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ABSTRACT: Inhibitors of PTP-1B could be therapeutically beneficial in the treatment of type 2 diabetes.
Owing to the large number of phosphatases in the cell, inhibitors against PTP-1B must not only be potent
but selective as well. N-Benzoyhglutamyl-[4-phosphono(difluoromethyl)Hphenylalanine-[4-phosphono-
(difluoro-methyl)]41-phenylalanineamide (BzNEJJ-amide) is a low nanomolar inhibitor of PTP-1B that
shows selectivity over several protein tyrosine phosphatases. To gain an insight into the basis of its potency
and selectivity, we evaluated several analogues of the inhibitor and introduced amino acid substitutions
into PTP-1B by site-directed mutagenesis. We also determined the crystal structure of PTP-1B in complex
with BzZN—EJJ-amide at 2.5 A resolution. Our results indicate that the high inhibitory potency is due to
interactions of several of its chemical groups with specific protein residues. An interaction between BzN
EJJ-amide and Asp48 is of particular significance, as substitution of Asp48 to alanine resulted in a
100-fold loss in potency. The crystal structure also revealed an unexpected binding orientation for a
bisphosphonate inhibitor on PTP-1B, where the second difluorophosphonomethyl phenylalgPMB)F
moiety is bound close to Arg47 rather than in the previously identified second aryl phosphate site demarked
by Arg24 and Arg254. Our results suggest that potent and selective PTP-1B inhibitors may be designed
by targeting the region containing Arg47 and Asp48.

Diabetes is increasingly becoming an epidemic not only receiving tremendous attention as a candidate for the
in industrialized countries but in developing nations as well. development of drugs against diabetes is PTP-3B (
300 million people worldwide are predicted by the World Mice lacking PTP-1B are insulin-sensitive and maintain
Health Organization (WHO) to become diabetic by the year euglycemia in the fed state with half the amount of
2025 if current trends continuel)( Hence, the need for  circulating insulin found in wild-type litter mates. The PTP-
effective therapies for this disease cannot be overemphasizedlB -/- mice also show an enhanced insulin-dependent
Although the causes of diabetes are not clearly understoodreceptor phosphorylation in glucose-metabolizing tissues such
and appear to be multifactorial, insulin resistance seems toas muscle and liver compared to wild-type litter mates. In
be an underlying factor in the progression of the disease.addition to their sensitivity to insulin, PTP-1B -/- mice are
Attempts to reverse this physiological condition would thus resistant to diet-induced obesity when fed with a high-fat
go a long way toward ameliorating the disease. Recentdiet (4). Studies with a second knock-out mouse of PTP-1B
therapies, including the thiazolidinediones that target PPAR  that was generated differently have corroborated these results
and act as insulin-sensitizers, have been found to be quite(5). The current hypothesis posits that PTP-1B plays a key
efficacious against diabete®)( Another target that is  role in dephosphorylation of the insulin receptor; thereby,
PTP-1B inhibition should stimulate insulin signaling. Thus,
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F_F in a pFLAG2 vector was used as template DNA for site-

/©)<lf”\OOH directed mutagenesis. A PCR-based approach was used to
OH introduce amino acid substitutions into PTP-1B by following
H O 2 y O established procedureg2). The following mutagenic for-
N N7\n«N NH, ward (F) and reverse (R) primers were used for the
5 H o introduction of mutations into PTP-1B as indicated. R47K-
E_OH (F): 5CCGAAATAGGTACAAAGACGTCAGTCCCTTT-
0Ny . o OH GACC3 R47K-(R) BGGTCAA-AGGGACTGACGTCTTTG-

TACCTATTTCGG 3 D48N-(F) 3 CCGAAATAGGTAC-
AGAAACGTCAGTCC—CTTTGACC 3 D48N-(R) B GGT-
has involved the substitution of the phenolic oxygen of the CAAAGGGACTGACGTT-TCTGTACCTATTTCGG 3
tyrosine phosphate with a nonhydrolyzable difluoromethylene D48A-(F) 8 CCGAA-ATAGGTACAGAGCCGTCAGTC-
group (7). It has also been suggested, on the basis of the CCTTTGACC 3 D48A-(R) 8 GGTCAAAGGGACTGACQ'
structure of phosphotyrosine bound to PTP-1B)( that GCTCTGTACCTATTTC-GG 3 The correct construction

potent and selective PTP-1B inhibitors may be obtained by Of mutants was verified by DNA sequencing on an ABI 373
targeting both the catalytic site as well as a second aryl DNA sequencer (Applied Biosystems). The sequence data
phosphate-binding site that is found in the protein. This Were analyzed by the software application package Se-
hypothesis is supported by the recently reported crystal duéncher 4.0.5 (Gene Code Corp.). _

structure of PTP-1B in complex with a peptide derived from  Following confirmation of the desired mutations, DNA
the insulin receptor 19). The structure revealed that the Was transformed intoEscherichia coli BL21 cells for
tyrosine phosphates of the peptide occupy both the activeVerification of protein expression. Protein expression was
site (or primary site) and the secondary aryl phosphate site@ssessed by growing transformgdcoli cells to an absor-
(identified by Arg24 and Arg254), thus suggesting that the _bance_ of~0.7 units at 60Q nm in Luria Bertani broth. Upon
enzyme achieves substrate selectivity by utilizing this induction of the culture with 1 mM IPTG for 2 h, cells were

secondary phosphate site that is largely absent in otherharvested by centrifugation. Cell lysate was analyzed by
phosphatases. eleqtrophore5|s on a #20% polyacrylamide gel containing
We recently reported chemical and biological data on Sodium dodecyl sulfate (SDS?AGE). Protein was trans-
BzN—EJJ-amide, a potent and selective inhibitor of PTP- ferred onto nitrocellulose, blotted with an anti-FLAG mono-
1B and TCPTP containing two non-hydrolyzable phosphate clonal qntlbody, anq det_ected by chem|.lum|nescencle. The
replacements2Q, 21). Compounds in this class show at least SuperSignal west pico kit was used for immunoblotting of
30-fold selectivity over several PTPs, including RTBHP-  Proteins by following the suggested protocol (Pierce). Wild-
1, SHP-2, and LAR, and are 3 orders of magnitude more type PTP-1B and mutant derivatives were purified as reported
selective over cdc25, a dual-specificity phosphatase.-BzN Previously €0). o _
EJJ-amide (Figure 1) contains two negatively charged Actizity AssaysThe activities of wild-type PTP-1B and
difluorophenylmethylene phosphonates and a glutamic acid. Mutant derivatives were assayed withitrophenolphosphate
In our previous report, we suggested that one of HRVP (pPNPP) and ﬂuore_scem d|phosphate (FDP) as substrates. The
groups would be expected to bind at the active site. Although assays were carried out in a 96-well plate at room temper-
the crystal structure of PTP-1B in complex with the insulin ature in a buffer consisting of 20 mM Bis-Tris, 5 mM DMH,
receptor peptide seemed to suggest that the second moiety MM EDTA, 5% (v/v) DMSO, 2% (v/v) glycerol, 0.01%
could bind at the secondary site, it was not possible by (V/v) Triton X-100, at a pH of 6.3. An end-point assay was
modeling alone to predict the binding orientation of the employed for hydrolysis of pNPP. Follovgna 5 min
inhibitor. This uncertainty arose from the presence of two incubation, the reaction was stopped with 0.1M NaOH and
additional negatively charged groups on the inhibitor, either @bsorbance at 405 nm measured. Hydrolysis of FDP was
of which could bind to the positively charged secondary Monitored continuously on a Cytofluor microplate reader.
binding region. Additionally, mutation of Arg24 (a compo- EXxcitation and emission wavelengths were set at 440 and
nent of the secondary binding site) to Ala did not significantly 215 nm, respectively. Kinetic constants were determined by
abrogate the inhibitory potency of BzNEJJ-amide on PTP-  fitting observed rates of reactions to the Michaelidenten
1B (20). To gain an insight into the basis of potency and €quation with the aid of the nonlinear curve fitting software
selectivity of BzN-EJJ-amide and to assess its correct Program, Grafit 4.0.10 (Erithacus, software Inc.). Similarly,
binding mode, we have now determined the crystal structure inhibition concentrations that result in 50% inhibition of
of the compound in complex with PTP-1B. We have also €nhzyme activity (IGo) values were derived by fitting rates
evaluated several of its analogues and introduced amino acicPPtained in the presence and absence of compounds to a four-
substitutions into PTP-1B by site-directed mutagenesis. OurParameter equation using Grafit. A substrate concentration
results show an unexpected binding mode for the second F that was equivalent to thév value of the enzyme derivative
PMP moiety and the glutamic acid and allow the identifica- Was used for 16 determinations. The enzyme concentrations
tion of the residues most responsible for inhibitor potency Of PTP-1B derivatives were normalized to give 10 arbitrary
and selectivity. Our results reveal significant implications fluorescence units/sec for {&determinations. The average

for the design of potent and selective PTP-1B inhibitors. ~ Of at least three determinations of the kinetic parameters
the standard deviation is reported. The methods for the

EXPERIMENTAL PROCEDURES synthesis of compounds have been published previoly (
Mutagenesis and Protein ExpressioA. plasmid that Crystallization and Data CollectiorOn the basis of the
expresses the isolated catalytic domain of PTP-13a0) fact that residues 285295 are often disordered in many

Ficure 1. Chemical structure of BzNEJJ-amide.
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Table 1: Statistics for the Data Used to Solve the Structure of the body fitted model was subjected to a cycle of simulated

FLAG-PTP-1B(}-283):BzN-EJJ-Amide Complef annealing (slow cool) followed by temperature factor refine-
S ment. The resulting model had a crystallograpRitactor
pace group Cc2 . . .
unit cell parameters a=186.87 A’b: 154.42 A,C: 6460A Of 289% a.nd aerree Of 338% |n|t|a| dlfference Fourlel’

B =94.56 electron density maps calculated from this model clearly
molecule/au A 4 showed that, in all four molecules in the AU, the WPD loop
resolution range (4) - 362.5 was in a closed conformation, and density was visible for
no. of observations 176274 (17193) S L
no. of reflections 61097 (9039) the bound inhibitor. The WPD loops were built into the
completeness (%) 96.9 (86.4) available density using the graphic software 32, (33).

Mol 0 6.0 (1.5) Refinement of the model was carried out by alternating

Rinerge (1) 12.1(38.0) cycles of manual rebuilding in O and with the aid of

#Numbers refer to all data withol > 0.0. Numbers in parentheses computer-based refinement using XPLOR while slowly
represent measurements in the last shell of resolution {265A). increasing the resolution to 2.6 A. Difference Fourier electron

density maps unambiguously showed the location and the

PTP-1B structures reported at the start of this study (e.g., orientation of the bound inhibitor (Figure 2), and the inhibitor
pdb entries 2HNQ, 2HNP, 1A5Y), a shorter construct molecules were added to the model. At this point, analysis
(FLAG-1—-283) was used for crystallization experiments. of the diffraction data with the program TRUNCATE
Crystals of FLAG-PTP-1B (+283) in complex with (CCP4,84) and in CNX @5), MSI) indicated pseudomero-
(BzN—EJJ-amide) were grown by vapor diffusion in sitting  hedral twinning of the data. The twinning operator was
drops at 4°C by mixing 2uL of protein (5 mg/mL in 20 defined as i, —k, —I), i.e., a 2-fold rotation about tha
mM Hepes, pH 7.0, 50 NaCl, 1mM EDTA, 2 mM DMH, axis (made possible by the fact that beta is close 19,90
2:1 ration of BzN-EJJ-amide) and 2uL of precipitant and the twinning fraction was estimated to be 4.4%. The
solution (14% PEG 4000, 10% propanol, 100 mM Citrate refinement was continued with CNX, using all available data
pH 5.9). Microseeding and reservoir stepping (to 16% PEG between 30 and 2.5 A. Typically, two cycles of torsion angle
4000, 8% propanol) were necessary to produce largerdynamics 86), positional, and temperature factor refinements
crystals. X-ray diffraction data were collected on a Mar CCD were run in each cycle. Bulk solvent correction was applied
from a single, bipyramidal crystal (of approximately 0«1 throughout the entire refinement. The current model has a
0.1 x 0.15 mm in size) using synchrotron radiation. Data crystallographid?-factor of 22.8% and aRee Of 28.6% for
were collected at beamline 17-ID in the facilities of the 61052 reflections between 30.0 and 2.5 A (97% of possible;
Industrial Macromolecular Crystallography Association Col- 5% flagged forRye calculation) and maintains good geom-
laborative Access Team (IMCA-CAT) at the Advanced etry (rmsd for bond lengths and bond angles are 0.012 A
Photon Source (Argonne National Laboratory, Argonne IL). and 1.3, respectively). The backbone conformation of 89.9%
The crystal was soaked in cryoprotectant solution (10% of the residues is within the most favored regions of the
glycerol in mother liquor) for several hours before flash- Ramachandran plot, with none in disallowed regions, as
freezing in the liquid nitrogen stream. A preliminary indexing defined using PROCHECK3[). Coordinates and structure
of the data with HKL2000Z3) showed that the crystal is  factors for this structure have been deposited in the Protein
monoclinic, C-centered, with unit cell parametars 186.87 Data Bank (accession code 1LQF).
A, b=154.42 A,c=64.60 A, ang3 = 94.56. All further
data processing, scaling, and merging were done with X-GEN RESULTS
(24). The calculated unit cell volume is 1 858 132. Ahe
monomeric molecular weight of the protein used in the  Structure-Activity Relationship of BzZNEJJ-Amide Ana-
crystallographic studies is 34 403 Da, and assuming four logues.To understand the chemical basis of the high potency
molecules per asymmetric unit, we obtained aVmra®) (  of BzN—EJJ}-amide @Q0), we synthesized and assayed
of 3.4 A¥Da, corresponding to a solvent content of about several analogues of the inhibitor to determine strueture
70%, within the range expected for globular protein. Table activity relationships. Results are summarized in Table 2.
1 summarizes the statistics for the data collected. In comparison to the al-isomer, the unnatural a@R-isomer

Structure Solution and Refinememnhe three-dimensional  of BzZN—EJJ-amide (Table 2, compoung) is over 200-
structure of the FLAG-PTP-1B{283):BzN-EJJ-amide fold less potent in inhibiting PTP-1B. This was not surprising
complex was solved by Molecular Replacement techniques, as the allR-isomer, with the opposite stereochemistry at the
using as search model the 1.8 A structure of the mutant Ca, would not be able to position the two phosphonates to
enzyme in complex with phosphotyrosine (PDB code 1PTY). make the required interactions. On the basis of published
Bound ligand, solvent molecules, and protein residues-284 literature reports, it seemed likely that one of the phospho-
298 (C-terminus), and 175185 (WPD loop) were not  nates of BzZN-EJJ-amide would bind at the active site, with
included in the search model. Rotation and translation the other moiety bound at the secondary aryl phosphate site
functions were calculated using AMORRE). The four delineated by Arg24 and Arg2548&). Thus, it was of interest
monomers were identified without ambiguity. A noncrys- to determine how the other functional groups of the inhibitor
tallographic symmetry (NCS) matrix was calculated from influenced inhibitory potency.
the model and applied during the initial stages of refinement.  We initially focused on the glutamic acid in the inhibitor,
The model was subjected to 30 cycles of rigid body as most substrates of PTP-1B have an acidic amino acid that
refinement as implemented in XPLOR7 28) using data precedes the tyrosine that is dephosphorylated. To this end,
between 8.0 and 2.8 A, with as2cutoff. 5% of the data  the methyl ester analogue was synthesized and its effect on
were set aside foRyee calculation 29—31) and the rigid- enzyme activity ascertained. The ester analogue (Table 2,
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Ficure 2: Stereoview of the (FeFc) difference electron density map (contoured @} @sed to locate and orient BzNEJJ-amide,
together with the final model for the inhibitor and the ribbon diagram for PTP-1B. The secondary binding site is indicated by the presence
of a second phosphotyrosine molecule (in blue, coordinates from 1PTY, overlaid with LSQMAN).

Table 2: Effect of BzZN-EJJ-Amide Analogues on PTP-1B Table 3: Kinetic Parameters of Wild-Type PTP-1B and Mutant
inhibitor stereochemistry 1§ (nM) Derivatives on PNPP and FDP

BzN—EJJ-amide () SSS 5+2 PNPP FDP

BzN—EJJ}-amide @) _ RRR 10104+ 200 protein Km (MM) Keat(s™) Km (MM) Keat(s™Y)

g;“:gg’fﬂ:&sgr)”am'de 6) ggs St wildtype  0.6+01  38+5  12+3 14+03

EJJ-amide 6) SSS 40+ 4 R47K 0.5+ 0.1 50+ 8 19+ 2 29+ 05

BzN—EJJ-acid 6) SSS 194 2 D48A 0.3+ 0.01 9+ 1 8+04 3.2+ 0.7
D48N 0.5+ 0.07 24+ 6 12+ 4 1.2+ 0.5

compound 3) was equipotent to the parent compound
indicating that the negative charge of the carboxyl group was
not crucial for inhibitor potency. This was an unexpected

Table 4: Inhibition of Wild-Type PTP-1B and Mutant Derivatives
by BzN—EJJ-Amide

result, so we evaluated the importance of the glutamic acid protein 1Go(nM)
side-chain for inhibitor potency by substituting it with wild-type 5+2
glycine. The glycine analogue, BzNGJJ-amide (Table 2, gig": Gggi iso
compoundd), was about 2-fold less potent than the parent D48N 8+ 2

compound. Thus, although the presence of the negative
charge is not required for inhibitory potency, the propionyl
side chain provides additional binding energy. Next, we
evaluated the contribution of the N-terminal benzoyl group
to inhibitor potency. Removal of the benzoyl group (Table
2, compoundb) resulted in a 5-fold less potent compound
indicating that this group provides favorable interactions with
the protein. Finally, the influence of the terminal amide group
on inhibitor potency was assessed by replacing it with a

The D48A derivative exhibited a tendency for a decrease in
Kwm for both substrates. This PTP-1B derivative also showed
a lowerkg, for pNPP but not for FDP. On the basis of the

generally accepted catalytic mechanism of PTP-1B, this
residue is not expected to influence the dephosphorylation
of the thiol-phosphate intermediate. Hence, the reason for
the decrease in turnover for pNPP is not clear at the moment.

carboxylic acid (Table 2, compour&). The introduction of Having determined the kinetic parameters for the wild-
the negative charge decreased the inhibitory potency of thetype and mutant proteins, we evaluated the inhibitory potency
compound by a factor of about 4. of BzZN—EJJ-amide on the mutant proteins (Table 4).

Effect of BzZN-EJJ-Amide on Mutants of PTP-1B0 gain Replacing Arg47 with lysine resulted in a-%-fold decrease
an insight into the structural features on PTP-1B that may in inhibitor potency. Thus, it seems that the hydrogen
influence inhibitor potency, we introduced amino acid bonding capability of the positive charge rather than the
substitutions into the protein by site-directed mutagenesis. charge per se is important. Substitution of the aspartic acid
Our previous WorkZO) and other pub“shed repons& 39) residue at pOSition 48 with asparagine did not affect the
indicated that the YRD motif (residues 488) might be inhibitory potency of the inhibitor on the enzyme. In contrast,
important for inhibitor potency and selectivity. Three single- an alanine replacement (D48A) led to a 100-fold decrease
site substitutions (R47K, D48N and D48A) were constructed in the potency of BzN-EJJ-amide, suggesting that an
and their kinetic parameters determined (Table 3). Substitut-acidic/polar side chain in this position on the enzyme is
ing Arg47 with lysine (R47K) resulted in a protein that important in inhibitor binding.
maintained a catalytic activity comparable to that of the wild-  Crystal Structure of FLAG-PTP-1B {4283) in Complex
type protein with respect to hydrolysis of FDP and pNPP. with BzZN-EJJ-Amide.To understand the structural basis
Similarly, substituting aspartic acid for asparagine at position for the changes observed in the structuaetivity relation-
48 (D48N) did not affect the catalytic activity of the protein. ships and the site-directed mutagenesis studies, we deter-
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Table 5: Pairwise RMSD in A on Positions for Atoms of the Four
Molecules Found in the Asymmetric Uit

monomer B monomer C monomer D

Ca all Ca all Ca all
monomer A 0.444 0.816 0.603 1.051 0.499 0.876
monomerB — - 0.527 0.933 0.405 0.845
monomerC — - — - 0.548 0.847

@ The superimposition matrix was calculated with LSQMAN.

Ficure 3: Stereoview of the four superimposed PTP-1B molecules
found in the asymmetric unit. The four bound inhibitors are also
displayed.

mined the crystal structure of PTP-1B in complex with BzN
EJJ-amide. The model contains four molecules per AU, each
monomer including protein residues-283 and the four
C-terminal residues of the FLAG, 506 water molecules, and
4 inhibitor molecules. The four monomers are very similar:
Table 5 shows the pairwise RMSD for CA positions and all
atom positions for the four monomers. The major differences
are located at the N-termini and at surface loops spanning
residues 6664, 113-120, and 126:132 and are apparently  Ficure4: (A) Stereoview of BzZN-EJJ-amide binding site in one
due to differences in their respective packing environment. of the four molecules (ball-and-stick colored according to atom
The inhibitor is bound in a very similar way in all four color). Hydrogen bond interactions with atoms of the P-loop are

. - f indicated as dotted lines. The conformation for the other three
molecules (Figure 3), although there is a high degree of inhibitors molecules, as well as those for the side chain of R47,

flexibility for the two N-terminal residues of the tripeptide.  are also displayed as thin bonds, colored according to temperature
The C-terminal EBPMP group of the tripeptide occupies the factors (temperature factors increasing: cyan, green, blue, yellow,

active site (Figure 4): the phosphonate oxygens are hydrogerprange, red, and magenta). (B) Schematic diagram of the residues
bonded to the main-chain amide groups of the P-loop interacting with the bound inhibitor. Hydrogen bond interactions

. - . . are shown as red dotted lines, hydrophobic interactions as blue
(spanning residues Ser2i6ly220) and the side chain  ¢oicircles.
nitrogens of Arg221. There is one ordered water molecule

(present in all four molecules) that is hydrogen-bonded to pgtein and inhibitor are characterized, in this area, by a very
the fluorine atoms of the inhibitor, to one of the oxygen high degree of flexibility, as evident by the relatively high
atoms of the phosph_onate, to the main-chain nitrogen of \hermal factors and the fact that Bz/JJ-amide assumes
Phel82, and to the side chain nitrogen of GIn266. Hydro- oy different conformations in the four molecules (Figures
phobic interactions are present between the C-terminal benzyly g4 4A). Inhibitor mobility is accompanied by a high
ring of the inhibitor and the side chains of Phe182 and Tyr geqgree of variability in the position of the side chain of Arg47
46. . . (Figure 4A). BzZN-EJJ-amide is a tripeptide, and interest-

Surprisingly, the second,PMP is not bound at the  inqly it binds as other four- or six-residue peptides, bearing
secondary binding site, as it would have been expected based, single phosphotyrosine group, have been shown to bind to
on the 1PTY structure 1§), and the recently reported pTp.1B @89) (Figure 5). The binding of BzZNEJJ-amide

structure of PTP-1B in complex with the active segment of jiffers from that of the bisphosphorylated IR peptid®)(
the insulin receptor kinase domaii9j. The difference and this is discussed below.

electron density maps clearly and unambiguosly indicated

both the position and orientation of the bound inhibitor piscyUssION

(Figure 2); there was no observable difference electron

density in the secondary binding site. The secopldMP The results presented in Tables£2 together with the
moiety and the N-terminal glutamic acid bind in a very crystal structure of PTP-1B in complex with BzNEJJ-
solvent-exposed area near Arg47. A difluorophosphonate amide, define specific roles for the residues involved in
group of another bisphosphonate inhibitor of PTP-1B has inhibitor binding and provide a molecular basis for the
recently also been observed to bind near Argdd).(Both potency and specificity observed for the compound. A
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Ficure 5: Stereoview of BzN-EJJ-amide overlaid onto a

hexapeptide bound to PTP-1B9). The conformations of the two
ligands are very similar.

surprising but interesting revelation from the crystal structure
is the binding orientation of the centralMP moiety. This

Asante-Appiah et al.

chain of Asp48. Ordinarily, a replacement of the amide with
a carboxyl group would be expected to maintain hydrogen-
bonding potential of the inhibitor. Hence, it seems likely that
the 2-fold loss in inhibitor potency with the acid replacement
may result from a more prominent contribution from
electrostatic repulsion between the side chain of Asp48 and
BzN—EJJ-acid.

As alluded to above, the terminal amide group of BzN
EJJ-amide is hydrogen-bonded to Asp48 via its carboxyl
group. In addition, Asp48 is hydrogen-bonded to the main-
chain nitrogen of the centraLbPMP group that is bound at
the active site. As presented in Table 4, the potency of-BzN
EJJ-amide on the D48N derivative of PTP-1B was com-
parable to that of the wild-type protein. In contrast, a 100-
fold drop in potency was observed for the D48A derivative.
Unlike the asparagine substitution (D48N) that is isosteric
and preserves the hydrogen-bonding capability of the parental
aspartic acid, an alanine substitution would be less comple-

group binds in a solvent-exposed area close to Arg47. Thementary in shape and would have no hydrogen-bonding

side chain of Arg47 interacts with both the centraPMP
and the N-terminal glutamic acid (see Figure 4). Modification
of either the inhibitor (compound 4 in Table 2) or the protein
(R47K) in this area affects the inhibitor binding, while the
introduction of the methyl ester did not significantly affect
the inhibitory potency of the resulting compound. Substitu-
tion of the glutamic acid moiety in the inhibitor with a
glycine, or replacement of Arg47 with lysine, resulted in a
loss of inhibitor potency. It seems likely that the positively
chargede-amino group (M) of lysine does not adequately
replace the guanidinium group of Arg47. This area of the
structure is characterized by a high degree of flexibility and
therefore does not allow us to define specific atomic
interactions between BzNEJJ-amide and PTP-1B. How-

potential. Hence, this mutant would be expected to lose
binding energy from both effects. The characterization of
the PTP-1B mutants (Table 3) indicates that the amino acid
substitutions did not drastically affect the kinetic parameters
of the enzyme. Thus, the effects observed on the inhibitor
appear to result from how these residues specifically interact
with BzZN—EJJ-amide.

The identification of a secondary aryl phosphate-binding
site in PTP-1B suggested that this region of the protein could
be targeted for the design of potent and selective inhibitors
for this phosphatasel§). The importance of this secondary
site is also demonstrated in the crystal structure of PTP-1B
in complex with a peptide derived from the activation loop
of the insulin receptor. This structure clearly indicates that

ever, it seems reasonable to suggest that a significantthe enzyme may indeed utilize the secondary aryl phosphate

contribution to the binding energy derives from bidentate

site to achieve substrate selectivity9). Recently, Jia and

electrostatic interactions between the guanidinium group of colleagues have published the crystal structure of a nonpep-

Arg47 and the two N-terminal residues of the inhibitos-(F
PMP and glutamic acid). Thedf a lysine side chain would
not be able to participate in such an interaction, thus
potentially explaining the loss of potency observed for the

tidic bisphosphonate in complex with PTP-1B0). The
authors observed that while one difluorophosphonate moiety
was bound at the active site, the second group was not bound
at the secondary binding site but rather close to Arg47. In

R47K mutant. Another possible reason is that the lysine sidethis study, we find that a peptidic bisphosphonate inhibitor

chain in the mutant may assume a different position with
respect to the one observed for the arginine in the WT
enzyme.

The binding energy of BzZNEJJ-amide appears to result
from several interactions with the protein that culminate in
the substantial inhibitory potency against PTP-1B. As
presented in Table 2, substitution of the glutamic acid with
glycine, conversion of the terminal amide group to a
carboxylic acid, or removal of the N-terminal benzoyl group
all lead to a loss in inhibitor potency. The influence of the
benzoyl group on inhibitor potency may be explained by its
favorable van der Waals contacts with Phe46 in the YRD
loop. This loop region, particularly residues-448 (the YRD
motif), appears to play a crucial role in mediating several
interactions with the inhibitor. In addition to mediating
interactions with the benzoyl group and the secogleNiP
moiety (see above), interactions of the inhibitor with the
YRD motif could also explain the loss of potency upon
conversion of the C-terminal amide group to an acid (Table

also binds close to Arg47 rather than at the secondary aryl
phosphate-binding site. To obtain insights into the differential
binding modes of the ligands, we have aligned the crystal
structures of BzZN-EJJ-amide (this study) and the IR peptide
substrate (PDB entry 1G1H}9) in Figure 6. Our discussion
is restricted to the two pTyr residues (1162 and 1163) that
are analogous to thePMP groups of the inhibitor.

A comparison of the structures of BzNEJJ-amide and
the IR peptide in complex with PTP-1B shows that, although
the primary sequence of both ligands are very similar (Figure
6), the structure-based alignment shows a one-residue frame
shift. As a result, the more C-terminajfVIP group of the
inhibitor is bound at the active site, whereas the analogous
phosphotyrosine residue of the substrate is bound at the
secondary aryl phosphate site. The more N-terminal or
second EPMP binds in the P-1 position, with the glutamic
acid occupying the P-2 position. BzZNEJJ-amide binds to
PTP-1B in a manner similar to that of most peptide substrates
which bear a single phosphotyrosine (cf the high affinity

2, compound 6). In the crystal structure, the C-terminal amide EGFR peptide, DADEpYL, shown in Figure 5; the sequence

of BzZN—EJJ}-amide is hydrogen-bonded to the carboxyl side

is also aligned with the BzZNEJJ-amide and the IR peptide
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Arg24
Arg47 Arg254
BzN-EJJ-amide Bz-Glu-F,PMP-F,PMP-NH,
IR peptide - +Thr- Asp- pTyr-plyr-Arg-Ala-Gly---

EGFR peptide  Asp-Ala-Asp- Glu- pTyr-Leu-NH,

P-2 P-1 P

Ficure 6: Stereoview of a bis-phosphorylated insulin receptor peptide bound to PTP-1B (PDB code 1G1H, green) overlaid onto the
BzN—EJJ-amide:PTP-1B complex (yellow). Below is a schematic alignment of the sequences effBdNamide, the EGFR peptide

(39), and the insulin receptor peptid&9); the residues are colored according to charge (red, negative; blue, positive; black, everything
else). The composition of the peptide sequence before and after the pTyr likely determines the binding mode of the peptide itself. See text
for a detailed discussion.

in Figure 6). It has been also shown that there is a strongpY—(R/K), a motif which has been demonstrated to be a
preference for negatively charged residues in positions P-2consensus substrate recognition sequence for PTR)B (
and P-1 and that, in the case of the P-1 site, this preference Our results confirm the alternative binding mode for small
is directly determined by Arg4 20, 41). Thus, we postulate  bisphosphonates reported by Jia et4ll) @nd provide further

that ligands with a sequence “acieliacidic-pTyr” at the evidence that targeting the YRD motif may result in potent
C-terminal end would bind as observed for the EGFR peptide and selective inhibitors for PTP-1B. It must be noted,
and BzN-EJJ-amide in order to satisfy the binding prefer- however, that the high mobility of Arg47 may not readily
ences highlighted above. On the other hand, the presence ofacilitate the modeling of compounds targeting this residue.
other residues C-terminal to the pTyr may contribute to the Asp48 seems more accessible, and work done to target this
binding orientation of the ligand toward the secondary aryl residue has been reported#). A potential advantage that
phosphate site. An “inverse alanine scanning” approach hasmay result from targeting the YRD maotif is that the approach
been used to demonstrate that residues beyond #i P may enable the synthesis of much simpler compounds rather
position contribute to substrate recognition and effica&).( than the bulky ones that are required to reach the secondary
Interactions involving residues C-terminal to pTyr1162 and aryl phosphate binding site. However, our results suggest
pTyr1163 with PTP-1B are observed in the structure of the that analogues targeting both the YRD motif and the
IR peptide. Of special interest is the side chain of Arg1164, secondary aryl phosphate binding site could result in even
which forms a classia-cation interaction with the side chain  more potent and selective inhibitors.

of Phel82 19). These interactions are probably necessary

and sufficient to orient the peptide substrate toward the ACKNOWLEDGMENTS
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