and that of pTyr with PTP1B

(Figure 4B) suggests that although both 1 and pTyr are
capable of binding to the catalytic site of PTP1B, major
differences between the two complexes exist. For ex-
ample, the binding of the phosphoryl group in pTyr to
PTP1B is dominated by hydrogen-bonding interactions
between the phosphate oxygens and the amide nitrogens
of the phosphate-binding loop and the guanidinium
group of the invariant Arg221.23,24 Compound 1 main-
tains some of these hydrogen bonds between its sulfate
oxygens and the amides of Ser216, Ala217, Gly218, and
Gly220 and the side chain of Arg221 (Figure 5). But, it
appears that the interaction between the active site
directed sulfate and the phosphate-binding loop is
somewhat weaker than that between the phosphate
group of pTyr and PTP1B. Compound 1 instead at-
tempts to maximize hydrophobic interactions between
its extended ring system and those residues surrounding
the active site pocket of PTP1B. Consequently, the bulky
ring system of 1 has adopted a unique binding mode
that results from numerous structural readjustments
in PTP1B (Figure 4B). Not surprisingly, the observed

Figure 4. (A) Connolly surface of the active site of the simulated PTP1B‚1 complex. Surface is colored by the electrostatic potential
(basic/blue, acidic/red) calculated using the Insight II (95.0) module DelPhi. Compound 1 is rendered in CPK form. (B) Backbone
superimposition of the simulated PTP1B‚1 complex (by atom type, i.e., C, in green, N, in blue, S, in yellow, and O, in red) and the
crystal structure of PTP1B‚pTyr (in purple).24 The backbones and side chains of those residues undergoing the greatest movement
in response to 1 binding are depicted.

Figure 5. Schematic representation of the interactions
between the simulated structure of PTP1B and compound 1.
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structural perturbations are largely felt by the side
chains of those residues which define the depth of the
active site pocket, as the position of the peptide back-
bone in the PTP1B‚1 complex undergoes only slight
changes in comparison to the PTP1B‚pTyr structure. In
particular, the side chain orientations of Tyr46, Asp48,
Lys120, Asp181, Phe182, and Gln262 shift in order to
optimize interactions with the planar ring system of 1.
Some of these interactions are also observed between
pTyr and PTP1B in the PTP1B‚pTyr complex. For
example, Tyr46 maintains π-π interactions with 1,
Phe182 remains in a perpendicular orientation relative
to 1, and the polar side chain of Gln262 still faces the
ring system of 1 for maximum interaction (Figure 4B).
However, additional contacts are formed which are not
possible with a single phenyl ring. Most notable is the
new van der Waals contacts between 1 and the aliphatic
side chains of Asp48, Glu115, Asp181, and Lys120.
These interactions are not possible between pTyr and
PTP1B and may help to offset weaker electrostatic
interactions between PTP1B and 1 and to enhance the
overall binding of 1 versus pTyr.

Structural Basis for PTP1B Inhibition by Com-
pound 4. We were excited by the finding that compound
4 acted as a high affinity competitive inhibitor of
PTP1B. The binding orientation, as suggested by DOCK,
shows that the salicylic acid moiety in 4 approximates
the binding mode of pTyr in PTP1B and, consequently,
many of the interactions seen between the phosphate
moiety and the phosphate-binding loop in the PTP1B‚
pTyr structure are conserved between PTP1B and 4.
This suggests that salicylic acid may serve as a new non-
phosphorus-containing pTyr mimic, utilizing carboxylic
acid and hydroxyl groups to provide functionality nor-
mally afforded by the phosphoryl group in pTyr. It is
worth noting that the benzoic acid moiety of compound
7 is also predicted by DOCK to occupy the catalytic site
of PTP1B. The observed competitive inhibition pattern
of 7 corroborates this proposed orientation and suggests

that benzoic acid can also serve as a non-phosphorus-
containing pTyr mimic.

To test if the mode of interaction between PTP1B and
4 is as suggested by DOCK, we assayed whether
salicylic acid (11) itself would inhibit PTP1B. Indeed,
salicylic acid is a competitive inhibitor of PTP1B with
an inhibition constant of 19.4 mM (Table 2). This is
consistent with the notion that the salicylic acid moiety
in 4 occupies the pTyr binding site. However, like pTyr
and all pTyr surrogates (see below), salicylic acid does
not possess a high affinity for PTP1B. Since many of
the interactions between pTyr and PTP1B are predicted
by DOCK to be conserved between PTP1B and the
salicylic acid moiety of 4, additional interactions must
occur which contribute to the 320-fold enhancement in
the observed binding of 4 versus salicylic acid. These
additional interactions likely involve extensive hydro-
phobic contacts between the 2-thioxo-1-benzimidazolyl
fused ring of 4 and surface residues of PTP1B.

To further substantiate the mode of interaction
between PTP1B and 4 suggested by DOCK, we also
prepared compound 12. Compound 12 is a structural
analogue of 4 in which the positions of the hydroxyl and
the carboxyl groups in the salicylic acid moiety are
switched and an extra methyl group is appended to the
benzimidazolyl ring (Figure 3). It was of interest to
determine whether introduction of these changes into
4 would affect its affinity to PTP1B. We found that
although compound 12 still inhibited PTP1B competi-
tively, its potency was reduced by more than 12-fold as
compared with compound 4 (Table 2). Thus, the modi-
fications made to 4 still allow 12 to bind to the PTP1B
active site, but additional contacts unique to 4 have been
lost.

To better understand the manner by which com-
pounds 4 and 12 interact with PTP1B, molecular
modeling was performed. The simulated complexes of
compounds 4 and 12 with PTP1B revealed major
differences in binding modes (Figure 6). It appears that

Figure 6. Connolly surface of the active site of the simulated (A) PTP1B‚4 and (B) PTP1B‚12 complexes. Surface is colored by
the electrostatic potential (basic/blue and acidic/red) calculated using the Insight II (95.0) module DelPhi. Compounds 4 and 12
are both rendered in CPK forms, in which carbon is shown in green, oxygen in red, sulfur in yellow, and nitrogen in blue.
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compound 12 attempts to maximize the hydrogen-
bonding potential of its carboxylic and hydroxyl groups
in a manner similar to pTyr. Thus, the carboxylate and
hydroxyl of 12 are able to form hydrogen bonds with
the backbone amide of Gly220 and the side chains of
Cys215, Ser216, and Arg221 (Figure 7B). In addition
to these electrostatic interactions, the phenyl ring of the
salicylic acid moiety is in an orientation similar to that
of pTyr. Consequently, the phenyl ring of 12 forms
analogous contacts with the aromatic side chains of
Tyr46 and Phe182, the aliphatic side chains of Ala217
and Ile219, and with the polar side chain of Gln262.
This attempt to maximize the interactions between the
salicylic acid moiety and PTP1B forces the fused 2-mer-
capto-5-methylbenzimidazolyl ring of compound 12 to
move away from the enzyme surface (Figure 6B).

Consequently, this movement prohibits additional hy-
drophobic interactions with PTP1B and can be charged
with the deleterious effect on the reduced inhibition of
PTP1B by compound 12. On the other hand, compound
4 is oriented within the pTyr pocket which maximizes
both electrostatic and hydrophobic interactions with
PTP1B (Figure 6A). Hydrogen bonds exist between the
hydroxyl and carboxylic groups of compound 4 and the
phosphate-binding loop, albeit less extensive than those
seen with 12. These electrostatic interactions occur
specifically with backbone amides of Ala217 and Gly220
(Figure 7A). The phenyl ring maintains hydrophobic
interactions with residues Tyr46, Val49, Phe182, Ala217,
Ile219, and Gln262. In addition, extensive hydrophobic
interactions between the fused benzimidazolyl ring of
compound 4 and a proximal hydrophobic pocket formed
by Val49, Ile219, Met258, and Gln262 are also observed.
Interestingly, this hydrophobic pocket of PTP1B is also
responsible for the binding of the Leu side chain at the
P+1 position of the peptide substrate DADEpYL-NH2

23

and is capable of binding a second aryl phosphate.24 The
abundant hydrophobic interactions with the fused ben-
zimidazolyl ring likely account for compound 4’s supe-
rior inhibitory effect over compound 12 (Figure 6).
Collectively, these results suggest that the orientation
of 4 determined by DOCK is likely correct and that
further structure-based systematic modification of the
lead structure will yield PTP1B-selective inhibitors with
much enhanced affinity. In this regard, we note that
additional flexibility introduced to the linker region of
compound 12 may generate a better inhibitor which
allows the simultaneous capitalization of interactions
with both the salicylic acid moiety and the benzimida-
zolyl ring.

PTP1B Inhibition by Compound 6. It is interest-
ing to note that the 3-nitrophenyl acryloyl moiety of 6
was predicted by DOCK to occupy the pTyr binding site
in PTP1B. Molecular modeling based on this initial
starting structure also revealed potential interactions
between the enzyme and the inhibitor. In this complex,
the nitro group in the 3-nitrophenyl acryloyl moiety is
able to form hydrogen bonds with backbone amides of
the phosphate-binding loop and the side chain of
Arg221, and the phenyl ring can interact with the side
chains of Tyr46, Phe182, Ala217, Ile217, and Gln262.
Additionally, the nitro group in the quinolon moiety is
positioned in proximity to Arg47, possibly forming
hydrogen bonds with the basic side chain. Indeed,
compound 6 inhibited PTP1B competitively with a Kis
value of 54 µM, whereas it did not inhibit either LAR
or PTPR, phosphatases which lack a basic residue at
this position. To assess the validity to this proposed
interaction, we again employed the PTP1B/R47E mu-
tant. Not surprisingly, compound 6 inhibited PTP1B/
R47E competitively with a Kis value of 124 µM, 2.3-fold
higher than wild-type PTP1B, supporting a direct
interaction between the guanidinium group of Arg47
and the nitro group in the quinolon moiety in 6. Thus,
like compound 4, compound 6 represents another struc-
ture upon which systematic structure-activity studies
may lead to potent and selective low molecular weight
PTP1B inhibitors. Compounds 2 and 5 displayed mixed
inhibition against PTP1B and were relatively nonspe-
cific. Further kinetic and structural investigation is

Figure 7. Schematic representation of the interactions
between the simulated structure of PTP1B and compound 4
(A) and those of PTP1B and compound 12 (B).
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required to understand the structural and chemical
basis for their inhibition.

Effective pTyr Surrogates. It has been shown that
the phosphoryl group in pTyr41,42 and amino acids
flanking the pTyr43,44 both contribute to high affinity
substrate binding by PTPases. Thus, one approach
toward the design of potent and selective PTPase
inhibitors relies on the incorporation of a nonhydrolyz-
able pTyr mimetics into a specific, optimal peptide
template. The most commonly used phosphorus-based
pTyr analogues are phosphonomethyl phenylalanine
(Pmp)44,45 and phosphonodifluoromethyl phenylalanine
(F2Pmp).46,47 However, there is a concern that the
dianionic nature of the phosphonate group may com-
promise its ability to cross cell membranes.

The doubly negative charge is not absolutely required
for PTPase binding because we have shown that both
the monoanion and the dianion forms of the phospho-
nate bind PTP1B with equal efficiency.48 Furthermore,
there exist monoanionic sulfotyrosine and several non-
phosphorus-based carboxylate-containing pTyr surro-
gates, such as O-malonyltyrosine (OMT),49 fluoro-O-
malonyl tyrosine (FOMT),50 cinnamic acid,51 and 3-car-
boxy-4-(O-carboxymethyl) tyrosine.52 Like pTyr, none of
these pTyr mimetics alone exhibit high affinity toward
PTPases. However, when attached to an appropriate
peptide template, the pTyr surrogate-containing pep-
tides are effective PTPase inhibitors.

We have shown here that salicylic acid, benzoic acid,
and nitrophenyl moiety can also act as pTyr analogues.
In addition, our results suggest that sulfate and ap-
propriately positioned carboxyl and hydroxyl groups can
replace or mimic the pTyr phosphate group and its
interactions with the PTPase signature motif. We have
also shown that potent and selective nonpeptidyl low
molecular weight inhibitors of PTP1B can be obtained
when a properly functionalized phosphate surrogate is
attached to an appropriate aromatic framework, which
effectively occupies the pTyr pocket and interacts with
the immediate surroundings beyond the catalytic site,
thereby enhancing both inhibitor affinity and specificity.

Conclusion

Through docking analysis, we have identified several
novel, low molecular weight PTP1B inhibitors. Some of
the inhibitors are relatively specific to PTP1B, indicat-
ing that although structural features important for pTyr
recognition are conserved among different PTPases, it
is possible to generate selective inhibitors targeted
primarily to the catalytic site and its immediate sur-
roundings. The average sequence homology among
PTPase catalytic domains is 40%, a value sufficiently
low to suggest that the individual members of the
PTPase family may recognize distinct specificity deter-
minants. The potent inhibition exhibited by the com-
pounds identified illustrates the power of the DOCK
approach for the discovery of a diverse array of low
molecular weight compounds which have not been
shown previously to be PTPase inhibitors. In combina-
tion with molecular modeling studies, our results sug-
gest that the pTyr-binding site (the active site) of PTP1B
possesses significant plasticity such that substituted
and extended aromatic systems can be accommodated.

Also, our results suggest that additional binding regions
proximal to the active site are important in inhibitor
development. Through DOCK and subsequent optimiza-
tion, potentsyet highly selectivesPTPase inhibitors can
be developed which should not only be useful in dis-
secting the precise roles played by specific PTPases in
signal transduction, but which may ultimately provide
a molecular basis upon which therapeutically useful
agents can be designed.

Experimental Section

Materials. All chemicals were obtained from commercial
suppliers and used without further purification. p-Nitrophenyl
phosphate (pNPP) was from Fluka Co. Estrone-3-sulfate,
estradiol-3-sulfate, and salicylic acid were obtained from
Sigma. Selected compounds from DOCK screening were pur-
chased from the Sigma-Aldrich Library of Rare Chemicals
(SALOR), Aldrich, Sigma, or Maybridge.

Synthesis of 4-N-(2-Mercapto-5-methylbenzimidazolyl)-
methylamino salicylic Acid.53 A mixture of 2-mercapto-5-
methylbenzimidazole (1.6 g, 0.01 mol) and 50 mL of ethanol
was heated to a clear solution at 60 °C before addition of
formaldehyde (37% water solution, 1.1 g, 0.013 mol). 4-Ami-
nosalicylic acid (1.5 g, 0.01 mol) in 30 mL of ethanol solution
was added into the reaction mixture dropwise, and the reaction
was incubated at 60 °C for 1 h. The resulting reaction mixture
was concentrated to 30 mL of solution and cooled in a freezer
overnight. The resulting white precipitate was collected and
washed with ethanol. The final product was recrystallized in
ethanol and characterized by proton NMR.

Computer Screening. DOCK 3.5,54 a structure-based
search program, was utilized for the identification of specific
small molecule inhibitors of PTP1B. The DOCK program25,55-57

is specifically designed for the identification of putative ligands
which are complementary to a targeted surface area. In brief,
DOCK first generates a negative image of the ligand binding
site with a set of overlapping spheres whose centers become
the potential locations for ligand atoms. To rank each potential
ligand, a precalculated contact-scoring grid, based on distances
between potential ligand and target area atoms, and a force
field-scoring grid, based on molecular mechanics interaction
energies consisting of van der Waals and electrostatic compo-
nents, were generated.57 The resulting output file for each
screening, based on distance or force field grids, contains the
highest scoring compounds ranked in order of their scores.
These high scoring compounds can then be subjected to further
examination and purchased for biological evaluation. The
Available Chemicals Directory (ACD 95.2, Molecular Design
Limited, San Leando, CA) was used as the compound database
to be screened for potential ligands.

The high resolution structure of PTP1B/C215S in complex
with pTyr24 was used for the DOCK study. Ser215 was
mutated back to the wild type Cys by using the Residue/
Replace command of the Biopolymer module of Insight II
(97.0). The thiolate form of Cys215 was employed in the
docking experiments. The solvent-accessible surface of the
pTyr-binding site and its immediate area was described by
clusters of overlapping spheres. The specific sphere cluster
utilized was a manually edited cluster comprised of 38
individual spheres, which satisfactorily covered the target
area. About 150,000 compounds in the ACD were screened.
On average, 400 orientations (nmatch) were sampled for each
molecule docked. In addition, rigid body minimization was
used at maximum 500 steps (with convergence ) 0.2 Å). No
chemical labeling was used in the matching calculation. The
top 1000 scoring compounds were selected from each distance-
and force field-based DOCK screen. From these lists, an effort
was made to choose compounds that were chemically diverse
and which appeared to interact with the enzyme active site
in different modes. Compound selection was based on several
criteria. Most importantly, overall fit was determined by how
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well the compound complemented the shape of the pocket
without protruding into solvent. Additionally, chosen com-
pounds were soluble, unreactive, commercially available, and
of low cost. Selection was performed on a R4400 SGI worksta-
tion using the computer-graphics program INSIGHT II (Bio-
sym Technologies, San Diego, CA). Three sequential screens
were performed in which the above criteria were employed.
From the original 2000 compounds selected, 25 were purchased
for testing against the PTPases. Of these 25 compounds, 17
were chosen based on distance and 8 from force field screens.

Molecular Modeling. All molecular dynamics simulations
and minimizations were performed using the Discover_3
module of Insight II (95.0) on a Silicon Graphics Indigo2 R4400
workstation. The starting structure utilized was the PTP1B
bound with pTyr,24 including crystal waters, in which Ser215
was mutated back to a cysteine residue. Compound 4 was
docked into the active site in the orientation determined by
DOCK. Compound 12 was placed into the active site by
superimposing its phenyl ring onto the equivalent phenyl ring
of compound 4. Movable regions included all residues and
crystal waters within 10 Å of the docked compound. An 18 Å
sphere of water was placed and centered around each com-
pound. The CVFF force field was employed, and the cell-
multiple method for nonbonded interactions was utilized. All
simulations followed a stepwise protocol of molecular dynamics
and minimizations, consisting of the following: (1) 1000 steps
of conjugate gradient minimization using the Polak-Ribiere
method; (2) 5 ps of molecular dynamics simulations at 598 K;
(3) 10 ps of molecular dynamics simulations at 498 K; (4) 15
ps of molecular dynamics simulations at 398 K; (5) 20 ps of
molecular dynamics simulations at 348 K; (6) 80 ps of
molecular dynamics simulations at 298 K. As determined by
the individual plots of total energy and temperature versus
time, equilibrium was achieved within 1000 fs at the 298 K
stage of molecular dynamics. During this period, data collec-
tion occurred every 500 steps, and the 153 steps gathered at
equilibrium were used to determine the average conformation.
All figures reflect this average complex, and the electrostatic
potential of the active-site surface was calculated using the
default parameters of the DelPhi module of Insight II (95.0).

Recombinant PTP1B, LAR, PTPr, and VHR. Human
PTP1B was expressed and purified as previously described.58

The R47E mutant form of PTP1B was generated using the
Muta-Gene in vitro mutagenesis kit from Bio-Rad and purified
as described.40 The pGEX plasmid containing the coding
sequence for both of the PTPase domains of human PTPR was
a generous gift from Dr. Frank Jirik of the University of
British Columbia. The recombinant glutathione S-transferase
(GST) fusion protein was purified, and the intracellular
fragment of PTPR containing both of the PTPase domains was
cleaved off the fusion protein as described.59 Recombinant LAR
containing both PTPase domains was purified as described.60

Recombinant VHR dual specificity phosphatase was purified
to homogeneity according to a published procedure.61

Inhibition Study. All compounds were dissolved in 100%
dimethyl sulfoxide (DMSO). All reactions, including controls,
were performed at a final concentration of 10% DMSO. The
initial rate of PTPase-catalyzed hydrolysis of pNPP was
measured as described.62 The selected compounds were first
evaluated for their ability to inhibit the PTPase reaction at
100 µM concentration at 30 °C in a reaction volume (0.2 mL)
with 2 mM of pNPP. The assay buffer was 50 mM 3,3-
dimethylglutarate, 10% DMSO, pH 7.0, with ion strength of
0.15 M adjusted by sodium chloride. The reaction was initiated
by addition of the enzyme and quenched after 2-3 min by
addition of 1 mL of 1 N NaOH. The amount of p-nitrophenol
produced was determined from the A405 using a molar extinc-
tion coefficient of 18 000 M-1 cm-1. The nonenzymatic hydroly-
sis of the substrate was corrected by measuring controls of
substrate without the addition of the enzyme. The effect of
10% DMSO on normal enzyme activity was assayed and
determined to be negligible. Those compounds which demon-
strated any inhibition were further characterized. Inhibition
constants for the PTPase inhibitors were determined for

PTP1B, LAR, PTPR, and VHR in the following manner. The
initial rate at eight different pNPP concentrations (0.2 Km to
5 Km) was measured at three different fixed inhibitor concen-
trations.63 The inhibition constant was obtained, and the
inhibition pattern evaluated using a direct curve-fitting pro-
gram KINETASYST (IntelliKinetics, State College, PA). The
following equations were used to fit the initial rate data of
the enzyme-catalyzed reaction:

The following nomenclature is used:64 v, initial velocity; Vmax,
maximum velovity; S, substrate concentration; Km, apparent
Michaelis constant; I, inhibitor concentration; Kis and Kii, slope
and intercept inhibition constants, respectively.
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