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ABSTRACT: Protein tyrosine phosphatases regulate diverse cellular processes and represent important targets
for therapeutic intervention in a number of diseases. The crystal structures of protein tyrosine phosphatase
1B (PTP1B) in complex with small molecule inhibitors based upon two classes of phosphotyrosine
mimetics, the (difluoronaphthylmethyl)phosphonic acids and the fluoromalonyl tyrosines, have been
determined to resolutions greater than 2.3 Å. The fluoromalonyl tyrosine residue was incorporated within
a cyclic hexapeptide modeled on an autophosphorylation site of the epidermal growth factor receptor.
The structure of this inhibitor bound to PTP1B represents the first crystal structure of a non-phosphonate-
containing inhibitor and reveals the mechanism of phosphotyrosine mimicry by the fluoromalonyl tyrosine
residue and the nature of its interactions within the catalytic site of PTP1B. In contrast to complexes of
PTP1B with phosphotyrosine-containing peptides, binding of the fluoromalonyl tyrosine residue to the
catalytic site of PTP1B is not accompanied by closure of the catalytic site WPD loop. Structures of PTP1B
in complex with the (difluoronaphthylmethyl)phosphonic acid derivatives reveal that substitutions of the
naphthalene ring modulate the mode of inhibitor binding to the catalytic site and provide the potential for
enhanced inhibitor affinity and the generation of PTP-specific inhibitors. These results provide a framework
for the rational design of higher affinity and more specific phosphotyrosine mimetic inhibitors of not
only protein tyrosine phosphatases but also SH2 and PTB domains.

Protein tyrosine phosphatases (PTPs)1 play essential roles
in the regulation of cellular processes, including growth,
proliferation and differentiation, metabolism, the immune
response, cell-cell adhesion, and cell-matrix contacts (1,
2). The PTPs comprise a large and diverse family of enzymes
comprising nontransmembrane cytosolic and receptor-like
transmembrane forms. The catalytic domains of PTPs are
highly conserved, consisting of∼250 amino acids that are
characterized by an 11-residue PTP signature motif, (I/V)-
HCXAGXXR(S/T)G, containing the catalytically essential
Cys and Arg residues. Diversity within the family is
generated by the nature of the noncatalytic segments attached
to the N- and C-termini of the catalytic domains, which
provide regulatory and subcellular targeting functions
(1-3). The C-terminal 35 amino acids of PTP1B, for

example, are necessary and sufficient for targeting the
enzyme to the cytosolic side of the endoplasmic reticulum
(4), whereas the N-terminal SH2 domains of the SHPs,
provide a mechanism for phosphotyrosine peptides to
determine both the subcellular location and the catalytic
activity of these enzymes (1, 5, 6). The extracellular segments
of many receptor-type PTPs share structural features with
cell adhesion molecules, including immunoglobulin domains
and fibronectin-type III motifs, suggesting that these phos-
phatases may provide a direct link between cell-cell
interactions and the level of cytosolic protein tyrosine
phosphorylation. The dual specificity phosphatases and low
molecular weight PTPs, despite the diversity of their tertiary
structures, are related to the tyrosine-specific PTPs by virtue
of the presence of the PTP signature motif and related
catalytic mechanism (3).

The physiological importance of the PTPs has been
demonstrated by numerous studies. Inactivating mutations
within the SH2 domain containing PTP, SHP-1 are the basis
for severe immune dysfunction that is characteristic of the
moth-eaten murine phenotype (7). Recently, PTEN has been
implicated as a product of a tumor suppressor gene (8, 9)
that may play roles to regulate integrin-dependent cell
migration (10). PTP1B has been implicated as an important
component of the insulin signaling pathway, dephosphory-
lating the activated insulin receptor (11), and negatively
regulating the pathway (12). The receptor-like PTP, CD45,
is essential for initiating T cell and B cell receptor signaling
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cascades; hence inhibitors of CD45 would be predicted to
be potent and specific immunosuppressants. Because of the
importance of PTPs in mediating signal transduction pro-
cesses, the structure-based design of small molecule PTP
inhibitors is currently of great importance (13). Such efforts
are aided by the crystal structures of unliganded PTP1B (14)
and of PTP1B complexed with a phosphotyrosine- (pTyr)
containing hexapeptide based upon an autophosphoryation
site of the epidermal growth factor receptor (Asp988-Ala-Asp-
Glu-pTyr-Leu993) (15).

The crystal structure of the PTP1B-pTyr peptide complex
revealed that the pTyr residue of the peptide is buried within
a catalytic site pocket 11 Å in length (15). The base of the
catalytic site is formed by residues of the PTP signature motif
with the phosphate group of pTyr coordinated by main-chain
amide groups of the PTP motif and the side chain of Arg
221, such that the phosphorus atom is situated adjacent to
the nucleophilic sulfur of Cys 215. Three loops bearing
invariant residues form the sides of the catalytic pocket and
contribute to catalysis and substrate recognition. The binding
of phosphopeptide by PTP1B is accompanied by a confor-
mational change of one of these loops (the WPD loop), which
comprises residues 179-187. This loop shifts by over 8 Å
to close over the phenyl ring of the bound pTyr residue and
allows the side chain of Asp 181 to act as a general acid in
the catalytic mechanism. The side chain of Arg 221 reorients
to optimize electrostatic interactions with the bound phos-
phate group. This shift is coupled to the motion of the WPD
loop through the hydrogen bond between the guanidino NH1
group of Arg 221 and the carbonyl oxygen of Pro 180 as
well as hydrophobic interactions between the aliphatic
portion of Arg 221 and the side chain of Trp 179. A highly
ordered water molecule forms hydrogen bonds to both the
bound phosphate group, the amide nitrogen of Phe 182, and
the amide side chain of Gln 266. These interactions, along
with the hydrophobic packing of the side chain of Phe 182
onto the pTyr aromatic ring, stabilize the closed, catalytically
competent conformation of the loop (15).

One approach to the development of PTP inhibitors is
based upon nonhydrolyzable analogues of phosphotyrosine.
Burke et al. demonstrated that the replacement of pTyr in
the D-A-D-E-pY-L peptide with difluorophosphonomethyl
phenylalanine resulted in an inhibitor with an IC50 of 100
nM toward PTP1B (16). Although this compound has a
remarkable affinity for PTP1B, its in vivo use would be
limited owing to its large size and high charge complement
that reduces cell membrane permeability. Subsequent experi-
ments demonstrated that arylmethyl difluorophosphonates,
lacking the peptide component, retained inhibitory potency
(17). The addition of a second aryl ring yielding (difluoro-
naphthylmethyl) phosphonate resulted in a significant in-
crease in potency (Ki ) 179 µM) (NAPTH, Figure 1). The
crystal structure of this inhibitor complexed with PTP1B (18)
revealed that the molecule binds to the catalytic site with
the WPD loop in the closed conformation, reminiscent of
the PTP1B-pTyr complex structure (15). ThePro-Sfluorine
atom of the inhibitor accepts a hydrogen bond from the amide
nitrogen of Phe 182, replacing the catalytic site water
molecule. The structure also indicated that addition of a
hydroxyl to the naphthyl 4-position (D, Figure 1) could
mimic a water molecule found in the complex, allowing
additional hydrogen bonds to Tyr 46 and Lys 120. This

compound displays a much increased affinity toward PTP1B,
with a Ki of 90 µM (18). Functional substitution of the
naphthalene ring with groups mimicking the peptidic main
chain have led to enhanced PTP1B-inhibitor affinity (for
example INH and TPI, Figure 1).

More recently, a new non-phosphorus-containing pTyr
mimetic,L-O-(2-malonyl)tyrosine (OMT), was demonstrated
to inhibit both PTPs and SH2 domains with significant
potency when incorporated into peptides. For example, an
OMT-containing peptide (D-A-D-E-OMT-L) inhibits PTP1B
with an Ki of 13 µM (Figure 1) (20). By incorporation of
this phosphotyrosine mimetic into a cyclic hexapeptide
modeled on the D-A-D-E-pY-L sequence, an 18-fold en-
hancement in potency was obtained (20). Replacement of
the OMT residue in this cyclic peptide with the fluorine-
containing OMT analogue, (4′-O-[2-(2-fluoromalonyl)]-L-
tyrosine) “FOMT” (21) has resulted in even greater potency
(22) (Figure 1). Prodrug protection of the malonyl group as
its carboxylic acid diester could potentially increase cellular
penetration and overcome problems of bioavailability char-
acteristic of the phosphonate-based pTyr mimetics.

For understanding the structural basis for protein-inhibitor
specificity and for rational improvement of protein-inhibitor
affinities, the structures of a number of protein-inhibitor
complexes are required. Here, we describe the crystal
structure of a complex of PTP1B with the FOMT peptide
inhibitor. This structure reveals the basis for the mimicry of
the phosphotyrosine-PTP1B interactions by the malonyl-
tyrosine residue. We also describe the crystal structures of
complexes of PTP1B with derivatives of [1,1-difluoro-1-
(naphth-2-yl)]methylphosphonic acid (NAPTH, Figure 1),
one of which, TPI (Figure 1), contains a carboxamido-
glutamic acid group designed to mimic a peptide moiety.
These latter derivatives display enhanced affinity for PTP1B
(23), and the crystal structures provide an explanation for
these properties. Analysis of these PTP1B-inhibitor interac-
tions can reasonably be expected to stimulate a further round
of rational drug design, developing compounds with higher
affinity and selectivity.

EXPERIMENTAL PROCEDURES

Preparation of Materials.Human PTP1B (residues 2-298)
was purified as described previously (24). The cyclic peptide
cyclo[CH2CO-D-A-D-E-(L-FOMT)-L-Cys] was synthesized
according to methodologies used for the preparation of its
L-OMT analogue (20). Synthesis of (difluoronaphthylmethyl)
phosphonic acids, INH and TPI, has been reported (23).

Crystallization of PTP1B Catalytic Domain with Inhibi-
tors. PTP1B-[1,1-difluoro-1-((6-carboxy)naphth-2-yl)]-
methylphosphonic acid (INH) (Figure 1) complex crystals
were prepared by soaking crystals of the catalytic site Cys
215 to Ser mutant of PTP1B in a solution containing 20 mM
INH, 0.1 M Hepes (pH 7.5), 0.2 M magnesium acetate, 16%
(w/v) PEG 8000, and 15% (v/v) 2-methyl-2,4-pentanediol
(MPD) for 1 h. The PTP1B-TPI complex crystals were
prepared by cocrystallizing 5 mM TPI with 10 mg/mL of
PTP1B using the wild-type PTP1B crystallization conditions
(24). PTP1B-FOMT peptide inhibitor complex cocrystals
were obtained by cocrystallizing 5 mM FOMT with 10 mg/
mL of wild-type PTP1B using conditions similar to those
of native PTP1B crystals, namely, 16% (w/v) PEG 4000,
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0.2 M magnesium chloride, and 0.1 M Hepes (pH 8.0) using
the hanging drop vapor diffusion method at 4°C.

Data Collection and Processing.Data from the PTP1B-
INH and PTP1B-TPI inhibitor complex crystals were
collected using a Rigaku rotating anode source on a 30 cm
MAR research scanner. Data from PTP1B-FOMT peptide
inhibitor complex crystals were collected at station 5.2R the
ELETTRA synchrotron light source, Trieste, Italy. Inhibitor
complex crystals were prepared for data collection by
incubation in a cryoprotectant buffer consisting of the
crystallization buffer, 15% (v/v) MPD, and the appropriate
inhibitor (20 mM INH, 5 mM TPI, and FOMT), transferred
to a loop and flash-frozen in a stream of nitrogen gas at 100
K. Data were processed using the HKL package (25).

Structure Determination of the PTP1B Inhibitor Com-
plexes. PTP1B-INH Complex.The starting model for this
structure was the previously determined PTP1B-[1,1-di-

fluoro-1-(naphth-2-yl)]methylphosphonic (NAPTH) inhibitor
complex (18). The atomic model was refined with X-PLOR
(26) using a simulated annealing approach with coordinates
for the inhibitor omitted from the initial refinement proce-
dure. The simulated annealing omit map revealed clear
electron density for the inhibitor bound to the catalytic site
with density attributable to the carboxylate group attached
to the naphthyl 6-position (Figure 2). Further atomic and
restrainedB factor refinement with inclusion of the inhibitor
coordinates resulted in anR factor of 0.208 for data to 2.25
Å resolution (Table 1).

PTP1B-TPI Complex.For determination of the PTP1B-
TPI complex, the unliganded native PTP1B coordinates were
used as a search model for molecular replacement using
AMORE (27). Initial density in a difference Fourier map
was sufficient to place the TPI inhibitor unambiguously. Ideal
bond and angle parameters for the TPI molecule were

FIGURE 1: Chemical structures of PTP1B inhibitors used in this study and related inhibitors and theirKi toward PTP1B. Footnotes: a, ref
18; b, ref 23; c, ref 36; d, ref 20; e, ref37; f, ref 16; g, ref 17; h, ref 22; i, ref 21. Abbreviations: NAPTH, [1,1-difluoro-1-(naphth-2-yl)]-
methylphosphonic acid; INH, [1,1-difluoro-1-((6-carboxy)naphth-2-yl)]methylphosphonic acid; TPI, [1,1-difluoro-1-((6-carboxamidoglutamic)-
naphth-2-yl)]methylphosphonic acid; OMT,L-O-(2-malonyl)tyrosine; FOMT, 4′-O-[2-(2-fluoromalonyl)]-L-tyrosine.
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calculated using SYBYL (28). Refinement with X-PLOR
(26), using simulated annealing and torsional dynamic
algorithms, was alternated with model building within O (29).
Water molecules present in the crystal structure were
identified using ARP (30) resulting in a final model with an

R factor of 0.204 and a freeR factor of 0.256 for data in the
resolution range 14-2.3 Å (Table 1). In Figure 3, a portion
of the simulated annealing 2Fo - Fc OMIT map in the
vicinity of the catalytic site indicates that all atoms of the
inhibitor are placed within density.

PTP1B-FOMT Peptide Complex.Structure determination
of the PTP1B-FOMT peptide complex, which crystallized
in a different space group from the native apo-PTP1B
enzyme, was achieved with molecular replacement using the
native apo-PTP1B coordinates as a search model. Electron
density in the initial difference Fourier map was sufficient
to place the fluoromalonyl tyrosine and the leucine (P + 1)
residues, although density for the remainder of the FOMT
molecule was less well-resolved. Subsequent refinement of
the protein structure alone with cycles of REFMAC (31),
utilizing maximum likelihood theory, and ARP (30) im-
proved the phasing sufficiently for portions of the inhibitor
to be assigned to density. Further rounds of phasing and
refinement using REFMAC and ARP resulted in a final
model with anR factor of 0.211 and a freeR factor of 0.262
(Table 1) for data in the resolution range 8-2.1 Å. Ideal
bond and angle parameters for the FOMT molecule were
also obtained using SYBYL (28). The 2Fo - Fc electron
map in the vicinity of the catalytic site is shown in Figure
5.

RESULTS

Structure of the PTP1B-INH Complex. The overall
structure of the PTP1B-INH complex is virtually identical
to that of the PTP1B-[1,1-difluro-1-(naphth-2-yl)]meth-
ylphosphonic acid (NAPTH) complex reported previously
(Figure 2) (18); the two structures superimpose such that
equivalent protein CR atoms deviate within an rmsd of 0.22
Å. The three terminal oxygen atoms of the inhibitor
phosphonate moiety accept a total of 8 hydrogen bonds from
main-chain amide groups of the PTP signature motif residues
and the Arg 221 guanidinium side chain. The inhibitor
naphthalene ring forms hydrophobic interactions with the
phenyl rings of Tyr 46 of the pTyr recognition loop and Phe
182 of the WPD loop which adopts the catalytically
competent closed conformation. Interactions between the Phe
182 phenyl ring and the inhibitor are augmented by van der
Waals interactions with the two fluorine atoms of the

FIGURE 2: Stereoview of the 2Fo - Fc simulated annealing OMIT electron density map of the INH inhibitor bound to PTP1B, contoured
at 1.0 sigma. All figures were prepared using MOLSCRIPT (38).

Table 1: Crystallographic Data and Refinement Statisticsa

inhibitor TPI FOMT INH

Crystal Parameters
space group P3121 P21 P3121
a (Å) 88.5 39.7 88.3
b (Å) 88.5 86.8 88.3
c (Å) 104.6 52.0 104.6
R (deg) 90.0 90.0 90.0
â (deg) 90.0 96.91 90.0
γ (deg) 120.0 90.0 120.0
Z 1 1 1

Data Collection Parameters
resolution limits (Å) 14-2.35 8-2.10 8-2.25
crystals (N) 1 1 1
measurements (N) 65906 46108 84763
unique reflections 18772 15934 22196
completeness (%) 94.4 (93.8)b 78.1 (55.7)b 97.0 (76.2)b

Rsym (%)c 3.3 (8.9)b 2.9 (7.4)b 5.6 (26.5)b

Rmeas(%)d 3.9 (10.6)b 3.4 (9.7)b 4.7 (24.2)b

meanI/∑(I) 16.8 (8.2)b 13.7 (8.8)b 15.6 (7.8)b

X-ray source rotating anode ELETTRA rotating anode
λ (Å) 1.541 1.0 1.541

Refinement Parameters*
protein and ligand

atoms (N)
2456 2495 2394

water molecules (N) 157 88 236
R factor (%)e 20.4 (25.3)b 21.1 (31.0)b 20.8 (29.0)b

freeR factor (%) 25.6 (27.8) 26.2 (33.6)
rmsd bond lengths (Å) 0.006 0.009 0.011
rmsd bond angles (deg) 1.392 1.625 1.380
reflections used (N) 18704 14569 20471

a All recorded reflections were used during maximum likelihood
refinement in REFMAC. The quotedR factors were calculated using
all data.b Numbers in brackets refer to the values in the highest-
resolution shell; 2.48-2.35 Å for the PTP1B-TPI inhibitor complex
data, 2.21-2.1 Å for the PTP1B-FOMT peptide inhibitor complex
data and 2.35-2.25 Å for the PTP1B-INH inhibitor complex data.
c Rsym ) ∑h ∑i |I(h) - Ii(h)|/∑h ∑i I i(h), whereIi(h) andI(h) are theith
and mean measurements of the intensity of reflectionh. d Rmeasis the
multiplicity weightedRsym (39). e R factor) ∑h |Fo - Fc|/∑h Fo, where
Fo andFc are the observed and calculated structure factors amplitudes
of reflectionh. λ: wavelength. rmsd: root mean square deviation.Z:
The number of molecules in the crystallographic asymmetric unit.
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diflurophosphonate group. The carboxylate group of the
inhibitor results in the formation of additional protein-
inhibitor interactions compared with those of the PTP1B-
NAPTH complex. These involve interactions between the
side chains of Arg 47 and Asp 48 and the inhibitor-
carboxylate group that are mediated via an enzyme-bound
water molecule (Figure 2).

Structure of the PTP1B-TPI Complex.Electron density
OMIT maps reveal clearly resolved electron density corre-
sponding to the TPI molecule bound to the PTP1B catalytic
site with the WPD loop in the closed conformation, similar
to that for the other [1,1-difluoro-1-(naphth-2-yl)]meth-
ylphosphonic acid-containing molecules (Figures 3, 4).
However, the peptide mimetic portion of TPI provides
additional scope for protein-inhibitor interactions and forces
a change in the orientation of the naphthalene ring of TPI at
the PTP1B catalytic site relative to that of other [1,1-difluoro-
1-(naphth-2-yl)]methylphosphonic inhibitors.

Mode of Binding of the [1,1-Difluoro-1-(naphth-2-yl)]-
methylphosphonate Moiety.As a result of rigid body rotation
of the inhibitor by 30°, the position of the naphthalene ring
is displaced relative to the naphthalene rings of the other
[1,1-difluoro-1-(naphth-2-yl)]methylphosphonic inhibitors
(Figure 5). However, the naphthalene ring forms similar
contacts with catalytic site residues, and there are no changes
in the side-chain conformations of the catalytic site residues.
In all three PTP1B-inhibitor complexes, the phenyl ring of
Phe 182 interacts more closely with the naphthalene ring
than with the phenyl ring of pTyr in the PTP1B-pTyr
peptide complex, rotating by∼90° around its Câ-Cγ bond.
A similar conformation in the PTP1B-pTyr peptide complex
would result in a short contact (2.8 Å) between the aromatic
ring of Phe 182 and the carbonyl oxygen of pTyr. Motion
of the naphthalene ring of TPI relative to that of other PTP1B
[1,1-difluoro-1-(naphth-2-yl)]methylphosphonic inhibitors
provides a binding cavity for an enzyme-bound water
molecule (WAT 12) that links the main-chain nitrogen atom
of Phe 182 and amide side chain of Gln 266 of PTP1B with
a terminal phosphate oxygen atom and thePro-S fluorine
atom of the inhibitor (Figures 3, 4). A similar water molecule
is observed in the PTP1B-pTyr peptide complex (15).

Mode of Binding of the Peptide Mimetic Moiety.The
carboxamidoglutamic acid portion of TPI forms several main-
chain hydrogen bond interactions with PTP1B, resembling
those observed in the PTP1B-pTyr peptide complex (15).
The carboxamido-N1-atom of the inhibitor, equivalent to the

main-chain nitrogen atom of pTyr of the PTP1B-pTyr
hexapeptide complex, donates a hydrogen bond to the
carboxylate side chain of Asp 48 (Figures 3, 4). In addition,
the main-chain amide nitrogen of Arg 47 donates a hydrogen
bond to the carbonyl oxygen atom of the terminal amide
moiety of the inhibitor, equivalent to that observed between
Arg 47 and Asp (P-2) of the phosphotyrosine hexapeptide
in the PTP1B-pTyr hexapeptide complex (15). These
interactions are conserved as a result of the∼1 Å motions
of the Arg 47 and Asp 48 residues between the two
structures. The glutamate residue of TPI, which was predicted
to form a salt-bridge interaction with the Arg 47 side chain
similar to that observed between Arg 47 and the peptide Glu
(P-1) residue in the PTP1B-pTyr peptide complex (22), is
situated∼4 Å from the guanidinium group of Arg 47, with
the aliphatic portion packing against the aliphatic portion of
Asp 48 (C-C distance 3.7 Å). This unusual interaction is
further stabilized by the hydrogen bond between the N1 atom
of the TPI inhibitor and the side chain of Asp 48. It should
be noted that the Glu (P-1)-Arg 47 is a long hydrogen bond
in the PTP1B-pTyr peptide complex (3.2 Å) (ref15) and
that the side chain of the glutamate residue of TPI forms a
hydrogen bond with a well-defined water molecule, poten-
tially compensating for the lack of interaction with Arg 47.

Structure of the PTP1B-FOMT Cyclic Peptide Complex.
Residues of the cyclic FOMT peptide are well-resolved
within the 2Fo - Fc electron density map (Figure 6). As
reflected in the relativeB factors of the inhibitor residues,
the Asp(P-4) and Ala(P-3) residues are less well-ordered than
the FOMT residue. In all instances, theB factors of the
FOMT peptide residues are higher than the protein residues
with which they interact (Table 2). The FOMT residue binds
to PTP1B with the Arg 221 side chain and WPD loop
adopting the open conformation, characteristic of the un-
liganded state of PTP1B (14) (Figures 7, 8). In all previously
determined substrate and inhibitor complexes, with the
exception of a PTP1B-tungstate complex, the WPD loop
adopts the closed position, accompanied by a conformational
change of the Arg 221 side chain.

The Phosphate Mimetic (Malonyl Group) of the FOMT
Residue.The differences in structures between the malonyl
group of FOMT and the phosphate group of a pTyr residue
are reflected in differences in the hydrogen bonding patterns
between the phosphate and malonyl groups bound to the
PTP1B catalytic site. The two oxygen atoms of one of the
carboxylate groups are equivalent in position to within 0.3

FIGURE 3: Stereoview of the 2Fo - Fc simulated annealing OMIT electron density map of the TPI inhibitor bound to PTP1B, contoured
at 1.0 sigma.
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Å of two of the oxygen atoms of the phosphonate moiety of
TPI at the PTP1B catalytic site (Figure 9, labeled O1 and
O2). For all phosphoryl ligands bound to the catalytic site
of PTP1B, these two latter oxygen atoms accept hydrogen

bonds from the amide nitrogens of Ser 216, Ala 217, and
Ile 219, and following a conformational change of the Arg
221 guanidinium side chain, the NH2-atom of Arg 221
(Figure 4). In the PTP1B-FOMT peptide complex, however,

FIGURE 4: Schematic of TPI and FOMT peptide-PTP1B interactions. Hydrogen bonds are indicated as dashed lines. A distance criterion
of 3.2 Å was used.

FIGURE 5: Stereoview showing the superimposition the INH molecule (cyan) onto the PTP1-TPI inhibitor complex at the PTP1B catalytic
site. The protein coordinates (CR atoms) of the PTP1B-TPI complex were superimposed onto the equivalent atoms of the PTP1B-INH
complex.
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the slight difference in position of the two oxygen atoms of
the carboxylate group of the malonyl residue results in fewer
hydrogen bonds to the enzyme that comprise hydrogen bonds
with the amide group of Ser 216, Ala 217, and Gly 220 (Fig-
ure 4). The apostate conformation of the Arg 221 side chain
results in a loss of the hydrogen bond between the O1-atom
of FOMT and the NH2 atom of Arg 221 (Figures 4, 9). The
oxygen atoms of the second carboxylate group of the malonyl
moiety are not equivalent to any of the phosphate oxygen
atoms of a pTyr residue or the TPI molecule (Figure 9). This
group forms a hydrogen bond with the more highly charged
NH1 atom of Arg 221, rather than the NE atom. This second
carboxylate group occupies a position similar to that of a
highly ordered water molecule observed in the PTP1B-pTyr
peptide and PTP1B-TPI (WAT 12) complex structures. The
fluorine atom of the FOMT is over 4 Å away from a neigh-
boring water molecule or protein atom; however, its position
would be 3.5 Å from the carboxylate group of Asp 181 if
the WPD loop were in the closed conformation (Figure 10).

The Phenyl Ring Moiety of the FOMT Residue.The
aromatic ring of the FOMT peptide inhibitor is bound to the

hydrophobic pocket of the catalytic site in a manner similar
to that of the phenyl ring of pTyr in the PTP1B-pTyr peptide
complex (Figure 10). The FOMT phosphate-mimicking
moiety is larger than the phosphate of the pTyr residue in
the PTP1B-pTyr peptide complex. As a consequence, the
phenyl ring of FOMT is displaced 1.4 Å away from the PTP
motif residues compared with the equivalent moiety in the

FIGURE 6: 2Fo - Fc electron density map, contoured at 1.0 sigma, of the FOMT cyclic peptide inhibitor bound to PTP1B.

Table 2: Average Group Temperature Factors for Main-Chain and
Side-Chain Groups of the FOMT Peptide Inhibitor and Protein
Residues of the Surrounding Binding Site of the PTP1B-FOMT
Peptide Complex

FOMT peptide group B factors (Å2) main chain side chain

FOMT (malonyl group) 70
FOMT (phenyl ring) 74 68
Leu (P + 1) 75 85
Glu (P - 1) 73 85
Asp (P - 2) 83 85
Ala (P - 3) 83 84
Asp (P - 4) 90 92
PTP1B
PTyr loop

Tyr 46 58 62
Arg 47 61 70
Asp 48 61 63
Val 49 54 57

WPD loop
Trp 179 59 69
Por 180 70 70
Asp 181 72 72
Phe 182 71 66

PTP loop
Cys 215 55 55
Ser 216 55 58
Ala 216 46
Gly 218 50 49
Ile 219 54
Gly 220 52 65
Arg 221

FIGURE 7: Ribbons diagram of the PTP1B-FOMT peptide
complex. The FOMT peptide, Tyr 46, Phe 182, Cys 215, and Arg
221 residues of PTP1B are represented as ball-and-stick.

FIGURE 8: View of the interactions between the FOMT peptide
inhibitor and the catalytic site of PTP1B.
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PTP1B-pTyr peptide complex (Figure 11). Hydrophobic
packing interactions are conserved between the phenyl ring
of FOMT and the side chains of Tyr 46, Val 49, Ala 217,
Ile 219, and the aliphatic portion of Gln 262, with those
observed in the PTP1B-pTyr complex; however the open
conformation of the WPD loop results in a loss of the
hydrophobic stacking interactions with the phenyl ring of
Phe 182.

Peptide Mimetic.The FOMT and Leu (P+ 1) residues of
the cyclic FOMT peptide inhibitor correspond closely with
equivalent residues of the D-A-D-E-pY-L peptide of the
PTP1B-pTyr peptide complex (15) (Figure 11). Within both
complexes, the carboxylate side chain of Asp 48 accepts
hydrogen bonds from the main-chain amide groups of the
pTyr (or FOMT) and Leu (P + 1) residues (Figures 4, 8).
The side chain of Leu (P+ 1) occupies a shallow

FIGURE 9: Superimposition the TPI molecule (cyan) onto the PTP1B-FOMT peptide inhibitor complex at the PTP1B catalytic site. The
protein coordinates (CR atoms) of the PTP1B-TPI complex were superimposed onto the equivalent atoms of the PTP1B-FOMT complex.

FIGURE 10: Details of the difference in conformation of the WPD loop in the PTP1B-pTyr peptide complex (atom colors) and the PTP1B-
FOMT complex (cyan). Only the pTyr and FOMT residues of the protein ligands are shown. The protein coordinates (CR atoms) of the
PTP1B-pTyr complex were superimposed onto the equivalent atoms of the PTP1B-FOMT complex.

FIGURE 11: Superimposition of D-A-D-E-pY-L peptide and WPD loop (cyan) (15) onto the PTP1B-FOMT peptide inhibitor complex at
the PTP1B catalytic site. The residues of the D-A-D-E-pY-L peptide are labeled. The protein coordinates (CR atoms) of the PTP1B-pTyr
complex were superimposed onto the equivalent atoms of the PTP1B-FOMT complex.
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hydrophobic pocket and packs against the side chains of Val
49, Ile 219, and Met 258, although it does not completely
fill this pocket. Residues N-terminal of the FOMT residue
in the cyclic peptide occupy different positions relative to
their counterparts in the PTP1B-pTyr peptide complex.
Despite these differences, a long salt bridge (3.5 Å) is
observed between the side chain of Glu (P - 1) of the FOMT
peptide with the side chain of Arg 47 that is similar to the
salt bridge observed within the PTP1B-pTyr peptide
complex (Figures 4, 8, 11). To accommodate the differences
in the position of the Glu (P - 1) residue between the two
complexes, the side chain of Arg 47 adopts two distinct
conformations. In the PTP1B-pTyr peptide complex, the
main-chain amide group of Arg 47 donates a hydrogen bond
to the carbonyl oxygen atom of Asp (P - 3); however this
hydrogen bond is not present within the PTP1B-FOMT
inhibitor complex. The remainder of the FOMT inhibitor
protrudes into the solvent region of the crystal, and an
equivalent salt bridge to that observed between the side
chains of Arg 47 of PTP1B and peptide Asp (P - 2) residue
of the PTP1B-pTyr peptide complex is not formed in the
PTP1B-FOMT peptide complex.

DISCUSSION

[1,1-Difluoro-1-(naphth-2-yl)]methylphosphonate-Based In-
hibitor Interactions.The structures of the difluorophospho-
nate-containing INH and TPI inhibitors complexed to PTP1B
reveal that attachment of functional groups to the naphthalene
ring affords the scope for additional inhibitor-protein
interactions involving phosphatase residues that are remote
from the catalytic site. Such interactions serve to increase
the affinity of PTP1B-inhibitor complexes and, since PTP
sequence variations occur within these residues, allow the
development of specific PTP inhibitors. Iterative cycles of
crystal structure determination and rationale drug design that
result in functional groups mimicking interactions between
PTP1B and a peptide substrate have the potential to yield
improved inhibitors with enhanced affinity and specificity.
One limitation of phosphonate-based inhibitors, however, is
that the high charge of the phosphonate group restricts
cellular penetration, which probably reduces their potential
as in vivo therapeutic agents. The problem of cell membrane
penetration associated with the phosphonate-based pTyr
mimetics has been addressed by the development of the non-
phosphorus fluoromalonyl tyrosine residues.

FOMT Cyclic Peptide.Although the FOMT residue in the
cyclic peptide inhibitor binds to the pTyr-binding site of the
catalytic site, unlike complexes of PTP1B with pTyr residues
in peptides and [1,1-difluoro-1-(naph-2-yl)]methylphosphonic
acid groups, the WPD loop and Arg 221 side chain adopt
the open conformation, typical of the ligand-free state of
PTP1B.

The reasons why the WPD loop remains open in the
PTP1B-FOMT cyclic peptide inhibitor complex are prob-
ably 2-fold and result from the differences in structures
between a malonyl group and a phosphate group, and the
concerted motions of the Arg 221 side chain and WPD loop.
In the PTP1B-pTyr and PTP1B-difluoronaphthymethyl
phosphonate complexes, motions of the Arg 221 side chain
and closure of the WPD loop are stabilized (i) by bidentate

interactions between the guanidinium group of Arg 221 and
two phosphate/phosphonate oxygen atoms and (ii) by a
buried water molecule that links the amide nitrogen atom of
Phe 181 with the side chain of Gln 266 and either a phenolic
oxygen atom (pTyr) or a fluorine atom (TPI). The concerted
motion of the Arg 221 side chain and WPD loop results from
hydrophobic packing between the aliphatic moiety of Arg
221 and Trp 179 side chain, in both open and closed states,
and the hydrogen bond between the guanidinium NH1 atom
of Arg 221 with the carbonyl oxygen atom of Pro 180 in
the closed state. Similar conformational changes of the
equivalent Arg residue and WPD loop were observed in the
YersiniaPTP in complexes with tungstate and sulfate (32,
33). Molecular modeling indicates that the position of the
guanidinium group of Arg 221 in the apostate is too remote
from the ligand phosphate oxygen atoms to form hydrogen
bonds. The Arg 221 side chain does not undergo a confor-
mational change in the presence of an FOMT residue for
numerous reasons. One is that, in the apostate conformation,
a strong hydrogen bond (2.6 Å) is formed between the NH1
atom of Arg 221 and a carboxylate oxygen atom of FOMT
which would be lost were Arg 221 to undergo a conforma-
tional change. Second, because of differences in positions
between the three terminal oxygen atoms of a phosphate
group and the four oxygen atoms of the malonyl group, an
Arg 221 side chain with the closed conformation would not
form suitable hydrogen bonds with carboxylate groups of
the malonyl derivative. These two factors suggest that an
Arg 221 side chain in the closed conformation would form
less favorable interactions with the malonyl moiety than an
Arg residue that adopts the open conformation. The second
reason for the open conformation of the WPD loop results
from the finding that one of the malonyl carboxylate groups
occupies a site close to that of the buried water molecule
observed in the PTP1B-pTyr peptide and PTP1B-TPI
complexes. Although the carboxylate group of the FOMT
residue forms a compensatory hydrogen bond to Gln 266,
that to the main-chain nitrogen of Phe 182 is not compensated
(3.6 Å). Hence, closure of the WPD loop would create a
cavity in the vicinity of the Phe 182 main chain and an
uncompensated main-chain nitrogen atom.

Similarly to the [1,1-difluoro-1-(naphth-2-yl)]methylphos-
phonic acid derivatives, peptidic functional groups attached
to the FOMT residue form interactions with PTP1B residues
that flank the catalytic site, providing a mechanism to
introduce PTP specificity and to enhance potency. The
hydrogen bond between the carboxylate side chain of Asp
48 and main-chain nitrogen of the pTyr, or pTyr mimetic, is
a conserved feature of PTP1B-pTyr mimetic inhibitor
complexes. This interaction is likely to be important in
determining the orientation of the substrate/inhibitor across
the relatively flat surface of PTP1B external to the catalytic
site pocket. In both the PTP1B-pTyr peptide and the
PTP1B-TPI and FOMT peptide complexes, the Arg 47 side
chain interacts with the carboxylate groups of the ligand,
potentially conferring selectivity for inhibitors with negative
groups adjacent to the pTyr mimetic. The size of the
hydrophobic pocket of PTP1B which recognizes the Leu (P
+ 1) side chain, suggests that more bulky hydrophobic
groups on the inhibitor would contribute additional inhibi-
tor-protein interactions by improvements in hydrophobic
packing. Interestingly, Maclean et al. showed previously that
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a Leu to Ala substitution at this site within phosphotyrosine
peptides significantly reduces binding affinity (34). This site
on PTP1B is equivalent to that of an aryl-phosphate-binding
site in PTP1B reported by Puius et al., 1997 (35).

A number of structural features determine PTP1B inhibitor
affinities, for example the presence of a fluorine atom on
the FOMT residue and the cyclic or linear property of the
peptides. The cyclic peptide inhibitors are significantly more
potent than their linear peptide equivalents (20-22) (Figure
1). Potentially, the loss of entropy of the inhibitor upon
binding to PTP1B is less for the cyclic peptide inhibitors
than for the linear peptides, providing an enhancement of
binding affinity. The linear FOMT peptide inhibitor exhibits
a 10-fold higherKi than that of the linear OMT inhibitor (Ki

of 1 and 13µM, respectively), (20) although for the cyclic
inhibitors, the presence of the fluorine atom enhances affinity
to a lesser extent (22) (Figure 1). The PTP1B-FOMT cyclic
peptide complex structure indicates that the fluorine atom
does not form strong interactions with either protein or water
atoms. The only atom within 4 Å is awater molecule that is
hydrogen bonded to Lys 120. The effect of the fluorine atom
of the FOMT may be to stabilize this hydrogen bond and
concurrently stabilize Lys 120. The fluorine atom may also
play an indirect role to enhance affinity, resulting from the
reduced pKa of the carboxylic acid groups of the OMT
residue of 1.1 pH units (21), hence increasing the negative
charge density of this group, more similar to that of a
phosphate group. This would be consistent with the finding
that both carboxylate groups of the OMT residue are essential
for high-affinity PTP1B interactions. Removal of one of the
carboxylate groups from the OMT residue causes a dramatic
500-fold reduction in affinity of the resulting compound (23)
(Figure 1). The single carboxylate possessed by A (Figure
1) could adopt either of the two positions displayed by the
two carboxylate groups of the FOMT moiety, although it is
most likely to resemble the carboxylate with more interac-
tions with the PTP loop. In the PTP1B-FOMT peptide
complex we observed that the carboxylate which more
closely mimics two of the oxygen atoms of the phosphate
of the pTyr in the PTP1B-pTyr peptide complex may form
hydrogen bonds to the amide nitrogens of Ser 216, Ala 217,
and Gly 220. The second carboxylate of the FOMT residue
forms hydrogen bonds with the amide side chain of Gln 266
and the NH1 atom of Arg 221. The additional carboxylate
on the phenol ring of inhibitor B improves the affinity (23)
(Figure 1). This carboxylate can be modeled on two sides
of the phenolic ring of FOMT. On one side it would
potentially clash against Tyr 46, but on the other it could
potentially form a hydrogen bond with the side chain of Gln
266.

The structure of the PTP1B-FOMT peptide complex
presented here provides a basis for understanding the
mechanisms by which a malonyl-tyrosine group mimics
PTP1B-phosphotyrosine interactions, and these findings
may also be applicable to an understanding of malonyl-
tyrosine peptide interactions with SH2 domains. As a
consequence of the more bulky character of a malonyl moiety
compared with a phosphate group, a malonyl-tyrosine
residue forms fewer interactions with PTP1B than a phos-
photyrosine residue. These reduced interactions include fewer
hydrogen bonds to residues of the PTP motif (Cys 215 to
Arg 221) and, as a result of the open conformation of the

WPD loop, loss of hydrophobic interactions between the
phenyl ring of the malonyl-tyrosine residue and Phe 182
of the WPD loop. These structural results are consistent with
the 10-fold greater affinity of the D-A-D-E-pY-L peptide
toward PTP1B where the pTyr residue is replaced with a
difluorophosphonomethyl phenylalanine residue rather than
by a fluoromalonyl-tyrosine residue (16, 22). The structure
of the PTP1B-FOMT complex reported here is the first
crystal structure of non-phosphonate-containing inhibitor
bound to a protein tyrosine phosphatase. The structure reveals
that ligand binding to PTP1B is possible without inducing
closure of the catalytic site WPD loop. This structure and
that of the PTP1B-INH and PTP1B-TPI complexes
indicate that ligand substitutions affect protein-ligand af-
finities directly by promoting novel protein-ligand interac-
tions and also indirectly, as observed for the fluorine
substituent of FOMT, by perturbing the pKa of the carboxy-
late group of the malonyl moiety of the FOMT residue.
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