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ABSTRACT The structure of the catalytically inactive
mutant (C215S) of the human protein-tyrosine phosphatase
1B (PTP1B) has been solved to high resolution in two com-
plexes. In the first, crystals were grown in the presence of
bis-(para-phosphophenyl) methane (BPPM), a synthetic high-
affinity low-molecular weight nonpeptidic substrate (K, = 16
M), and the structure was refined to an R-factor of 18.2% at
1.9 A resolution. In the second, crystals were grown in a
saturating concentration of phosphotyrosine (pTyr), and the
structure was refined to an R-factor of 18.1% at 1.85 A.
Difference Fourier maps showed that BPPM binds PTP1B in
two mutually exclusive modes, one in which it occupies the
canonical pTyr-binding site (the active site), and another in
which a phosphophenyl moiety interacts with a set of residues
not previously observed to bind aryl phosphates. The identi-
fication of a second pTyr molecule at the same site in the
PTP1B/C215S-pTyr complex confirms that these residues
constitute a low-affinity noncatalytic aryl phosphate-binding
site. Identification of a second aryl phosphate binding site
adjacent to the active site provides a paradigm for the design
of tight-binding, highly specific PTP1B inhibitors that can
span both the active site and the adjacent noncatalytic site.
This design can be achieved by tethering together two small
ligands that are individually targeted to the active site and the
proximal noncatalytic site.

Protein-tyrosine phosphatases (PTPases), working in concert
with protein-tyrosine kinases, regulate a vast array of cellular
events, including passage through the cell cycle, proliferation
and differentiation, metabolism, cytoskeletal organization,
neuronal development, and the immune response (1, 2).
PTPases constitute a large family of enzymes that parallel
protein-tyrosine kinases in their structural diversity and com-
plexity. A recent estimate suggests that as many as 500 PTPase
genes may be encoded within the human genome (2). In vivo,
PTPases catalyze the removal of the phosphoryl group from
phosphotyrosine (pTyr) residue(s) in protein substrates. How-
ever, the K, value for free pTyr is three to four orders of
magnitude higher than the best protein/peptide substrates (3,
4). Several groups have demonstrated that PTPases display a
range of kca/Knm values for pTyr-containing peptides. This
sequence specificity has been exploited in the design of potent
and selective PTPase inhibitors by incorporating a nonhydro-
lyzable pTyr analog into optimal peptide templates (5). How-
ever, owing to proteolytic susceptibility and weak partitioning
across the plasma membrane, peptide-based compounds are
not highly desirable for the development of medicinally effec-
tive drugs.
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As an initial step toward the development of selective,
low-molecular weight nonpeptidic PTPase inhibitors, we in-
vestigated the active site substrate specificity of PTP1, the rat
structural homologue of human protein-tyrosine phosphatase
1B (PTP1B). PTP1B (3) is the prototypical intracellular
PTPase and is found in a wide variety of human tissues (6).
PTPI1B is overexpressed in human breast cancer (7) and has
been implicated as a negative regulator of insulin-stimulated
pathways (8). The catalytic domain of PTP1 consists of
residues 1-321 (9) and is 97% identical to the corresponding
321 residues of the human PTP1B. The kinetic properties of
the two enzymes are indistinguishable. Although nonpeptidic
species tend to be much poorer substrates than peptide-based
compounds (9, 10), we have recently shown that appropriately
functionalized aromatic phosphates exhibit K, values in the
low uM range and are hydrolyzed by PTP1 as efficiently as the
best peptide substrates reported for this enzyme (11). Fur-
thermore, the K., values for several of these substrates corre-
late well with their affinity for PTP1.

To understand the structural basis of substrate recognition
by PTP1B, and to lay the groundwork for future design of
specific compounds that can interfere with PTP1B-related
processes, we must first characterize those regions tlgat form
the substrate binding sites. We describe here the 1.9 A crystal
structure of the active site Cys-215 to Ser mutant PTP1B
complexed with bis-(para-phosphophenyl) methane (BPPM,
Fig. 1a), which is one of the highest-affinity low-molecular
weight nonpeptidic substrates identified for PTP1 [key = 6.9
sl Ky = 16 uM (11)]. We also report the 1.85 A crystal
structure of PTP1B/C215S complexed with pTyr [Fig. 1b; kcat
=44 571, Ky = 4.9 mM (4)]. We have found that both BPPM
and pTyr bind, as expected, at the pTyr-binding site (the active
site), and we provide a rationale for the higher affinity of
BPPM relative to pTyr. Unexpectedly, these structures reveal
a second site, adjacent to the active site, that binds BPPM and
pTyr as well. These results have significant implications for
PTPI1B inhibitor design, as it should be possible to develop
compounds that can simultaneously occupy both sites to gain
higher affinity and selectivity.

EXPERIMENTAL PROCEDURES
Construction of the C215S Mutant of PTP1B. The cDNA
encoding the catalytic domain of human PTP1B (amino acids
1-321) was obtained using PCR from a human fetal brain
cDNA library (Stratagene). The PCR primers used were
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(para-phosphophenyl) methane; pTyr, phosphotyrosine; PTP1B, pro-
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FiG. 1. Structures of PTP1B substrates BPPM (a) and pTyr (b).

5'-AGCTGGATCCATATGGAGATGGAAAAGGAGTT
(encoding both a BamHI and a Ndel site), and 3'-
ACGCGAATTCTTAATTGTGTGGCTCCAGGATTCG
(encoding an EcoRI site). The PCR product was digested with
BamHI and EcoRI and subcloned into a pUC118 vector. The
PTP1B coding sequence was confirmed by DNA sequencing.
Site-directed mutagenesis was carried out by using the Muta-
Gene in vitro mutagenesis kit from Bio-Rad. The oligonucle-
otide primer used for C215S was 5'-TGGTGCACTCCAGT-
GCAGG-3’, where the underlined base indicates the change
from the naturally occurring nucleotide. The mutation was
confirmed by DNA sequencing.

Subcloning, Expression, and Purification of PTP1B/C215S.
The coding region for the PTP1B/C215S mutant was cut from
pUC118-PTP1B/C215S with Ndel and EcoRI and ligated to
the corresponding sites of plasmid pT7-7. The resulting pT7-
7(PTP1B/C215S) was used to transform Escherichia coli
BL21(DE3). An overnight culture of the transformed
BL21(DE3) cells was diluted 1:100 into 1 liter of 2X YT
medium containing 100 pg/ml ampicillin. The culture was
grown at 37°C until the absorbance at 600 nm reached 0.6, at
which point the cells were induced with 0.4 mM isopropyl
B-D-thiogalactoside for 6 h. The cells were harvested by
centrifugation and resuspended in 30 ml of ice-cold buffer A
[100 mM 2-(4-morpholino)-ethane sulfonic acid, pH 6.5/1 mM
EDTA/1 mM DTT] and lysed by two passes through a French
press at 1,300 psi. All of the following steps were then carried
out at 4°C. The lysate was centrifuged at 15,000 rpm (DuPont
SS-34 rotor) for 30 min. The supernatant was incubated with
50 ml of CM-Sephadex C50 equilibrated with buffer A and
shaken gently for 40 min. The resin was washed three times
with the same volume of buffer A, loaded onto a column, and
washed again with 10 bed volumes of buffer A. PTP1B/C215S
was eluted from the column by a linear gradient from 0 to 0.5
M NacCl in 200 ml of buffer A.

Cocrystallization of PTP1B/C215S with Substrates. Crys-
tals were grown by hanging-drop vapor diffusion at 4°C by
using conditions modified from Barford et al. (12, 13). A stock
was made of PTP1B/C215S at 10 mg/ml in buffer B (10 mM
Tris'HCI, pH 7.5/25 mM NaCl/0.2 mM EDTA /3.0 mM DTT)
with either 3.4 mM BPPM (11) or 53 mM pTyr. For crystal
growth, a 5-ul drop of this stock solution was mixed with an
equal volume of precipitating solution [0.1 mM Hepes, pH
7.0-7.5/0.2 M magnesium acetate/12%-14% (wt/vol) poly-
ethylene glycol 8000 (Fluka)] and equilibrated against 1 ml of
the precipitating solution.

Data Collection and Processing. All data were collected at
beamline X9B of the National Synchrotron Light Source at
Brookhaven National Laboratories (Upton, NY). The beam-
line utilizes radiation from a bending magnet that collects
substantial horizontal acceptance with a sagittally focused
Si[111] monochromator combined with vertical focusing by a
nickel-surfaced aluminum substrate mirror. The accessible
wavelength range is 1.1-2.0 A. The flux is 1.8-3.1 x 10!
photons/s per 100 mAmp and the beam can be focused to 0.3
mm horizontally and 0.2 mm vertically. A vertically mounted
conventional rotary table is used as the rotation stage, and an
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LT-2 low-temperature system mounted nearly coaxially with
the rotation axis was employed for cryogenic data collection.

Single crystals (=0.3 X 0.3 X 0.3 mm?) were successively
transferred at 4°C in increments of 5% glycerol concentration to
a final cryoprotectant solution that contained crystallization
buffer, 25% (vol/vol) glycerol, and either 1.5 mM BPPM or 30
mM pTyr. The crystal was then transferred to a loop and
flash-frozen in a stream of nitrogen gas at ~140 K. A wavelength
of 1.20 A was used to collect 1.0° frames with typical exposure
times of 10-20 s. Data were recorded on Fuji image plates and
reduced and merged with the HKL package (14).

Structure Solution of the PTP1B Complexes. For the BPPM
complex, the initial model used for phase determination was
the unliganded PTP1B structure (13) with the loop residues
179-187 deleted and Cys-215 replaced by Ala. Refinement
with X-PLOR (15) was alternated with rounds of manual
rebuilding with the program 0O (16), resulting in a model
comprising residues 2-298 (out of 1-321), 233 ordered water
molecules, and two overlapping BPPM molecules. Electron
density for two overlapping BPPM molecules (Fig. 2a) accom-
modated models for both ligands with starting occupancies of
0.5, which refined to values of 0.54 and 0.46. Simulated
annealing omit maps (17) and the free R value (18) were used
to verify accurate model building, and the quality of the model
at all stages of refinement was assessed using the programs
PROCHECK (19) and WHAT IF (20). In the final stages of
refinement, the reflections that had been sequestered for
calculating the free R-factor were then merged. All data from
22.0 to 1.9 A were used in refinement employing an isotropic
bulk solvent model (21), yielding a final crystallographic
R-factor of 18.1% with good geometry (Table 1).

F1G6.2. (a and b) Simulated annealing omit maps showing unbiased
electron density for bound BPPM (a) and phoshphotyrosine (b)
molecules. The density shown is an F, — F. map contoured at 2.0 o,
with the refined models superimposed. Molecules bound to the
canonical pTyr binding site are colored green, and ligands bound to the
second site are colored yellow. (¢) Superposition of BPPM and pTyr
ligands. pTyr A is drawn in black, and pTyr B is gray. [Diagrams were
generated with program o (16)].
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Table 1. Crystal, data collection, and refinement statistics

53 mM pTyr
BPPM complex complex
Crystal parameters
Space group P3,21 P3:21
Cell constants a=b=8237A a=b=87914A
¢ = 10453 A c=103.82A

a=B3=090°,vy=120° a=B=090°y=120°
Data collection
Resolution range, A

22.0-1.9 (1.97-1.90)*  25.0-1.85 (1.85-1.92)

Measurements 138,889 185,058
Unique reflections 7 > 0o 31,197 (2,558) 39,868 (3,754)
Completeness, % 82.1 (69.2) 98.8 (93.9)
Runcrge,” % 5.2 (26.7) 4.2 (23.0)
Mean I/o of merged data 24.7 (2.9) 30.7 (3.0)
Wavelength, A 120 A 120 A
Refinement statistics

Resolution used, A 22.0-1.9 25.0-1.85
Reflections used 31,197 (2,558) 39,868 (3,754)
Crystallographic R-factor, %  18.2 (27.0) 18.1 (27.1)
rms bond length deviation,¥ A 0.009 0.009
rms bond angle deviation,$ ° 1.85 1.85
Number of atoms

Protein 2,426 2,4381

Water 233 263

Mgt 1 1

BPPM A/pTyr A 23 17

BPPM B/pTyr B 23 17

All atoms 2,706 2,7361
Average temp. factors, A2

Protein 25.3 25.51

Water 32.6 36.1

Mg** 38.7 30.0

BPPM A/pTyr A 11.8 27.8

BPPM B/pTyr B 20.8 33.6

All atoms 258 26.51
Occupancy

BPPM A/pTyr A 0.54 1.00

BPPM B/pTyr B 0.46 0.51

In both structures a Mg ion that is coordinated to six waters, four
of which form hydrogen bonds to protein atoms (in residues Glu-129,
Glu-130, and residue His-54 from a symmetry-related molecule) was
built into octahedral density that could not be otherwise accounted
for.

*Numbers in parentheses refer to the shell of highest-resolution data.

7Rmerge = Xkl 2n |<I(hkl)> — I,L(hkl)‘/Ehkl 2n Ln(hkl) where I,,(hkl)
and (I(hkl)) are the nth and mean measurements of the intensity of
reflection hkl.

iR-factor = S |Fy — Fe|/Zni Fo where F, and F, are the observed
and calculated structure factor amplitudes for reflection hkl.

§Stereochemical criteria are those of Engh and Huber (37).

ncluded are the additional three atoms from the alternate confor-
mation of Asp-48.

The refined coordinates of the complex with BPPM were
used as a starting model for the PTP1B complex with 53 mM
pTyr. Refinement proceeded in a fashion essentially identical
to that of the BPPM complex, except that the resolution range
used was 25.0-1.85 1&, residues 2-299 were visualized, and 263
ordered water molecules were observed. Electron density for
two pTyr molecules (Fig. 2b) was observed, where the density
for the pTyr in the noncatalytic site (pTyr B) appeared to
overlap the density for one of two conformations of Asp-48, so
the occupancies of pTyr B and the two conformations of
Asp-48 were refined. The final model had an R-factor of 18.2%
with good geometry (Table 1).

Least-squares superposition (22) of the 5 mM (low) pTyr
complex (23) onto either the BPPM complex or the 53 mM
(high) pTyr complex yielded rms backbone deviations of 0.25
A and 0.19 A, respectively. As observed in the low-pTyr
complex, binding of either BPPM or pTyr to PTP1B/C215S
induces a conformational change of the surface loop 179-187
to bring Asp-181 and Phe-182 into the active site.
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RESULTS

Binding Mode of the BPPM Molecules. Two BPPM mole-
cules of approximately half occupancy were each visualized as
strong features in simulated annealing omit maps calculated
with coefficients F, — F; and 2F, — F, (Fig. 2a). One molecule
occupies the canonical pTyr-binding site (active site) and will
be designated as ligand A, whereas the second molecule, which
binds to a different site in the vicinity of the active site, will be
designated as ligand B. The terms “proximal” and “distal” will
be taken to refer to the phosphophenyl moieties of BPPM that
are bound or surface-exposed, respectively (Fig. 2).

Electron density for BPPM A and B allowed unambiguous
fitting of the entirety of both molecules (Fig. 2a). The distal
phosphate densities of ligands A and B display substantial
overlap. Consequently, the two BPPM molecules cannot be
simultaneously bound to the same PTP1B molecule. The
ligand molecules refined to occupancies of 0.54 for ligand A
and 0.46 for ligand B (Table 1).

The proximal half of BPPM molecule A superimposes on the
pTyr seen in the active site in both the low-pTyr (23) and
high-pTyr structures (Fig. 2c), engaging in similar contacts:
electrostatic interactions with Arg-221, hydrogen bonds with
the main-chain nitrogens of Ser-216—Arg-221, van der Waals
contacts with several aliphatic side chains, and aromatic—
aromatic interactions with Tyr-46 and Phe-182 (Figs. 3a and
4a). In addition, a conserved water (Wat28 in the BPPM
complex, Wat505 in the low-pTyr structure) forms hydrogen
bonds between the proximal phenolic oxygen of BPPM A,
Phe-182 N, and GIn266 Ne2. The distal half of BPPM A also
has significant interactions with the protein (Figs. 3a and 4a):
the distal ring makes a typical aromatic-aromatic contact with
Phe-182 (24, 25), and an oxygen of the distal phosphate makes
a water-mediated hydrogen bond with Gln-262.

The proximal half of BPPM molecule B highlights a new set of
residues capable of binding aryl phosphates (Figs. 3b and 4b). The
guanidinium groups of both Arg-24 and Arg-254 are both re-
sponsible for ionic interactions with oxygen atoms of the proximal
phosphate. An additional determinant of binding may be Wat20,
which is conserved in the low-pTyr and high-pTyr complexes.
Wat20 has a low B factor of 18 A2, multiple protein ligands, and
it is within hydrogen-bonding distance of both a terminal and a
phenolic oxygen in ligand B, suggesting that it is stably bound in
solution and has a role in binding BPPM. The phenolic oxygen
may also be stabilized by a long (3.6 A) interaction with the amide
nitrogen of Gly-259. The proximal aromatic ring of ligand B is
held in place by a number of weakly polar interactions with
Gln-262 and Met-258 [Fig. 4b (25)] and several van der Waals
contacts with the aliphatic portions of the side chains of Ile-219
and Met-258, and the C* of Gly-259, effectively burying most of
its hydrophobic surface. The bridging methylene group makes van
der Waals contacts with the carbonyl oxygen of Asp-48 and the
side chain of Val-49. The distal ring of BPPM B may have an
equatorial oxygen—aromatic interaction with GIn-262 Oe¢l1, and it
also makes a van der Waals contact with the CP of Asp-48 (Fig.
3b). The distal phosphate of BPPM molecule B, like its counter-
part in ligand A, interacts with Wat208, which mediates hydrogen
bonds with a terminal and a phenolic phosphate oxygen.

Binding Mode of pTyr Molecules. Two pTyr molecules are
clearly visibly bound to PTP1B. Both pTyr molecules superim-
pose closely onto the proximal halves of the two BPPM molecules
(Fig. 2¢). Electron density and refinement statistics indicate that
pTyr B has a lower occupancy and larger thermal factors than
pTyr A, suggesting that pTyr B is less tightly bound and more
disordered. The pTyr A molecule bound at the active site has a
binding mode identical to that described by Jia et al. (23), whereas
the aryl phosphate of pTyr B makes the same contacts seen for
the proximal aryl phosphate of BPPM B. The a-amino and
carboxylate functionalities of pTyr also participate in polar in-
teractions not available to BPPM B, as shown in Fig. 4c.



Biochemistry: Puius et al.

FiG. 3. Stereo representations of the binding modes of BPPM A
(a), BPPM B (b), and pTyr B (¢). Contacts represented by dashed lines
are distances less than 3.6 A, except for certain interactions with
aromatic rings. Interactions between the amide nitrogens of residues
216-221 and the phosphate groups of ligand A are too numerous to
represent. [Diagrams were generated with the program o (16)].

Buried Nonpolar Surface Area. Upon binding PTPIB,
BPPM A and B bury 222.5 A? (77%) and 200.4 A2 (74%) of
their nonpolar surface area [calculated by the method of Lee
and Richards (26) as implemented in X-PLOR (15), by using a
1.4-A probe], respectively, The analogous calculation on pTyr
A and B shows that 177.0 A2 (86%) and 143.2 A2 (75%) of their
nonpolar surface area are buried upon binding. In all cases, the
greatest fraction of buried surface area is contributed by the
proximal aromatic ring.

DISCUSSION

The in vivo phosphorylation of tyrosine residues within pro-
teins is a reversible and dynamic process governed by the
opposing action of protein tyrosine kinases (PTKs), which
catalyze protein tyrosine phosphorylation, and PTPases,
which are responsible for dephosphorylation (1, 2). PTPases
comprise a large family of enzymes and can function to both
antagonize and potentiate the action of PTKs. Hundreds of
protein kinases and protein phosphatases and their substrates
are integrated within an elaborate signal transducing network.
The defective or inappropriate operation of this network is at

Proc. Natl. Acad. Sci. USA 94 (1997) 13423

a) BPPM A
o=

HN

o
@11 -0 303
[l . Ho  Wat208

347
Wat152 Hy0 --.2%7

314 .Hzo ) “H,0
T . distal : G
\%: - Wat28 .2.87 © 280 Wat158
: NH,
Q262

HN_. «)}1
N 296
‘. 89 '314‘ 338 310 2.92
/[]\/NH\g/\H JJ\/NH\Q/\ )I\/NH
G220 G218 S216
R221 1218 A217

b) BPPM B G259 M258

347 :
Wat152 H0 -V

67 H

2.80

Q262 3.05‘3
Wat29 H0::;

243}

A

b

"” )
2
R254

c) pTyrB
pTyrA *]

NH
0 ™
O YN ©
o” o
310§ % !

Wat153
Wat224 Hzo.,___z_:_?‘ Hy0

Fi1G. 4. Schematic representations of the interactions between
PTP1B/C215S and BPPM A (a), BPPM B (b), and pTyr B (c). A
distance cutoff of 3.6 A was used, except for certain interactions with
aromatic rings.



13424  Biochemistry: Puius et al.

the root of such widespread diseases such as cancers and
diabetes. Indeed, like PTKSs, overexpression or altered activity
of the PTPases can contribute to the symptoms and progres-
sion of various diseases. For example, PTPases have been
identified as both tumor suppressors (27) and oncogenes (28).
A number of PTPases, including PTP1B, have been implicated
as negative regulators of insulin receptor regulated processes
(8). The importance of PTPases in cellular physiology is
further emphasized by the fact that they are often targets for
microbial or viral intervention. For instance, the pathogenic
bacteria Yersinia encodes a PTPase essential for its virulence
(29), and vaccinia virus encodes a dual specificity phosphatase
in the PTPase super family (30).

Given the large number of PTPases identified so far and the
emerging role played by PTPases in disease, it is not surprising
that interest in the development of inhibitors for these enzymes
has intensified in recent years (5). Unfortunately, PTPases rep-
resent a significant challenge in terms of inhibitor design. Until
recently, these enzymes were known to only efficiently hydrolyze
protein and peptide substrates, species that are not readily
converted into inhibitory agents. In addition, nonpeptidic sub-
strates, such as p-nitrophenylphosphate, are comparatively inef-
ficient PTPase substrates and exhibit little or no selectivety for
individual members of the PTPase family. The latter observation
is not surprising given the fact that the majority of the invariant
amino acid residues conserved in PTPases are located in and
around the enzyme active site (13, 31-33). Nevertheless, we
recently showed that the K, for the low-molecular weight species
BPPM is nearly three orders of magnitude lower than that
displayed by phosphotyrosine in the PTP1-catalyzed reaction
(11). We now report the crystal structures of PTP1B complexed
with BPPM as well as with phosphotyrosine. Quite unexpectedly,
both crystal structures reveal the presence of a second aryl
phosphate-binding site positioned adjacent to the active site. This
second site lies within a region that is nonconserved among
PTPases. As a consequence, this unanticipated observation has
important implications in terms of the design of highly selective
PTPase inhibitory agents.

Identification of a Novel Aryl Phosphate-Binding Site. The
existence of a second site (“site B”) was suggested by an unex-
pected binding mode observed in the complex with the high-
affinity substrate BPPM, and confirmed by the structure of
PTP1B/C215S in 53 mM pTyr. The most important residues in
site B appear to be Arg-24 and Arg-254, which coordinate the
phosphate. Additional favorable interactions include water-
mediated hydrogen bonds, weakly polar interactions with Met-
258 and GIn-262, and van der Waals contacts with Ile-219,
Asp-48, and Val-49 (Figs. 3¢ and 4c). Hydrophobic driving forces
may also play a role, because 143 A2 (75%) of nonpolar surface
area of pTyr are buried within binding site B. In the catalytic site
(“site A”), most of the ring atoms of a bound ligand are not
exposed to the external aqueous milieu, whereas each atom of the
buried proximal ring of BPPM or pTyr in site B has several A2 of
solvent-exposed surface. The fact that the phosphophenol moiety
in site B has a greater solvent-exposed area than its counterpart
in site A suggests that the former does not form a hydrophobic
binding pocket possessing the same degree of complementarity
observed in the latter. Indeed, in spite of the fact that the solution
concentration of pTyr was 53 mM, the occupancy of pTyr B
refined to only approximately one-half. Thus, it is clear from both
this structure and the fact that pTyr B was not observed at all in
a5 mM pTyr complex (23) that the affinity of site B for pTyr is
lower than that of site A.

Binding Mode of BPPM. PTP1B/C215S possesses two sites
capable of binding the low-molecular weight nonpeptide sub-
strate BPPM. The two BPPM molecules appear to bind in
mutually exclusive modes, and electron density, B-factors, and
occupancies suggest that BPPM A binds somewhat more tightly
than BPPM B (Fig. 2a and Table 1). However, in contrast to the
results outlined above for pTyr, it is evident that the difference in
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the affinities of the two sites for BPPM is not very large. The
concentration of BPPM in the crystallization solution is sufficient
to saturate both sites, and as a consequence BPPM should
partition between sites A and B in proportion to its affinity for
each site. The similar occupancy of BPPM in the two sites
indicates that BPPM binds to both sites with similar affinity.
PTP1B has an ~300-fold greater preference for BPPM over
pTyr, which may be explained by protein-ligand interactions
unavailable to pTyr at either site. In addition, we note that it is
unlikely that the presence of amino and carboxyl groups in pTyr
adversely influences the K, of pTyr (4.9 mM), because the K, for
phenyl phosphate itself is 2.5 mM. Finally, the crystallographic
finding that BPPM can bind PTP1B in two mutually exclusive
modes also provides structural support for the hypothesis that
BPPM might be engaged in a combination of productive and
nonproductive binding modes (11).

The high affinity of PTP1B for BPPM can be explained by
additional interactions that are unavailable to pTyr. BPPM
molecule A is not only bound by those interactions responsible for
pTyr coordination (Figs. 3a and 4a; ref. 23), but may also
experience favorable aromatic-aromatic interactions between its
distal ring and Phe-182, as well as water-mediated hydrogen
bonds with its distal phosphate (Fig. 4a). The burial of an
additional 68 A2 of hydrophobic surface area by the distal ring of
BPPM A may provide an additional entropic driving force on the
order of —1.0 kcal/mol (34). BPPM molecule B is also bound by
a combination of electrostatic interactions (Arg-24, Arg-254), van
der Waals contacts, weakly polar interactions, and water-
mediated hydrogen bonds (Fig. 4b), and its distal ring also may
also contribute —1.0 kcal/mol by burying 69 A2 of nonpolar
surface.

Implications for Inhibitor Design. The results from the struc-
tural determinations of PTP1B/C215S-BPPM and PTP1B/
C215S-pTyr complexes demonstrate the utility of studying the
interactions between PTPases and small molecule ligands. PT-
Pases utilize pTyr-containing proteins as their in vivo substrates;
and the associated enzyme—substrate complexes possess multiple
functional-group binding sites that confer a high complementary
fit between substrate and enzyme. In contrast, and as exemplified
by BPPM and pTyr, small molecule substrates are able to
associate with PTP1B in more than one binding mode. The
identification of these alternate binding modes immediately sug-
gests a new strategy for the design of inhibitors with enhanced
affinity and specificity. Indeed, prior studies devoted to PTPase
inhibitors have generally been forced to ignore the issue of
specificity because the majority of the invariant amino acid
residues conserved in PTPases are located in and around the
enzyme active site (13, 31-33). In short, PTPase active sites are
likely to recognize pTyr in a similar way, exhibit the same catalytic
mechanisms, and bind pTyr mimetics (i.e., inhibitors) equally
well. However, on the basis of the results described herein, it
should be possible to design and synthesize nonhydrolyzable aryl
phosphate analogs that are able to simultaneously occupy both
sites A and B. The rationale for this approach to achieve higher
affinity is based on the principle of additivity of free energy of
binding and is illustrated in Fig. 5. Indeed, the utility of this
strategy to obtain high affinity ligands for proteins has been
successfully demonstrated by Fesik and colleagues (35, 36). By
using NMR techniques, a weak inhibitor (acetohydroxamic acid,
Kgq = 17 mM) that is targeted to the catalytic site and a modest
inhibitor [3-(cynomethyl)-4’-hydroxybiphenyl, Kq = 0.02 mM])
that binds to the Sy’ site of stromelysin have been identified. A
high affinity (15 nM) inhibitor was then produced by tethering
together the two weakly bound ligands with an appropriate linker.
The interaction of an inhibitor with two independent sites (e.g.,
site A and site B) on PTP1B would be expected to confer
exquisite specificity, if other PTPases do not possess an identical
second site interaction.

Are similar spatial arrangements of amino acid side chains
and solvent molecules that form site B present in other
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Site B

X mM = nM

FiG. 5. A strategy for creating selective and high-affinity PTP1B
inhibitors. Based on the principle of additivity of free energy of
binding, high-affinity ligands can be designed by linking two functional
groups (each with modest affinity to the target protein) identified
experimentally. The added specificity arises from the fact that the
tethered ligand has to bind both sites simultaneously.

PTPases? Arg-254 and GIn-262, which comprise part of the
binding pocket for site B, are invariant amongst all PTPases
(31). Amino acid sequence alignment suggests that an Arg
residue equivalent to Arg-24 in site B of PTP1B may also exist
in T-cell PTPase, PTP-PEST, and the Yersinia PTPase, but
not in PTPa, PTPe, leukocyte common antigen-related
(LAR), PTPy, CD45, SH2 domain-containing PTPases, and
PTP-meg (data not shown). Nevertheless, it appears that, with
the exception of Arg-254 and GIn-262, residues that form the
second site in PTP1B (e.g., Gln-21, Met-258, and Gly-259) are
less conserved among PTPases than residues that form the
active site. Further structural and biochemical studies on
PTPases other than PTP1B are required to resolve this issue.
Interestingly, residues Val-49, Ile-219, and GIn-262 that are
part of site B are also found to make van der Waals contacts
with the side chain of Leu at the P+1 position of the peptide
substrate DADEpYL-NH, (23). Because these side chains
make van der Waals contacts and polar interactions with the
aromatic ring and the bridging methylene unit in BPPM (or the
CP in pTyr), appropriately designed compounds that are
specifically targeted to the second site may be effective in
disrupting the binding of pTyr-containing peptide—protein
substrates to PTP1B. This finding may represent another
approach for PTPase inhibitor design that targets the extended
binding sites rather than the immediate catalytic site.

In summary, we report the high-resolution structures of
PTP1B/C215S complexed with BPPM, a tight-binding sub-
strate, and with pTyr. These structures reveal the details of key
interactions between amino acid residues in PTP1B and a
novel class of bis-phenyl substrates. We also describe a second
aryl phosphate-binding mode in PTP1B that has significant
implications for PTP1B inhibitor design. These studies provide
a solid molecular basis for further structure-based rational
design of PTPase inhibitors. Selective and potent PTPase
inhibitors may not only serve as useful probes to help define
the physiological functions of PTPases, but may ultimately
constitute a unique family of therapeutic agents for the
treatment of cancers and diabetes.
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