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ABSTRACT: Protein tyrosine phosphatase 1B (PTP1B) has been implicated in the regulation of the insulin
signaling pathway and represents an attractive target for the design of inhibitors in the treatment of type
2 diabetes and obesity. Inspection of the structure of PTP1B indicates that potent PTP1B inhibitors may
be obtained by targeting a secondary aryl phosphate-binding site as well as the catalytic site. We report
here the crystal structures of PTP1B in complex with first and second generation aryldifluoromethyl-
phosphonic acid inhibitors. While all compounds bind in a previously unexploited binding pocket near
the primary binding site, the second generation compounds also reach into the secondary binding site,
and exhibit moderate selectivity for PTP1B over the closely related T-cell phosphatase. The molecular
basis for the selectivity has been confirmed by single point mutation at position 52, where the two
phosphatases differ by a phenylalanine-to-tyrosine switch. These compounds present a novel platform for
the development of potent and selective PTP1B inhibitors.

Reversible tyrosine phosphorylation, controlled by protein  PTP1B was the first PTPase to be isolated in homoge-
tyrosine kinases and protein tyrosine phosphatases, plays aeous form%, 6), crystallized, and have its tertiary structure
critical role in the transduction of signals that control many determined?). Since then, a number of biological, structural,
diverse processes, including passage through the cell cycleand enzyme kinetic studies on PTP1B have suggested that
proliferation and differentiation, metabolism, cytoskeletal itis an important negative regulator of the insulin-signaling
organization, neuronal development, and immune responsePathway. Recent studies on PTP1B knockout migedf
(for reviews see refd—4). Protein tyrosine phosphatases provided significant support for the view that PTP1B is a
(PTPases) constitute a large, structurally diverse family of key regulator of insulin signaling. PTP18— mice showed
receptor-like and cytoplasmic enzymes expressed in all increased insulin sensitivity and obesity resistance, demon-
eukaryotes. The most recent reports indicate that there areStrating that PTP1B plays a major role in modulating both
about 60 PTPase genes encoded within the human genomdnsulin sensitivity and fuel metabolism. Thus, PTP1B is an
including transmembrane, receptor-like, and intracellular, attractive target for the treatment of type 2 diabetes and
nonreceptor-like enzymes. Each PTPase is composed of apPbesity, and sglect!\{e PTP1B inhibitors could be of signifi-
least one conserved domain characterized by a unique 11.cant therapeutic utility X0). _
residue sequence motif ((I/V)HCXAGXXR(S/T)G) contain- S_eyeral groups _have reported structurally diverse PTP1B
ing the cysteine and arginine residues known to be essentiafhibitors (for review see refd1-13) that show a high
for catalytic activity. The diverse structures of PTPases resultdegre_e of selectivity for PTP1B over several PTPases,
primarily from the variety of noncatalytic sequences attached including PTH, LAR, C.:D45’ "’“_‘d VHR, but generally not
at the carboxy- or amino-termini of the catalytic domain. over .thg T-cell protein tyrosine p_hosphatase (TC.:I.DTP)'
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poiesis, as well as impaired T and B cell functiords)( Phe substitutions in PTP1B and TCPTP, respectively, were
These studies suggest that TCPTP plays a significant roleintroduced using a PCR-based approach by following
in both hematopoiesis and immune function, and indicate established protocol26). Oligonucleotides used for the site-
that a therapeutically useful PTP1B inhibitor should display directed mutagenesis were custom synthesized by Research
significant selectivity over TCPTP. The structures of PTP1B Genetics (Huntsville, AL). Codons specifying the targeted
in complex with phosphotyrosinel) and with a peptide ~ amino acid changes were incorporated into the mutant
derived from the insulin receptod®) revealed a PTP1B  oligonucleotide primers as follows (the codon changes that
specific second aryl-phosphate binding site adjacent to thewere introduced have been underlined): F52Y (forward)
catalytic site. The recently determined crystal structure of 5 AGAGACGTCAGTCCCTACGACCATAGTCGGATT
TCPTP shows that it also has primary and secondary aryl3'; F52Y(reverse}- 5 AATCCGACTATGGTCGTAGG-
binding sites that are nearly identical to those in PTPIE. ( GACTGACGTCTCT 3; Y54F (forward)— 5 AGAGAT-
Nevertheless, small differences can be found around theGTAAGCCCATTCGATCACAGTCGTGTT 3 Y54F
secondary aryl binding sites, and PTP1B inhibitors that bind (reverse)- 5 AACACGACTGTGATCGAATGGGCTTAC-
there may therefore be expected to achieve some degree oATCTCT 3. The correct construction of the mutant deriva-
selectivity between the two enzymes. Attempts to design tives was verified by DNA sequencing. DNA was subse-
compounds that bind simultaneusly to both sites resulted in quently isolated from positive clones and introduced into
the generation of several classes of inhibitor containing two Escherichia coliBL21 cells for protein expression.
pTyr mimetics. However, in all cases, crystallographic studies  Protein Purification and Inhibitor Assaysthe FLAG-
revealed a mode of binding that does not involve this secondtagged catalytic domain of PTP1B (residues2P8) and
site (19—22). Recently, novel bidentate inhibitors, discovered TCPTP (residues -1296) were expressed ig. coli and
by using a linked-fragment strategy, have been repo8d (  purified as reported previousl®%, 27).
24). Crystallographic analysis shows that these inhibitors bind  Activity Assays.The activity of PTP1B enzymes was
to both primary and secondary aryl binding sites, and that assayed with fluorescein diphosphate (FDP) as substrate as
show moderate (up to 5-fold) selectivity for PTP1B over reported previously28). Briefly, the assays were carried out
TCPTP. However, none of these compounds interact directlyin a 96-well plate at room temperature in a buffer that
with any residues that differ between TCPTP and PTP1B, consisted of 20 mM Bis-Tris, 5 mM DMH, 2 mM EDTA,
so the structural basis for the observed selectivity is not clear.5% (v/v) DMSO, 2% (v/v) glycerol, 0.01% (v/v) Triton
The authors of this work speculate that the nearby differing X-100 at a pH of 6.3. Hydrolysis of FDP was monitored
residues may affect how these compound interact with the continuously on a Cytofluor microplate reader with excitation
conserved residues Arg24 and Met238)( and emission wavelengths set at 440 and 515 nm, respec-
Recently, a number of mono- or bis(aryldifluoromethyl- tively. Concentrations of PTP1B inhibitors that resulted in
phosphonic acids) have been prepared in our laboratories50% reduction of enzyme activity (k) were derived by
and shown to be potent PTP1B inhibitors with a good fitting reaction rates obtained in the presence and absence
selectivity profile against other PTPs except TCPTP (Duf- of compounds to a 4-parameter equation using GraFit 4.0.10
resne et al., in preparation; Lau et al., in preparation). A (Erithacus Software). A substrate concentration equivalent
subsequent structure-based drug development based on thi theKy value for FDP was used for kgdeterminations.
crystal structures of these first generation compounds, The concentration of each PTPase used for the determination
produced second generation inhibitors that resulted in selec-of ICsy values was adjusted to achieve 10 arbitrary fluores-
tive inhibitors (Lau et al., in preparation). We report here cence units/s with respect to FDP hydrolysis.
the crystal structures of PTP1B in complex with these first ~ Synthesis of InhibitorsThe methods for the synthesis of
and second generation compounds. These inhibitors represerdompounds will be published elsewhere (Lau et al., in
a new class of ligands that interact with both the catalytic preparation).
and secondary binding sites, and provide a moderate degree Protein Crystallization and Data Collectiorll samples
of selectivity for PTP1B over TCPTP. From the structural used for crystallization trials were routinely analyzed by light
analysis, a potential selectivity determinant that differs scattering using a Protein Solutions DynaPro instrument with
between PTP1B and TCPTP and interacts directly with the Dynamics Version 4 software. The protein concentration was
selective inhibitors was identified. The appropriate mutant 10 mg/mL (i.e., the same concentration used for crystalliza-
enzymes were constructed, and the pattern of their inhibition tion experiments); measurements were conducted &t 20
by these compounds confirms the structural analysis. We °C in 20 mM Tris/HCIl, 5 mM DMH, 0.2 mM EDTA, 25
have also identified a novel, previously unexploited binding mM NaCl at a pH of 7.6. Crystals of PTP1B in complex
pocket, which may also help confer increased selectivity. with the compounds described in the text were obtained at
The characterization and detailed understanding of the mode4 °C in hanging drops formed by mixing AL of protein
of binding of these compounds afford a novel platform for solution (preincubated fa2 h at 4°C with a 5-fold excess
the design of improved potent and selective PTP1B inhibi- inhibitor) with 1 4L of precipitant solution (1218% PEG
tors. 4000, 200 mM MgGJ, 100 mM HEPES, pH= 7.0). All
data sets were collected at 100 K using synchrotron radiation
EXPERIMENTAL PROCEDURES at beamline 17-ID in the facilities of the Industrial Macro-
Mutagenesis and Protein Expressiétasmids that express  molecular Crystallography Association Collaborative Access
the isolated catalytic domains of human PTP1BZ98) and Team (IMCA-CAT) at the Advanced Photon Source (Ar-
TCPTP(1-296) were used as template DNA for the mu- gonne National Laboratory, Argonne, IL). Crystals were
tagenesis. Construction of the expression vectors has beemlipped for about 10 s in cryoprotectant (15% MPD in mother
described previously26). The Phe52-to-Tyr and Tyr54-to-  liquor) before vitrifying them in the cryogenic nitrogen gas
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Table 1: Statistics for the Processed Data for the Complexes of PTP1B with Com@8)ds 6, 9, and112

compound 2 3 4 6 9 11
Space group P41212 P41212 P212121 P212121 P212121 P212121
UCP (A) a=b=286.84, a=b=286.98, a=86.88,b=288.41, a=87.95b=288.04, a=87.86b=87.76, a= 88.03b=87.83,
c=139.69 c=139.83 c=139.22 c=139.23 c=138.12 c=138.93
molecules/AU 1 1 2 2 2 2
resolution 37.0-2.2 37.0-2.2 37.0-2.1 20.0-2.3 20.0-2.2 28.0-2.3
range (A)
(2.3-2.2) (2.3-2.2) (2.2-2.1) (2.4-2.3) (2.3-2.2) (2.4-2.3)
no. of reflections 26131 (4348) 27955 (4547) 61938 (10233) 48690 (8039) 54806 (9032) 48228 (7902)
redundancy 8.7 (9.0) 8.0 (8.6) 3.5(3.6) 7.1(7.3) 7.1(7.1) 5.6 (5.9)
completeness (%) 93.8 (93.0) 98.9 (100) 99.3 (100) 99.8 (100) 99.8 (100) 99.3(99.1)
I/ol 12.4 (2.2) 13.0(2.9) 10.1 (2.5) 9.3(1.5) 11.7 (3.2) 11.8 (2.1)
Reym (1) 8.4 (40.4) 8.9 (40.7) 8.4 (38.2) 8.3(38.2) 6.2 (21.2) 5.8 (32.4)

a All data refer to reflections with/ol greater than-3o; number in parentheses refer to data in the highest shell of resolution.

Table 2: Refinement Statistics for the Complexes of PTP1B with Compo2ngls4, 6, 9 and11

compound 2 3 4 6 9 11

resolution range (A) 25:02.2 25.0-2.2 25.0-2.1 15.0-2.3 20.0-2.2 12.0-2.3
completeness (%) 91.2 98.4 94.2 96.1 97.1 97.4

no. of reflections work 23623 26102 56665 44304 49422 44526

no. of reflections test 1776 1379 2881 2341 3814 4167

Ried R factor 24.5/21.5 24.6/21.0 23.8/20.8 23.8/21.0 23.3/19.6 24.6/21.4
RMSD bond length/angles (A, degrees) 0.013/1.49 0.013/1.51 0.014/1.53 0.010/1.35 0.013/1.42 0.011/1.40
no. protein atom 2350 2350 4692 4692 4692 4697

No. solvent atoms 116 115 239 209 397 205

No. heteroatonts 44 46 92 95 110 118

aWork refers to reflections used during refinement; test to reflections set asiBg.f@alculation.? Heteroatoms include ligand atoms and ions

(if present).

stream. The crystals diffracted to 2:2.4 A. Data were
processed and scaled using X-GE29)( Analysis of pseudo-

carried out as described for the complex with compo8nd
For all the other complexes (orthorhombic space group), the

precession photographs showed that crystals of the PTP1Bposition of the bound ligand was identified by difference

compound2 and PTP1B/compound® complexes were
tetragonal, space groug#2,2 or P4;2,2, with one molecule
per asymmetric unit (AU). Crystals of the complexes of
PTP1B with compound4, 6, 9, and11 were orthorhombic,
space groupr2;2,2;, with two molecules per AU. Table 1
summarizes the statistics for the processed data.
Structure Solution and Refinememhe structure of PTP1B
in complex with compoun@® (tetragonal space group) was

Fourier maps, using the coordinates of the refined compound
4-containing complex, without ligand or bound waters. The
refinement of all complexes was carried out as described
for the PTP1B/compoun8complex. Statistics for all refined
models are listed in Table 2.

The coordinates and structure factors for the six structures
described here have been deposited with the Protein Data
Bank, accession code 1Q6J, 1Q6M, 1Q6N, 1Q6P, 1Q6S, and

solved by molecular replacement procedures using the1Q6T, respectively.

software AMORE B80) and the protein coordinates from
1PTY (17) as a searching model. A single solution was found
that had a correlation coefficient of 51.5% and R-factor of

RESULTS AND DISCUSSION

41.8% for data between 8 and 4 A, and assigned the correct Binding Mode for the Aryldifluoromethyl-Phosphonic Acid

space group aB4,2;2. The starting model was subjected to
30 cycles of rigid body refinement, followed by simulated
annealing refinemenB(, 32), using XPLOR version 3.843

Inhibitors. All inhibitors reported here bind in a very similar
fashion. Compoun@ was the initial compound in the series;
hence, we will use the complex of PTP1B/compouhd

with data between 8.0 and 3.0 A; 5% of the data were flagged (Table 3) for the general description of the binding mode of

for R-free B83). The resulting model had a crystallographic
R-factor of 27.6% (R-free was 42.6%), and inspection of

this class of compounds, and address specific differences in
separate paragraphs. These compounds (referred to as

difference Fourier electron density maps clearly showed the benzotriazoles because of the presence of a benzotriazole

presence of the bound inhibitor. Alternating cycles of manual

ring bound to the central, tetra-substituted carbon atom) were

rebuilding of the model and computer-based methods usingdesigned so that the group at R2 would reach into and take

XPLOR was employed during refinement. The resolution
was slowly increased to include all available data to 2.2 A.
The last few cycles of refinement were run using torsion
angle dynamics34), and positional and temperature factor
refinement as implemented in CNX (Accelrys, San Diego,
CA (35)). The structure of PTP1B in complex with com-

pound4 (orthorhombic space group, one dimer per AU) was
solved by molecular replacement using AMORE and the
coordinates from the refined structure of PTP1B in complex
with compound3 (crystallographic dimer). Refinement was

advantage of the secondary phospho-aryl binding site previ-
ously described1(7). We found that tetra-substituted ben-
zotriazoles are in fact very potent against PTP1B (Table 3),
in accord with the theory that utilizing both primary and
secondary binding sites would increase affinity by several
orders of magnitudel). These compounds also display a
very high degree of selectivity for PTP1B over a variety of
other phosphatases (see Table 4).

The structure of PTP1B, both uninhibited and in complex
with a variety of substrates/inhibitors, has been previously
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Table 3: Chemical Structures ands&uM) for the First
Generation AryldiquoromethyI-Phosphonic Acid Inhibitdrs

F
o=p

AY
o o

Compound R1 R2

1 H .
'S

3 < : 0.016 o> ;\ \
@ CF, }k i

ICSU (HM)
8.04

PO, ,
3 0.013 “C
F CF, N.
F F|>o Ficure 1. PTP1B primary and secondary aryl-binding sites. A
3 ribbon diagram of the catalytic domain of PTP1B in complex with
4 S / 0.023 compound2 complex; the N- and C-termini are indicated. Red:
| />— primary binding (or catalytic) site; blue: secondary aryl phosphate
N binding site; yellow: YRD loop; magenta: WPD loop; orange: loop

spanning residues Met114-Cys121. Figures 1, 3, and 4 were
generated with RIBBONS3(7).

2 The ability of these compounds to inhibit PTP1B was assessed in
vitro with the FDP assay (Material and Methods).

R254 || |R24 Q262
NHI NH2| |[NE| |NE2 OEI

Table 4: 1Go Values for Compoun@ on Protein Tyrosine

Phosphatases N |
protein tyrosine phosphatase shuM " ,.
PTP1B 0.015 B
TCPTP 0.011 .
SHP-1 5.8 o
SHP-2 7.4
LAR 8.7
CD45 >50 S . .
PTR3 >50 NE2 | ; N P
Cdc25 >50 ol g 0 OCe 22
described (for a comprehensive summary of available Lol SN [P
structures, see http://science.novonordisk.com/g§)(In 0 m ”“iﬁf”

brief, the 37-kDa catalytic domain of PTP1B is composed

of a singlea//8 domain (Figure 1) organized around a highly Ficure 2: Binding of compound to PTP1B. Schematic repre-
twisted, mixedp-sheet that spans the entire length of the sentation of the interactions made by compo@naith PTP1B.
molecule. The catalytic cysteine, Cys215, is on a loop at Histidine 25 (#H25) belongs to a symmetry related molecule.

the edge of thes-sheet. This region (spanning residues . .
His214-Ser222, red in Figure 1) represents the catalytic Siteelongated crevice on the enzyme surface, spanning about 14

and contains most of the invariant residues. Intervening Ioops'& from the primary site to the end of the secondary binding

connecting elements of secondary structure converge around't®-

and complete the primary binding site: residues Thr177- Compound2 binds with one of the difluoromethylene-
Gly183 (magenta in Figure 1) belong to a flexible loop (the phosphonate @PMP) groups in the primary binding site
WPD loop) which contains the catalytic Asp181. This loop (Figures 1 and 2). The phosphonate makes several hydrogen
closes down on the catalytic site upon substrate or inhibitor bonds with protein atoms of the conserved loop. The two
binding. Residues Tyr46-Asp48 (yellow in Figure 1) define fluorine atoms are within van der Waals distance of the side
the so-called phosphotyrosine recognition loop, or YRD loop. chain of Phel82, and are hydrogen bonded to a highly
Residues in this loop have been implicated in substrate ordered water molecule, present in all complexes. This water
binding, and their involvement in defining inhibitor potency also interacts with the phosphonate, the side chain nitrogen
has been recently describe?ll( 27). Arg24 and Arg254, of GIn266, and the main chain nitrogen of Phel82. The
together with Tyr20, Ala27, Phe52, and Met258-Gly259, phosphonate phenyl ring is located in a hydrophobic pocket
define the secondary aryl-phosphate binding site (blue in lined by the side chains of Tyr46, Leul19, Phel82, Ala217,
Figure 1 (7)). Overall, the substrate binding site is a shallow, and I1le219. Its orientation, and the van der Waals interactions
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made with protein atoms, are very similar to that of the
phosphotyrosine (pTyr) bound into the primary binding site

in 1IPTY. Y -

The second PMP extends toward the secondary binding ( N
region, but it does not fully occupy this site. The phenyl b “ <
ring occupies the position taken by thex©f the second
pY in 1PTY, in a hydrophobic cradle formed by the side 7/ //

chains of Val42, Asp48 (CB), and 1le219. The £k; /
moiety overlaps the phenyl ring of the pTyr of 1PTY. There /F‘aﬁ X -

is an extensive network of 11 ordered solvent molecules that

provide a connection between this phosphonate and the main- 2 1

and side-chain atoms of residues that make up the secondary Arg24
binding site (Figure 2). From the structures, it appears that
the RPMP bound in the primary binding site and the
benzotriazole function as anchors, locking the inhibitor into
place such that substituents at R2 (Table 3) reach into the
secondary binding site. Compoudd still quite potent and
shows a 350-fold improvement in potency compared to an
analogue without a substituent in the corresponding position
(Table 3). The structure of its complex shows that the ;
cinnamyl group occupies the same site as the difluorometh- A N\

ylene-benzene of compoudThis observation suggests that Ficure 3: The secondary aryl binding site in PTP1B and TCPTP.
hydrophobic interactions between a aromatic/aliphatic sub- Ribbon diagram of the secondary aryl binding site in PTP1B

; ; ; inc(yellow) and TCPTP (green), identified by Arg24 and Arg254. The
stituent and the hydrophobic cradle formed by the side Chalnsonly differences between PTP1B and TCPTP among the first shell

of Val42, Asp48 (¢), and lle219 probably account for the residues are the F52Y and A27S mutations in TCPTP.
larger part of the increase in potency observed when a
substituent is added at R2 (Table 3). conformation that further shields the active site from bulk
The benzotriazole moiety is located under the YRD loop. solvent. In the PTP1B/compoun® complex the loop is
It makes one hydrogen bond with the main chain nitrogen closed, and there are some hydrophobic interactions between
of Asp48, and van der Waals interactions with the side chain residues of the loop and the difluorobenzene. In the PTP1B/
of Arg49 (the average distance is 4.5 A). The interactions compound2, 4, 6, 9, and11 complexes the loop has been
involving the benzotriazole moiety with the YRD loop modeled in the closed conformation, but the extremely weak
suggest that this class of inhibitors should be fairly selective electron density, and the very high temperature factors
against other PTPase®7]. To assess the selectivity of the associated with its atoms suggest that the loop probably
nonpeptidic, bisphosphonate PTP1B inhibitors we tested oscillates between different positions. These observations
compound? as a representative benzotriazole compound on suggest that the loop position and conformation may depend
six other protein tyrosine phosphatases including the dual- on the exact chemical nature of the substituent present in
specificity cdc25 (Table 4). The inhibitor binds strongly to the this pocket.
both PTP1B and TCPTP (#115 nM) and binds at least 2 The Design of Selee# Inhibitors Sequence alignment
orders of magnitude more weakly to the other protein tyrosine between PTP1B and TCPTP shows that, although the two
phosphatases. The closest PTP with respect to bindingenzyme share a 72% overall identity, the identity among the
strength is SHP-1 where the inhibitor is 380 times less potentresidues that make up the catalytic and binding sites is as
than on PTP1B. The selectivity over CD45, BBTRnd the high as 92%, with only two differences located among the
dual specificity phosphatase cdc25, which is capable of first-shell residues: F52Y and A27S (Figure 3). The recently
dephosphorylating Tyr as well as phosphorylated Ser andreported crystal structure TCPTR5) shows that, as in the
Thr residues, was quite remarkable at greater than 3000-PTP1B structure, both residues are located at the far end of
fold. the secondary binding site, atio6 A from the inhibitor
The fourth substituent of the central carbon atom, the second phosphate in the PTP1B/compoRidmplex. Both
benzene ring, occupies an area of the binding site that is notserine and tyrosine residues have one more atom (the
occupied by any of the PTP1B ligands whose structures havehydroxyl oxygen) respect to the corresponding alanine and
been reported to date. It lies in a hydrophobic pocket lined phenylalanine in PTP1B, and this change may alter, although
by the main- and side-chain atoms of Tyr46, Ser118, and by a small amount, the size and the electronic properties of
Leul119, and it is located about 3.6 A away from the side the end of the secondary binding site. On the basis of this
chain of Leul19. The region spanning residues Glull5- idea, several compounds were designed starting from the
Cys121 (orange in Figure 1) is a surface loop that, in the structural class of compourfl The compounds contain, as
1PTY structure, is involved in interactions with a symmetry- replacement of the-CF,PO; moiety, heteroaryl phosphonate
related molecule, and held in an “open” conformation. In fragments that would (a) interact with Arg24 and Arg254,
all structures reported here, the different crystal packing thus providing a way to anchor the compound and possibly
scheme leaves this loop fully solvent-exposed and apparentlyincrease inhibitor potency, and (b) direct a substituent (R)
highly mobile. Residues Met114-Leul19 display different toward Phe52 and Ala27, thus providing selectivity for
conformations in different complexes, but in general the PTP1B over TCPTP (Lau et al., in preparation). Table 5
electron density clearly indicates the presence of a “closed” shows several of the compounds synthesized following this
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Table 5: IC50 (nM) and Selectivity Ratios for Some of the
Compounds Designed to Interact with F52 and A27

Compound

TCPTP

TCPTP/PTP1
B

24

0.6

1.0

10

31

3.1

20

35

Scapin et al.

residues Glu115-Cys121. Compoudics the smallest in the
series, and does not display any selectivity. As predicted by
modeling, it is hydrogen bonded through the phosphate to
the side chains of Arg24 and Arg254 (Figure 4A). The
aromatic ring is abau7 A from the side chain of Phe52,
and 6.5 A from Ala27, too far to interact with these residues
or with their larger replacements (Tyr54 and Ser29) in
TCPTP. Unlike the other compounds in this series, com-
pound 6 assumes two distinct conformations in the two
molecules (Figure 4A). In the second conformation, the
arylphosphonate is rotated so that the phosphate is fully
solvent exposed. Although in this second conformation, the
distances between the arylphosphonate and the side chains
of Phe52 and Ala27 are similar to those observed in the other
conformer, the presence of two distinct species suggests that
this structural class is intrinsically very flexible and, as such,
not a good template for the design of optimized compounds.

Compounds9 and 11 are quinoline phosphonic acid
analogues: this aromatic system provides a much more rigid
scaffold, and only one conformation for the compound is
observed in the crystal structures. Compo@msthows limited
selectivity (1.%) consistent with the distances between the
methyl and the side chains of Phe52 and Ala27 (4.8 and 6.1
A, respectively, Figure 4B). Compourtdl (Lau et al., in
preparation) shows moderate selectivity (£)2consistent

with the proximity (3.7 A) of its methoxy group and the
side chain of Phe52. The compound is still quite far away
from Ala27, and from these crystal structures it appears that
J the pocket containing Phe52 is a more accessible area for
PO; the design of selective inhibitors than the region of Ala27.

10 6 17 34 To confirm the finding that the F52Y substitution is indeed
) the responsible for the difference in affinity observed for
° the two enzymes in this class of compounds, the PTP1B
F52Y and TCPTP Y54F were constructed and assayed
against compounds§l, 13 (a much less potent diastereo-
isomer of11), and14 (a nanomolar inhibitor of PTP1B that

is known not to bind into the secondary binding si2d)j.

12 11 21 1.9 Table 6 shows the affinities of these compounds for the WT
Yhy and mutant enzymes. The affinity of compound is

; essentially identical for both enzymes, and it binds equally
well to both mutant proteins, consistent with the fact that it
does not interact with the secondary aryl-binding site.

template: as predicted, there is a moderate increase i”Compoundll is about 6-fold more potent on WT-PTP1B
selectivity that roughly correlates with the size of R, in accord o1 WT-TCPTP. and the affinity for the PTP1B F52Y

with the fact that the secondary binding site in TCPTP iS ) iant js decreased by about 6-fold, while the affinity for
slightly smaller because of the F52Y and A27S substitutions. yn« TCPTP Y54F mutant is about 3-fold higher than the
Although the absolute selectivity we have achieved in these affinity for the WT-TCPTP. These results suggest that the
early compounds is modest, the results are a clear indication; o, pound is indeed interacting with the side chain of Phe52,
that this structure-guided approach to the secondary aryl-nq that the generally conservative phenylalanine to tyrosine
binding site is a productive path to achieving selectivity \nation is responsible for most of the observed selectivity
between PTP1B and TCPTP. of this inhibitor. Interestingly, the much less potent com-

The Atomic Basis for Selectly. To provide a structural 4,413 the diastereoisomer isomeric at the methine (Table
explanation for the affinity and selectivity observed with this 6), follows the same trend, indicating that the quinoline

class of compounds, the structures of PTP1B in complex nhosphonic acid analogue is still binding into the secondary
with compoundss, 9, and11 have been solved and refined 51| phosphate binding site. The different stereochemistry

to atomic resolution. Table 2 reports statistics for all refined ,:"the methine is accommodated by switching the position
complexes, and Figure 4 presents stereoviews of the threg¢ the benzotriazole and the phenol-groups.

compounds bound to PTP1B. All the structures of the second

generation inhibitors were solved in the orthorhombic system, coNCLUSIONS

with two molecules per asymmetric unit. In general, the two

molecules are virtually identical except for rotations of = PTP1B, the best-characterized member of the protein
surface side chains and the position of the loop spanningtyrosine phosphatase family, has been implicated in the

11 5 36 72
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FIGURE 4: Interactions of the second-generation compounds with the secondary aryl-binding site. Stereoviews of (A) c&nf®yund
compound®, and (C) compoundl bound into the PTP1B secondary aryl-binding site. The hydrogen bond interactions with the side-chains

of R24 and R254 are indicated by red dotted lines. The distance between the bound compounds and the side chains of Phe52 and Ala27
are indicated by blue dotted lines. In panel A, the alternate conformation for comagndisplayed as orange sticks.

regulation of the insulin signaling pathway and represents of type 2 diabetes and obesity. We report here the structures
an attractive target for the design of inhibitors in the treatment of PTP1B in complex with first and second generation
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Table 6: Affinity (ICso, NnM) of Compounddll, 13, and14 for WT
and Mutant Phosphatases

F, F
//0
O
OH
N NH,
o "o
L]
L<0H
o 'OH
OH F
Compound 14
compoundll  compoundl3  compoundl4
PTP1B WT 7+ 2 148+ 30 5+ 3
PTP1B F52Y 385 372+ 20 7+2
TCPTP WT 44+ 6 444+ 70 8+3
TCPTP Y54F 1A 3 195+ 35 8+ 2

members of a new class of potent and selective inhibitors.
The crystallographic analysis shows that the second genera-
tion inhibitors bind into the secondary binding site, and points
to Phe52 as potential determinant for the selectivity displayed
by these compounds for PTP1B over the highly homologous
TCPTP. Mutagenesis data confirm these findings, and further
indicate that the pocket containing Phe52 is an accessible
area for the design of selective inhibitors. In addition, novel
interactions with residues of the phosphotyrosine recognition
loop (43-48) and residues of the loop spanning residues
114-118 have been identified. These structures and com-
pounds thus provide a novel and promising framework for
the design of inhibitors that address the potency and
selectivity issues associated with PTP1B inhibition.
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