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ABSTRACT: Protein tyrosine phosphatase 1B (PTP1B) attenuates insulin signaling by catalyzing dephos-
phorylation of insulin receptors (IR) and is an attractive target of potential new drugs for treating the
insulin resistance that is central to type Il diabetes. Several analogues of cholecy3tokribCK-8)

were found to be surprisingly potent inhibitors of PTP1B, and a common N-terminal tripejdtatsstyl-
Asp-Tyr(SQH)-Nle-, was shown to be necessary and sufficient for inhibition. This tripeptide was modified
to reduce size and peptide character, and to replace the metabolically unstable sulfotyrosyl group. This
led to the discovery of a novel phosphotyrosine bioisostere, 2-carboxymethoxybenzoic acid, and to
analogues that were100-fold more potent than the CCK-8 analogues ai@-fold selective for PTP1B

over two other PTP enzymes (LAR and SHP-2), a dual specificity phosphatase (cdc25b), and a serine/
threonine phosphatase (calcineurin). These inhibitors disrupted the binding of PTP1B to activated IR in
vitro and prevented the loss of tyrosine kinase (IRTK) activity that accompanied PTP1B-catalyzed
dephosphorylation of IR. Introduction of these poorly cell permeant inhibitors into insulin-treated cells
by microinjection (oocytes) or by esterification to more lipophilic proinhibitors (3T3-L1 adipocytes and
L6 myocytes) resulted in increased potency, but not efficacy, of insulin. In some instances, PTP1B inhibitors
were insulin-mimetic, suggesting that in unstimulated cells PTP1B may suppress basal IRTK activity.
X-ray crystallography of PTP1Binhibitor complexes revealed that binding of an inhibitor incorporating
phenylO-malonic acid as a phosphotyrosine bioisostere occurred with the mobile WPD loop in the open
conformation, while a closely related inhibitor with a 2-carboxymethoxybenzoic acid bioisostere bound
with the WPD loop closed, perhaps accounting for its superior potency. These CCK-derived peptidomimetic
inhibitors of PTP1B represent a novel template for further development of potent, selective inhibitors,
and their cell activity further justifies the selection of PTP1B as a therapeutic target.

In type Il diabetes, tissues develop resistance to the actionsThere is evidence that protein tyrosine phosphatase 1B
of insulin even though, in most instances, the insulin (PTP1B) catalyzes IR dephosphorylation and is involved
receptors in those tissues are structurally normal and are inphysiologically and pathologically in terminating insulin
near-normal abundancd)( One strategy to combat this signaling. This evidence includes descriptions of both in vitro
insulin resistance therapeutically may be to maintain insulin (2, 3) and in vivo @) interactions between PTP1B and the
receptors (IRs)in the active tyrosine-phosphorylated form  |IR. Purified PTP1B dephosphorylates the IR, apparently in
by inhibiting enzymes that catalyze IR dephosphorylation. the sequence observed in vivo, and dephosphorylation results
in loss of IR tyrosine kinase activityp). Intracellular delivery

* Atomic coordinates for structures of PTPBhibitor complexes of neutralizing antibodies against PTP1B was found to
determined using X-ray crystallography have been deposited with the IR and i l b IRS)-1 ph h
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it was reported that PTP1B null mice have increased insulin K, = 1.4 + 0.03 mM), and PTP1B (35 ng/mL). Inhibitors
sensitivity and decreased susceptibility to diet-induced were added in DMSO at 100 times the final concentration.
obesity (2). For determinations of inhibitor kinetics, plots ¥fversusS
PTP1B, therefore, is an attractive therapeutic target, andat various concentrations of inhibitor were generatediand
several investigators have described small molecule inhibitorsvalues were computed using the direct linear method of
(13—20). In general, those inhibitors either are not very Cornish-Bowden (Enzpack3 software, Biosoft, Cambridge,
potent or contain peptide bonds or other groups that makeU.K.). In some experiments, PTP1B activity was measured
them pharmacokinetically unattractive as leads for a thera- as the rate of inorganic phosphate released upon hydrolysis
peutic agent. Furthermore, some of those inhibitors contain Of the IR phosphopeptide, TRDIpYETDpYpYRK, using a
functionalities capable of reacting with the catalytically Mmalachite green metho@3).
essential Cy&5 of PTP1B and so may be irreversible Activities of LAR and SHP-2 were measured as described
inhibitors. The purpose of this investigation was to exploit above except that the Hepes buffer (50 mM) was at pH 6.8
our serendipitous observation that peptide analogues ofand 7.0, respectively, and each enzyme was added at a
cholecystokinin (CCK) are surprisingly potent inhibitors of concentration of 1Q«g/mL. Activity of cdc25b was also
PTP1B in vitro. We report molecular modifications of the measured similarly except the assay buffer was Tris-HCI (50
original CCK analogue that reduced peptidic characteristics MM, pH 8.0), and the cdc258GST fusion protein was added
and introduced a novel phosphotyrosine bioisost@m?( at a concentration of 20g/mL. Activity of calcineurin (from
while increasing potency 100-fold. These small molecules  Sigma Chemical Co.) was assayed using 4-methylumbel-
have been used to test the hypothesis that inhibition of liferyl phosphate (0.8 mM) as a substrate in an assay mixture
PTP1B will augment insulin action. X-ray crystallography that contained Tris-HCI buffer (40 mM, pH 8.6), NaCl (100
of two PTP1B-inhibitor complexes revealed two distinct mM), CaCb (0.5 mM), DTT (0.5 mM), bovine serum
binding modes and indicated further chemical modifications albumin (0.1 mg/mL), calmodulin (50 nM), and calcineurin

that might improve potency and selectivity. (25 nM). Fluorescence at 450 nm was monitored with
excitation at 400 nm.
MATERIALS AND METHODS Cell Measurements3T3-L1 cells were maintained in 35

) i mm plastic culture dishes and differentiated to the adipocyte

Recombinant PTP Enzyme# C-terminal truncated,  phenotype using standard procedures as described elsewhere
soluble form of human PTP1B (amino acids321) was  (24). |nsulin resistance in 3T3-L1 adipocytes was induced
generated from human placental RNA by RT-PCR and py ‘incubating the cells in Dulbecco’s modified Eagle’s
cloned into pET15 (Novagen) Epnl andBanHl to generate  medium supplemented with heat-inactivated fetal bovine
pMB471. This construct was employed to produce PTP1B gerym (10%, viv), glucose (25 mM), and bovine insulin (100
to screen for inhibitors, for kinetic analyses, and for oocyte nM). L6 cells were kindly provided by A. Klip (University
microinjections. A similar construct with the addition of an ¢ Toronto, Toronto, ON) and were maintained in 35 mm
N-terminal Hig tag and enterokinase cleavage site ((MB428) piastic culture dishes and differentiated to myotubes as
was also generated. For assays c_)f PT_PlB binding to the IR,jescribed by Klip and co-worker2%). Effects of PTP1B
PTP1B was rendered catalytically inactive by mutating®®ys  jnhibjtors on glucose transport were assessed by measuring
to Sef'® (22). A site-directed mutation (CZlSS) was intro-  he rate of uptake of 2%H]deoxyglucose (2-DOG) using
duced betweexhd andBarH| by PCR using pMB428 as | [14C]glucose as a measure of the amount of extracellular
a template to generate pMB476 which was expressed in2.poG not removed by washing. In standard experiments,
Escherichia coliBL21 grown in sulfur-free M9 minimum  ~q|is were washed three times with buffer A [NaCl (131.5
medium supplemented witf’SO2~. A fourth construct mM), KCI (4.7 mM), CaC} (2.5 mM), MgSQ (1.25 mM),
comprising amino acids 1298 without the Hig tag or NaHPO, (2.5 mM), glucose (5.5 mM), BSA (1 mg/mL),
enterokinase cleavage site (pMB562) was employed for 5nq Hepes buffer (20 mM, pH 7.4)] and then incubated for
XTray cry_stallography. Standa_rd purification proce_dures of 20 min in buffer A supplemented with inhibitor (added in
Ni chelation chromatography, ion exchange, and size exclu- p\so at 1000 times the desired final concentration). After
sion chromatography were performed to obtain proteins that min, insulin was added, and 30 min later, the extent of
were >95% pure and catalytically active. A C-terminally > poG uptake was measured over 3 min. Effects of insulin
truncated, soluble form of rat PTP1 (amino acids322)  \yere measured at hormone concentrations determined to
was obtained from J. E. Dixon (The University of Michigan, produce an approximate 50% maximal effect on 2-DOG
Ann Arbor, MI) as was a GST fusi_on protein containing the uptake (0.3 nM for 3T3-L1 adipocytes and 10 nM for L6
two tyrosine phosphatase domains of human LAR and a myqcytes). Data were normalized for recovered cell protein.
GST—SHP-2 fusion protein. Oocytes were removed surgically as clusters from tricaine-

Assays for PTP Actity. PTP1B activity was routinely  anesthetized adult femalXenopus laeis (Nasco, Fort
measured as the rate of hydrolysigefitrophenyl phosphate  Atkinson, WI) that had been primed 3 days earlier with 50
(PNPP) in a 96-well microtiter plate format. Standard assays units of pregnant mare’s serum gonadotropin injected into
were conducted at room temperature in a total volume of the dorsal lymph sac. Oocyte clusters were placed into ice-
0.2 mL that contained Hepes buffer (50 mM, pH 7.2), NaCl cold ND96 medium [Hepes (5 mM, pH 7.4), NaCl (96 mM),
(50 mM), EDTA (1 mM), DTT (1 mM), bovine serum  KCI (2 mM), MgCl, (1 mM), CaC} (1.8 mM), and sodium
albumin (1 mg/mL), pNPP (at various concentrations, pyruvate (2.5 mM)]. Oocyte clusters were then rinsed three
times in Ca-free ND96, and stage V/VI oocytes were isolated

2 The 2-carboxymethoxybenzoic acid bioisostere for phosphotyrosine By @ combination of mild collagenase treatment (Sigma
was reported independently by Burke et di8)( C-9891 collagenase, 2 mg/mL in Ca-free ND96) and
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mechanical teasing with watchmaker’s forceps. The oocytescold Dulbecco’s phosphate-buffered saline and then lysed
were microinjected (in Ca-free ND96) as described previ- in 0.35 mL of RIPA buffer [Tris-HCI (50 mM, pH 7.4), NaCl
ously 26) using 92 nL of recombinant PTP1B (150 ng), (150 mM), NaF (100 mM), N#&,0;+10H,0 (20 mM), Na-
antibody against PTP1B (clone FG6-1G, Oncogene Research/O, (1 mM), EGTA (1 mM), (NH,).MoO, (1 mM), NP40
Products) (42 ng), and the PTP1B inhibitor (at various (1%), sodium deoxycholate (0.25%), benzamidine (5 mM),
concentrations) in various combinations. Oocytes+(a4 for PMSF (1 mM), pepstatin A (M), leupeptin (1uM), and
each experimental condition) were incubated in modified aprotinin (1uM)]. Lysates were centifuged (1009®@or 10
ND96 buffer (K-free to promote insulin-induced oocyte min), and aliquots of each resultant supernatant were mixed
maturation) supplemented with insulin at various concentra- in equivalent amounts of protein with Laemmli sample
tions in 60 mm plastic culture dishes at $Z and high buffer. Proteins were resolved using SBISAGE on 8 to
relative humidity. After 18, 24, and 48 h, oocytes were scored 16% gels, electrotransferred to PVDF membranes, and
for germinal vesicle breakdown (GVBD) by two investiga- Western blotted for phosphotyrosine using monoclonal
tors. Because of seasonal and individual variability among antibody 4G10 (Upstate Biotechnology Inc.).

frogs, the rate and extent of GVBD varied substantially  cocrystallization of PTP1BInhibitor ComplexesCo-
between experiments so that comparing data sets fromerystals of PTP1B (amino acids—298) with individual
different experiments was not practical. Therefore, the datajnhibitors were grown by hanging drop vapor diffusion at 4
are presented as average % GVBD from individual experi- °c ysing conditions modified from those of Jia et &18)
ments that were qualitatively similar. A stock solution of 15 mg/mL PTP1B (pMB562) in Tris
Assessment of PTPHBR Binding.Insulin receptors were (25 mM, pH 7.5), NaCl (0.3 M), DTT (3 mM), and EDTA
solubilized from CHO cells expressing human insulin recep- (5 mM) was prepared, to which 5 mM inhibitor was added.
tors (CHO.hIR cells kindly provided by J. Pessin, The For crystal growth, a gL drop of stock solution was mixed
University of lowa, lowa City, 1A) and captured on scintil-  with an equal volume of precipitating solution [polyethylene
lation proximity assay (SPA) beads coated with wheat germ glycol 8000 (Fluka) (14-20%), magnesium acetate (0.2 M),
lectin as described elsewheB.(Binding of P°S|PTP1E215S cacodylate (0.1 M, pH 6.5)] and equilibrated against 1 mL
(prepared as described above) to the IR on SPA beads wa®f the precipitating solution. The orthorhombic crystals
assessed in the absence and presence of PTP1B inhibitoréspace groug?2,2,2;) of PTP1B-inhibitor complexes ap-

as described previousy). peared within 714 days.

Measurement of IR Tyrosine Kinase (IRTK) Aiti. 3T 3- X-ray Diffraction Data Collection and Processingingle
L1 adipocytes were washed three times in buffer A (see crystals (approximately 0.3 mm 0.3 mmx 0.2 mm) were
above) and then incubated for 31 min in buffer A at°&% momentarily transferred to a cryoprotectant solution [glycerol

During the final 1 min of this incubation, insulin was present (50%), polyethylene glycol 8000 (14%), magnesium acetate
at various concentrations. Following insulin stimulation, the (0.1 M), and Hepes (0.1 M, pH 7.5)]. The crystals were then
cells were washed with ice-cold Dulbecco’s phosphate- transferred to a loop and flash-frozen in a stream of nitrogen
buffered saline, then lysed in lysis buffer [Hepes (50 mM, gas at~100 K. Data for the PTP1Bcompound VIl

pH 7.6), NaCl (150 mM), Triton X-100 (1%), EDTA (5 complex were collected at the IMCA beamline at the
mM), Nay;P,0;-10H,0 (20 mM), NaF (100 mM), N&/O, Advanced Synchrotron Source, Argonne, IL. Data for the
(2 mM), benzamidine (5 mM), PMSF (1 mM), pepstatin A PTP1B-compoundvl complex were collected on a Rigaku

(2 uM), leupeptin (10uM), and aprotinin (0.05 TIU/mL)], RU-300 generator and Raxis IV area detector and processed
and centrifuged at 12090The resulting supernatant fraction using the HKL software package9).

(approximately 0.3 mg of protein) was added tod5 of Structure SolutionBecause the PTPRompoundVil|
wheat germ lectin Sepharose 6MB beads (Amersham Phar-ocrystals obtained were of a space group different from the
macia Biotech) and mixed for-24 h at 4°C. Beads were  gpace group of those reported by Jia et 28)(the position
then washed twice with lysis buffer and twice with Hepes of the single PTP1B molecule within the orthorhombic cell
(60 mM, pH 7.5). Tyrosine kinase activity of the captured a5 determined by molecular replacement using the program
IR was measured directly on the beads. Tyrosine kinase assapymoRe @0). The published PTP1B crystal structure (1ptv)
mixtures contained, in a total volume of 30, Hepes (20 was used as the search model, and data between 15 and 3.0
mM, pH 7.5), MgC}-6H,0 (10 mM), MnCb-4H,0 (2 mM), A resolution gave an unambiguous solution with a correlation
[y-**P]ATP (0.05 mM, 4 Ci/mmol), and the biotinylated  ¢oefficient of 61% and aRecor Of 40.8%. Several subsequent
peptide substrate (biotin-MAAEEEYMMMMAKKK-NH)  cycles of rigid body refinement with X-PLORSY) reduced
(24 uM). This peptide sequence is derived from a preferred {he R, slightly to 39.1% for data from 50.0 to 3.0 A.
substrate_ for IRTK 27). Kinase reactions were (_:onducteq Examination of &, — F. andF, — F electron density maps
for 15 min at room temperature and then terminated with gt this stage showed clear density for the inhibitor in the
the addition of 1%L of guanidine-HCI (7.5 M). Aliquots  active site of the enzyme. It was clear from the initial
of the quenched reaction mix were transferred to 96-well jnspection that the mobile active site loop was not in the
biotin capture plates (Promega). Microtiter plates were eypected “down” or closed position, but rather in the “up”
washed; scintillation fluid was added, and the amourf#®f o open conformation previously observed for the unliganded
was measured in a TopCount scintillation spectrometer pTp1B. Subsequent refinement with REFMAB) alter-
(Packard Instruments). nated with rounds of manual rebuilding within the program
Western Blot Analysid.6 myocytes and 3T3-L1 adipo- O (33) resulted in a model comprising residuesZ98, 462
cytes, which had been exposed to insulin and PTP1B ordered water molecules identified by the program wARP
inhibitors at various concentrations, were washed with ice- (34), and one inhibitor molecule. Using all data from 50 to
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Table 1: K; Values for Inhibition of Rat PTP1 and Human PTP1B by CCK-8 Analogues

compound Ki (uM), rat PTP1
H-Asp-Tyr(SQH)-Met-Gly-Trp-Met-Asp-Phe-NkK (CCK-8) 34
H-Asp-Tyr-Met-Gly-Trp-Met-Asp-Phe-Nk(desulfo-CCK-8) inactive
CCK-8 analogues
N-acetyl-Asp-Tyr(S@H)-Nle-Arg-Trp-Nle-Asp-Phe-Nbl 7
N-acetyl-Asp-Tyr(S@H)-Nle-p-Arg-Trp-Nle-Asp-Phe-NH 13
N-acetyl-Asp-Tyr(S@H)-Nle-p-His-Trp-Nle-Asp-Phe-Nkl 6
N-acetyl-Asp-Tyr(S@H)-Nle-Gly-Trp-Nle-Asp-Phe-Nk 14
N-acetyl-Asp-Tyr(S@H)-Nle-Gly-Trp(CHO)-Nle-Asp-Phe-NH 6
N-acetyl-Tyr(S@H)-Nle-Gly-His-Nle-Arg-NH, >100
N-acetyl-Asp-Tyr(S@H)-Nle-Gly-Trp-Nle-Arg-Phe-NH 11
N-acetyl-Asp-Tyr(S@H)-Nle-Gly-His-Nle-Asp-Phe-NHk 4
consensus tripeptide
N-acetyl-Asp-Tyr(S@H)-Nle-NH; (compound) 5
P(+1) analogue of compourid Ki (M), human PTP1B
N-acetyl-Asp-Tyr(S@H)-Nle-NH, (compound) 17
N-acetyl-Asp-Tyr(S@H)-Ile-NH 117
N-acetyl-Asp-Tyr(S@H)-Leu-NH, 95
N-acetyl-Asp-Tyr(S@H)-Lys-NH, 154
N-acetyl-Asp-Tyr(S@H)-Glu-NH, 33

1.8 A together with an isotropic bulk solvent model yielded tors of PTP1B (Table 1). These octapeptides were analogues
a final crystallographi®acior Of 18.7% Riree = 24.9%) with of CCK-8, and it was found that CCK-8 itself, but not

good geometry. desulfo-CCK-8, also inhibited PTP1B. Not all of the CCK-8
As the PTP1B-compoundVI cocrystals were obtained analogues that were tested inhibited PTP1B, and of those
in the same crystal form as those for the compoid which were inhibitory, all contained the N-terminal tripeptide

complex, the latter minus the inhibitor and mobile loop was sequenceN-acetyl-Asp-Tyr(SGH)-Nle-. Synthesis of the
used as the initial model. After several cycles of rigid body C-terminal amide of this common tripeptide, compound
refinement with X-PLOR 1), the initial Racior was reduced  confirmed that this sulfotripeptide was sufficient for inhibi-
slightly to 39.0%. Examination of 2 — F. andF, — F¢ tory activity, and it competitively inhibited recombinant rat
electron density maps at this stage showed clear density forPTP1B with aK; value of 5 uM. This potency was
the inhibitor in the active site of the enzyme and also unexpected on the basis of previous reports that at least six
indicated that the loop was in the down or closed position. amino acids were required for a high-affinity substra) (
Subsequent refinement with REFMAGB2) alternated with but is consistent with a subsequent report that smaller
rounds of manual rebuilding within the program Q3) sulfopeptides can be effective inhibitors of PTP14B)(
resulted in a model comprising residues288, 108 ordered  Compound was slightly less potent at inhibiting recombi-
water molecules identified by the program wARF), and nant human PTP1BK{ = 17 uM). Substitution of lle, Leu,
one inhibitor molecule. Using all data from 50 to 2.2 A or Lys for Nle in the P¢-1) position resulted in significant
together with an isotropic bulk solvent model yielded a final loss of potency, while substitution with Glu was better
crystallographidRactor 0f 19.3% Riee = 26.1%) with good tolerated (Table 1). One of the proposed targets of PTP1B,
geometry. pY11%8 of the -subunit of the insulin receptor, is flanked by
Chemistry.The sulfotripeptides (other than compound Glu*®in the P@1) site @1).
were custom synthesized by AnaSpec Inc. (San Jose, CA). g, olution of Analogues of CompouridBecause neither
Preparation of other compounds is described elsewherey sulfotyrosyl group nor a peptide bond is pharmacokineti-
(21, 35). cally desirable in a potential drug, we chemically modified
RESULTS compound to introduce a stable phosphotyrosine bioisostere
and to minimize peptidic characteristics. Some of the modi-
CCK-8 Analogues Inhibit PTP1EY<15 of PTP1B, which fications utilized in the evolution of compourdare sum-
is essential for catalysis, likely exists as a thiolate anion at marized in Figure 1. Removal of the two terminal amide
physiologic pH and is highly reactive3§, 37). It was moieties afforded the bis(amide) compouhavhich retained
anticipated, therefore, that in a search for small molecule remarkable potency{ = 30u«M), encouraging us to attempt
inhibitors of PTP1B a large number of undesirable covalent further modifications. Replacement of tBesulfate with the
modifiers of Cy3!® would be uncovered. For that reason, known phosphate bioisoste@emalonate 42) then provided
PTP1B assays were conducted in the presence of DTT (1compoundll , which proved to be significantly more potent
mM). Nevertheless, many of the inhibitors identified were than the corresponding sulfate. The activity of compound
found to irreversibly inhibit PTP1B by reacting with Cy3 [l could be augmented by the insertion of a phenylalanine
and these included several classes of compounds, e.g., 1,4dnit into the N-terminus (compound/, Ki = 1.2 uM), or
benzoquinones that are known inhibitors of cysteine proteaseshy introduction of a novel phosphotyrosine bioisostere,
(38). Therefore, we used an alternate strategy of targeted2-carboxymethoxybenzoic acid (compoWidK; = 2.8 uM)
screening of compounds that contained known or suspected21). Combining these two useful modifications yielded a
phosphotyrosine bioisosteres and identified a series of compound Y1) that inhibited competitively with submicro-
sulfotyrosyl-containing octapeptides that were potent inhibi- molar potencyK; = 0.25x4M) (Figure 1). Alternatively, the
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compound VIII, K| = 3.4 pM compound IX, K; =0.12 uyM

Ficure 1: Key compounds in the evolution of potent PTP1B inhibitors derived from the CCK-8-related sulfotyrosyl tripeptide, compound
|. Each of the compounds that is shown was found to be a competitive inhibitor of PTP1B with the indicaaéde. Each compound was

also tested at 1, 10, and 1M for inhibition of LAR, SHP-2, cdc25b, and calcineurin and was either inactive or inhibi2@6 at 100

uM. Each compound inhibited PTP1B and TC-PTP with approximately equal potency.

peptidic nature of compoundl could be decreased by respect to PTP1B-catalyzed hydrolysi§ ¢omplicated the
replacing one of the amides with a urea while incorporating interpretation of inhibitor kinetics.

the phenylalanine unit, affording compouwd! (K; = 3.4 In Vitro Activities of PTP1B InhibitorsCompounavl, a
uM). Substitution of the N-terminal carboxyl group with a potent triacid inhibitor of PTP1B, completely inhibited
surrogate 5-sulfanylH-1,2,3-triazole yielded compoun , PTP1B by binding in the catalytic pocket in a manner defined
a competitive inhibitor with &; value of 0.12uM. None of using X-ray crystallography (see below). Binding of com-

the compounds in Figure 1 displayed significant selectivity pound VI in the catalytic pocket of PTP1B blocked the
for PTP1B over TC-PTP, the known PTP that is structurally interaction of PTP1B with intact insulin receptors captured
the most similar to PTP1B, but they all inhibited?20% at on lectin-coated SPA beads. For this assay, PTP1B®&as
100 uM when tested against LAR and SHP-2, two PTP labeled and rendered catalytically inactive by mutating?©ys
enzymes more distantly related to PTP1B. Likewise, theseto Sef'®>. CompoundVI competitively displaced 3fS]-
compounds were poor inhibitors of either calcineurin or PTP1B-2'5S from immobilized insulin receptors with K;
cdc25b. All these compounds also inhibited PTP1B-catalyzed value (0.28«M) that was almost identical to that observed
hydrolysis of TRDI(pY)ETD(pY)(pY)RK, a phosphopeptide for inhibition of PTP1B-catalyzed hydrolysis of pNPP (0.25
that matches a sequence within the activated kinase domairuM) (Figure 2). These data complement other data that
of the insulin receptof-subunit. The kinase domain phos- indicate the catalytic site of PTP1B is the principal domain
phopeptide was not used routinely to define kinetics of of the enzyme involved in binding to insulin receptors, at
inhibition because, first, the malachite green assay employedleast under these in vitro conditions, and that blocking the
to measure the rate of inorganic phosphate release was noactive site effectively disrupts PTP1IBR binding @).
sensitive enough to allow measurements of accukate Binding of catalytically competent PTP1B to the activated
values for the phosphopeptide and, second, the nonequiva{tyrosine-phosphorylated) IR results in receptor dephospho-
lence of the three phosphotyrosines in the peptide with rylation (3, 5). To determine whether the small molecule
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Table 2: Evidence That Compounl Enters Cells and Is a Substrate for Esterase(s) Which Generate Products That Inhibit PTP1B?Activity

compounavi compounaVvll
Ki (uM) for PTP1B inhibition 0.25 no inhibition at 100M
Caco-2 cell permeability coefficient (absorptive, nm/s) <0.3 136+ 7.3

Esterase-Treated Compouxit

treatment time (h) % inhibition of PTP1B inhibitor composition

0 0 TME (100%)
1 23+ 0.8 TME (1%), DM (76.4%), MME (22.6%), free acid (trace)
12 43+ 5 TME (2.9%), DME (40.2%), MME (56.9%), free acid (trace)

aFor the esterase treatment, the trimethyl ester (TME) comp¥®ilingl mM) was incubated at room temperature with porcine hepatic esterase
coupled to acrylic beads in 50 mM Tris-HCI buffer (pH 8.2) for either 1 or 12 h. Portions of the reaction mixture were tested for their ability to
inhibit PTP1B-catalyzed hydrolysis of pNPP, and other portions were subjected to HPLC antd$/®1S analysis? Dimethyl ester (DME) isomers
yielding the expected peak at MH628. MS/MS showed clearly that the N-terminal methyl group was retained but did not allow assignment of the
second methyl group to one of two possible positions within the phosphotyrosine bioisésersomethyl (MME) isomers yielding the expected
MH* 614. Two of the three possible monomethyl esters were resolved. Changes in MS/MS peak intemsfti86at 335, 248, and 252 ruled out
the retention of the N-terminal methyl group but did not allow assignment of the methyl group to one of the two possible positions within the
phosphotyrosine bioisostere.

A. inhibitors of PTP1B identified here could protect against the
24} loss of IR tyrosine kinase (IRTK) activity that accompanies

5 * PTP1B-dependent dephosphorylation of the receptors, IRs
201 E' were first partially purified from 3T3-L1 adipocytes that had

i A been exposed to insulin at various concentrations. Tyrosine
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kinase activity of the partially purified IR was measured
using as a substrate a biotin conjugate of a peptide based on
an optimal substrate for the IRTRT). IRTK activity was
increased dose-dependently up to 10-fold when cells were
exposed to insulin (Figure 3A,B). Treatment of insulin-
activated IR with recombinant PTP1B reduced IRTK activity

2
8 3 to a basal (nonstimulated) level (Figure 3C). However,

5 pretreatment of the PTP1B with various inhibitors resulted
4 10 in partial conservation of IRTK activity (Figure 3D). The

extent to which various inhibitors protected against PTP1B-
catalyzed loss of IRTK activity correlated with their potencies
(Ki values) for inhibiting PTP1B-catalyzed hydrolysis of
pNPP (Figures 1 and 3D).

Cell Activities of PTP1B InhibitorsThe PTP1B inhibitors
shown in Figure 1 are sufficiently polar that they would be
expected to penetrate cells poorly by passive diffusion, and
this was confirmed using Caco-2 cells (unpublished data and
Table 2). Therefore, preliminary determination of the effects
of these PTP1B inhibitors on insulin signaling in cells was
accomplished by microinjecting the inhibitors iff@nopus
oocytes. Insulin has been shown to promote oocyte matura-
tion [monitored as increased germinal vesicle breakdown
(GVBD)], and this process is antagonized by PTP1B)(

We were able to immunoprecipitate a protein from oocyte
lysates using a monoclonal antibody (clone FG6-1G, Onco-
gene Research Products) against human PTP1B which, on
Western blots, migrated with an estimated size of 43 kDa.
When the PTP1B antibody (42 ng) was microinjected into
oocytes, there was an augmented insulin-induced GVBD,
while conversely, microinjection of recombinant PTP1B (150
ng) attenuated this insulin response (Figure 4A). Micro-
injection of a PTP1B inhibitor, compoun& (100 pmol),

FIGURE 2: Inhibition of PTP1B-catalyzed hydrolysis of pNPP and Mimicked microinjection of the PTP1B antibody and potenti-

PTP1B binding to the IR by compoundl. The K; value for ated insulin-induced GVBD. Co-injection of compoubx

inhibition by compound/I of PTP1B-catalyzed hydrolysis of pNPP  with PTP1B partially protected against the loss of insulin-

was determined using the direct linear method of Cornish-Bowden jnquced GVBD caused by PTP1B (Figure 4B)

(Materials and Methods). Data for competitive displacement of L A ’

[35S]PTPLEF215S from the IR immobilized on WGA-SPA beads Allthe PTP1B inhibitors in Figure 1 were tested for effects
on insulin-stimulated glucose transport (2-DOG uptake) by

were fitted to a model of single-site competition to yield tke - .
value that is shown. Data are from two typical experiments. 3T3-L1 adipocytes and L6 myocytes. Most had little or no
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Ficure 3: Effects of insulin, PTP1B, and inhibitors of PTP1B on IRTK activity. 3T3-L1 adipocytes were treated with insulin for 1 min,

and then the cells were lysed and insulin receptors partially purified using beads coated with wheat germ lectin. IRTK activity of the
bead-immobilized insulin receptors was assayed at ambient temperature for 15 min using a biotinylated peptide as the substrate (Materials
and Methods). (A) Kinetics of phosphorylation of biotinylated peptide by insulin receptors isolated from insulin-treated cells. (B) Insulin-
dependent increases in IRTK activity of insulin receptors isolated from 3T3-L1 adipocytes exposed to insulin at various concentrations. (C)
PTP1B-dependent loss of IRTK activity of insulin receptors isolated from insulin-treated cells. Activated insulin receptors were pretreated
for 10 min with PTP1B. Pretreatment was terminated by addition of vanadate, and IRTK assays were performed. (D) Preservation of IRTK
activity by selected PTP1B inhibitors. PTP1B-catalyzed dephosphorylation of activated insulin receptors was inhibited by inclusion of

inhibitors, present at 108M, during the pretreatment phase. Data are mean vatustandard error of the mean €& 3) derived from
typical experiments.

effect, most likely because they failed to significantly enter of glucose (25 mM) and insulin (100 nM) (HGI-treated)
the cells. Compoun¥I, even at 10«M, had no effect on  exhibit attenuated responses to insulin. Compodfid
insulin-dependent 2-DOG uptake by L6 myocytes (Figure augmented insulin-dependent 2-DOG uptake by HGI-treated
5A). In contrast, the trimethyl ester of this inhibitor, 3T3-L1 adipocytes (Figure 5C). At 0.1 nM insulin, com-
compoundVIl , increased the rate of 2-DOG uptake in either poundVIl approximately doubled the rate of 2-DOG uptake,
the absence or presence of insulin at a submaximal concenbut with 3 nM insulin, it no longer had an effect. These data

tration (10 nM) (Figure 5B). In the presence of compound
VIl , the stimulation of 2-DOG uptake by insulin (10 nM)
was now similar to that observed with a maximally effective
concentration of insulin (300 nM). These effects of com-
pound VIl on 2-DOG uptake were accompanied by an
increased level of tyrosine phosphorylation of the IR, and
IRS-1 and IRS-2 (Figure 5B). Importantly, compouvid
also exhibited activity in a cell model of insulin resistance.

are consistent with the hypothesis that inhibition of PTP1B
enhances potency but not efficacy of insulin in this cell
model. These compoundll -induced changes in 2-DOG
uptake were accompanied by an increased level of tyrosine
phosphorylation of the IR and IRS-1 (Figure 5D).
CompounadVIl at concentrations up to 1Q0M, however,
did not inhibit the hydrolysis of pNPP catalyzed by recom-
binant PTP1B (Table 2). This suggested that compadihd

3T3-L1 adipocytes that are exposed overnight to high levels entered L6 myocytes and 3T3-L1 adipocytes and was then
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Ficure 4: Effect of a PTP1B inhibitor on insulin-dependent
germinal vesicle breakdown iXenopusoocytes. Stage V/VI
oocytes from gonadotropin-primed frogs were injected (92 nL) with
either PTP1B (150 ng), antibody F6G-1G against PTP1B (42 ng),
or compoundIX (100 pmol, alone and with PTP1B). Each
experimental group contained-184 oocytes. Injected oocytes were
returned to medium supplemented with insuling{®), and after

18 h, two investigators independently scored the cells for germinal
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Table 3: PTP1B-Inhibitor Crystallographic Data and Refinement
Statistic$

compounaVvIll compounaV|
crystal data
space group P212:2; P2:2:2;
unit cell (A) a=52.7,b=83.8, a=52.9,b=82.4,
c=88.7 c=288.6
resolution (A) 1.8 2.2
no. of total measurements 643419 249675
no. of unique reflections 37591 17760

% complete 97.3(501.8A) 87.6(56-2.2A)

% complete 97.0 (261.8A) 65.1(2.52.2A)

Reyr? 0.067 0.089
refinement parameters

no. of protein and ligand 2928 2580

atoms

A bond (A) 0.011 0.019

A angle (deg) 1.2 14

resolution (A) 50.6-1.8 50.6-2.2

no. of reflections 33641 17733

Rerys® 0.187 0.202

Riree 0.249 0.261

a All recorded reflections were used during maximum likelihood
refinement in REFMAC. The quotd®.cior values were calculated using
all data.? Rym= 35 (|Inil — |Inl)/3nilni, wherely andl, are the intensities
of the individual and mean structure factors, respectiveRyst =
S|Fol — [Fel/YFo. Only data withFo/o(Fs) > 2.0 were used in the
refinement.

Structure Solution of PTPXBInhibitor ComplexesTable
3 summarizes crystallographic data and refinement statistics
for two PTP1B-inhibitor complexes that represent the two
binding modes that were discovered within this series of
structurally related PTP1B inhibitors. In one mode, typified
by compoundvlll , the WPD loop (encompassing residues
179-189) is in the open conformation in the PTP1B
inhibitor complex, while in the other mode typified by
compoundVI, the WPD loop is closed. However, despite
the differences in the conformation of the WPD loop, the
overall modes of binding of compound4ll and VI to
PTP1B are quite similar (Figures 6 and 7). For both
compounds, the peptide backbone portion of the inhibitors
forms an extendegd-strand conformation closely resembling
that seen previously for PTPiBhosphotyrosine (pTyr)
peptide structures (28). Both compounds maintain two
conserved hydrogen bonds between the*Aside chain and
the main chain nitrogens on either side of the central pTyr
side chain mimic [P and R(1) positions] and a third between

vesicle breakdown (GVBD). Data are percentages of cells exhibiting the main chain nitrogen of Afgand a main chain carbonyl

GVBD and are from a typical experiment.

of the inhibitor at the P{2) position. The phenyl rings of

hydrolyzed to generate a PTP1B inhibitor. Measurements the two pTyr side chain mimics also make similar hydro-

of Caco-2 cell penetration by compoundk andVIl were
consistent with the likelihood that the more lipophilic
compoundVIl readily enters cells (Table 2). Once inside
the cell, it seems unlikely that compound! would be
completely de-esterified to compoud based on known
esterase specificitiesA4). Indeed, using porcine hepatic

phobic packing interactions with the side chains of “Tyr
Val*, Ala?'’, 1le'®, and GIrf®?, though in the case of
compoundVI the closure of the WPD loop results in an
additional interaction with PR#&. In addition, the C-terminal
pentyl chain [P{1)] of both compounds lies in a shallow
hydrophobic pocket and forms hydrophobic contacts with

esterase as a model esterase, even prolonged incubation ¢he side chains of V&, lle*, and GIri® (Figure 7).

compoundVIl with esterase failed to generate detectable

As reported recently 54), compared to the PTP1B

compoundVI (Table 2). However, mass spectrometric peptide structures which contain an acidic residue at the
analysis revealed generation of both mono- and dicarboxylic P(—1) position, the Phe residue at this location in compounds
acid derivatives from compoundll that had been treated VI andVIlI induces a repositioning of the Afgside chain
with esterase. Furthermore, esterase treatment of compound5 and 7 A shift in the guanidinium carbon, respectively),
VIl yielded a mixture of products that now inhibited PTP1B- thus permitting hydrophobic interactions with the aliphatic
catalyzed hydrolysis of pNPP (Table 2). portions of Ard’ and Asg® Furthermore, despite the
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Ficure 5: Effects of compound/I and its triester, compoundll , on insulin-dependent 2-DOG uptake and tyrosine phosphorylation of
insulin signaling molecules in L6 myocytes and insulin resistant 3T3-L1 adipocytes. L6 myocytes that had been washed and maintained for
5 h in serum-free mediunoMEM with BSA (1 mg/mL)] were treated with either compoulkd (100 M), compounadVIl (100xM), or

vehicle (0.1% DMSO) (A) or compoundll at various concentrations (B) for 20 min before the addition of insulin at concentrations that
elicited an approximate half-maximal insulin response (10 nM) or a full response (300 nM). After an additional 30 min, either 2-DOG
uptake was assessed (A) or cells were lysed and phosphotyrosine Western blots of lysate proteins were performed (B). 3T3-L1 adipocytes
were rendered insulin resistant by incubation overnight in medium supplemented with high glucose (25 mM) and insulin (100 nM). Insulin-
dependent 2-DOG uptake (C) and tyrosine phosphorylation (D) were then assessed (Materials and Methods). In some dishes of cells,
compoundVIl (67 uM) was present throughout the experiment.

structural differences at the PR) positions of the two The differences in the binding modes of these two
inhibitors, the flexibility of the Ard’ side chain allows the = compounds with regard to the conformation of the WPD loop
guanidinium group to interact favorably with the negatively are also a direct consequence of the differences in the nature
charged terminal carboxylates as well as to accommodateof the headgroups of the these two compounds.
the hydrophobic residue at theP{) position (Figures 6 Binding Mode of Compoun\lll . In general, the binding
and 7). of the O-malonyltyrosyl (OMT) side chain resembles that
In the known PTP1BpTyr peptide crystal structures, two  previously observed by Groves et ak6[ for the O-
of the phosphate oxygen atoms of the pTyr residue makefluoromalonyltyrosine cyclic peptide (FOMT). In particular,
two hydrogen bonds each to the main chain amides étSer the Arg?' side chain and WPD loop adopt the open
and AlzY’, and lle® and GIy¥?° (28). The phosphate mimic  conformation characteristic of the unliganded state of PTP1B
headgroups of both compound$ andVIll , however, are  (Figure 6). However, the phenyl ring of ti@emalonyltyrosyl
positioned somewhat closer to the WPD loop than the side chain in compoun¥lll penetrates abou A deeper
phosphate group of the bound substrate, resulting in the lossinto the binding pocket than FOMT, and in this respect, the
of two (compoundVIll ) or all four (compound/I) of these binding more closely resembles the binding of a phospho-
hydrogen bonds. These lost interactions with the backbonetyrosine residue. When the substrate binds to PTP1B, a
amides are instead made to new structurally bound waterconcerted conformational change occurs in the positions of
molecules. The positioning of the headgroups closer to the Arg??* and the WPD loop which brings the general acid
WPD loop in both complexes also results in the displacement Asp'8tin the proximity of the ester oxygen of the substrate
of a bound water molecule hydrogen bonded to?&lin for efficient catalysis (28). These motions result from the
the PTP1B-substrate structures with compensatory hydrogen optimization of the hydrophobic packing between the
bonds being formed by headgroup oxygens (Figures 6 aliphatic portions of the A§* and Trg"® side chains. The
and 7). WPD loop is then stabilized in the closed position by (i)
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FiGure 6: PTP1B-compound VIl complex. (Top) Ribbon  Fgure7: PTP1B-compoundvl complex. (Top) Ribbon diagram
diagram depicting the docking of compouwtl (white backbone)  depicting the docking of compound (white backbone) into the
into the active site of PTP1B (green). (Bottom) Schematic active site of PTP1B (green). (Bottom) Schematic representation

representation of the interactions between compouhtl (red) of the interaction between compoul (red) and key residues in
and key residues in PTP1B (as labeled=Mvater). All distances  PTP1B (as labeled, & water). Residues in PTP1B that contribute
are in angstroms. to binding of compound/I, but not to binding of compoundlil ,

are colored magenta. All distances are in angstroms.
hydrogen bonds between the guanidine group of#Armand
two phosphate oxygen atoms, (ii) the hydrogen bond betweentaken up by the phosphate group of the pTyr is essentially
the guanidinyl NH1 of the arginine and the carbonyl oxygen unoccupied by the inhibitor. Instead, the two phosphate
of Prot®, and (iii) a buried water molecule that links the oxygens which hydrogen bond to the main chain amides as
amide nitrogen of PH&, the side chain of GK3® and the described above are both replaced with bound water mol-
phenolic oxygen atom of the pTyr group. ecules (W% and W) (Figure 7). These solvent molecules

In the PTP1B-FOMT crystal structure4g), the open form a network of hydrogen bonds between residues of the
conformation was thought to be due to differences in the phosphate binding site (the amides of 38MNH1 of Arg?!
positions of the oxygen atoms of the malonyl and pTyr and lI€*% and GIy¥?9) and the ether oxygen of the inhibitor
phosphate groups causing less favorable hydrogen bondingtself. The tyrosine headgroup of compoul is instead
between the Ar§ side chain in the WPD loop in the closed located closer to the WPD loop where its terminal carbox-
conformation. However, because compoMit projects 1 ylate makes a series of five hydrogen bonds to the main chain
A deeper into the b|nd|ng pocket than FOMT, the open nitrogen of Ph&?, the side chain amide of Gi#, the side
conformation would also seem to be at least partly due to chain NE1 and main chain nitrogen of A#§ and one of
steric considerations. In particular, modeling studies show the ordered waters (W) located in the phosphate binding
that in the closed conformation there would be close contactsSite. Theo-carboxyl substituent of the inhibitor in turn forms
between malonyl oxygen atoms and Z#%NH, (1.6 A)and  hydrogen bonds to Ly¥ (3.07 A) and to two water

the backbone amide of PK&(2.2 A). molecules, including VW4 This o-carboxyl is also seen to
Binding Mode of Compoun¥1. As with the PTP1B- interact strongly (2.7 A) with the side chain of ASp
pTyr peptide structures, the binding of compouvit! is presumably by sharing a proton. Such an interaction between

accompanied by closure of the catalytic site WPD loop two acidic groups is energgtically favorable at negtral pH
(Figure 7). However, the side chain of P¥énteracts more ~ (46) and was also observed in the PTP1B(oxalylamino)-
closely with the phenyl ring of the inhibitor than it does with P€nzoic acid crystal structura ).

that of pTyr as a result of a 9@otation of its @—Cf bond.

This conformation of the PR#& side chain closely resembles DISCUSSION
that observed in the PTP1Rdifluoronaphthylmethyl)- While multiple PTP enzymes may be involved in regulat-
phosphonate inhibitor complexes determined by Groves eting insulin action 47, 48), there is sufficient evidence that
al. (46). In the compound/| complex, the position normally  inhibition of PTP1B will augment insulin action to warrant
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a search for PTP1B inhibitors. It was generally believed that the unbound peptide, and it has been argued that the van
a small molecule inhibitor that acted by covalently modifying der Waals interactions make a disproportionate contribution
catalytically essential Cy¥would be undesirable. However, to the overall energy of binding that could be exploited in
the experience with cysteine proteases provides precedenthe design of inhibitors52).

for identifying SH reactive inhibitors that retain selectivity Molecular dynamic simulations have revealed that other
(49), and it has recently been proposed that controlled gyfotyrosyl peptides bind to PTP1B in an extengestrand
oxidation and reduction of C§§'may provide physiological  ¢onformation in which only the residues around sulfotyrosine
regulation of PTP1B activityd/). With the goal of develop-  ¢ontribute significantly to the bindings@). Residues more

ing reversible, competitive inhibitors of PTP1B, we screened N_terminal and C-terminal provide stabilizing interactions
potential pTyr bioisosteres and identified sulfotyrosyl- pyt are quite fluxional and remain solvent accessible. Most
containing octapeptides that were surprisingly potent PTP1B f the pPTP1B surface was computed to have a predominantly
inhibitors. While these compounds were synthesized origi- hegative electrostatic field with only the field surrounding
nally as CCK-8 analogues, the prototypic nonpeptidic CCKA ihe phosphotyrosine binding pocket being positi&s)
antagonist, proglumide, had no effect on PTP1B activity (data |nteraction between A within this positive surface and
not shown). Rather, these octapeptides shared a commoRne pegative charge of the P{) residue of the substrate
N-terminus N-acetyl-Asp-Tyr(SGH)-Nle-, that was essential 55 peen proposed to be an important determinant of PTP1B
and sufficient for inhibition. The tripeptide (compouy substrate specificity54), although it is recognized that a

inhibited rat PTP1 with &; of 5 uM, a potency that was  \ariety of P(-1) residues can be accommodated by PTP1B
unexpected for a tripeptide in light of previous work 51).

suggesting that a hexapeptide was a minimally effective

substrate [Ac-DADEpYL-NH was identified as a preferred While structure-based design of inhibitors based on peptide

substrate Km = 3.6 uM) (39)]. Similarly, compound has subs_trates has _yie_l;ied pe_ptide inhibitors of high potency,
an acidic residue at P{l) and an uncharged residue at peptides have_ _s,|gn|f|c_an_td|_sadvantage_s as therap_eut!c_agents
P(1). After our study was completed, Vetter et &) (13)_. An additional limitation of peptide-based inhibitor
reported the use of inverse alanine scanning to confirm the design was revealed by Gao et eﬂl.?x, whp reported '.[hat
preference of PTP1B for substrates with an acidie-B( mopocarboxy-bgsed phospho'tyrosme mimetics, which can
residue, and they further showed that a methionine in the P& incorporated into nonpeptidic small molecules to generate
P(1) position improvesadKm substantially over all other potent PTPlB inhibitors, are meffectwg when incorporated
amino acids, including leucine. This suggests tiatcetyl- into peptides. Therefqre, beginning W't.h compolings a -
Asp-Tyr(SQH)-Met may have been an even better template te_m_plate, we _synthe5|zed ana]ogues with the gogls of mini-
from which to design a PTP1B inhibitor. Vetter et &1} mizing peptidic nature, .repl.acmg Sulfotyrosme with a more
also showed that insertion of a Lys within up to three residues st.a_ble and phgr_chokmehcally de§|rable phos_photyrosme
before or after the phosphotyrosine in a peptide greatly bioisostere, faC|I|tat|n_g ceI_I pen(.a.trgtmn b)_/ reduc.:mg.o_verall
diminished its suitability as a substrate for PTP1B. In the ¢harge, and enhancing lipophilicity, while maintaining a
study presented here, substitution of Lys for Nle in compound Melecular size of<600 Da. These analogues either retained

I increased; approximately 9-fold. There was also a distinct ©F Significantly improved upon the potency of the original
preference for Nle over other uncharged residues. In rank fiPeptide and did not appreciably inhibit the other phos-
order of increasing; values, Nle< Leu < lle and even phatase:'s that were test_ed. 'I_'he_ exception, however, was TC-
Glu at P¢1) yielded an inhibitor more potent than those F 1P which was essentially inhibited with equal potency by
with either Leu or lle at P£1). Desmarais et al4() also ~ thiS series of PTPI1B inhibitors. One strategy to gain
observed a preference for a bulky hydrophobic residue in S€l€ctivity for PTP1B over TC-PTP may be to exploit binding
the P¢-1) position of sulfotyrosyl inhibitors, and our results &t the second low-affinity, noncatalytic, aryl-phosphate
confirm their observation that peptides smaller than six amino Pinding site on PTP1B described by Zhang and co-workers
acids can have excellent potency §i@or AcDE(sY)L-Nle (55), an approach used by those same investigators to design
= 2 uM]. They examined the elements required for inhibition P TP1B selective bis(aryldifluorophosphonatés) (Within

of PTP1B by sulfotyrosyl peptides based on a known high- the second aryl-phosphate binding site, five residués’(R
affinity phosphotyrosyl peptide from the EGF receptor M** G, Q?% and R¥) were identified to be involved in
autophosphorylation site and observed thay, Malues for H-bonding interactions with the substraf&). Four of those

the tetrapeptide AcAsp-Glu-Tyr(SH)-X increased in the residues fall in a sequence that is identical in humgn PTRlB,
following order: X= Nle < Leu < lle < Val. It has been rat PTP;, mouse PTP1, angl humap TQ-PTP. The fifth residue
proposed that the residues immediately C-terminal to the (R*) is in a sequence that is identical in the human, rat, and
substrate phosphotyrosine make modest van der Waalgnouse forms of PTP1B, but not in TC-PTP. It remains to
interactions with hydrophobic residues on the surface of the P& determined whether the sequence differences arotfd R
enzyme §2). These interactions may be facilitated by the N PTP1B and TC-PTP result in significant structural
C-terminal amidation of compouridbecause it was found ~ differences that are accessible and can be exploited by active
previously that amidation of the C-terminal free carboxyl of Site-directed inhibitors.

leucine in the EGF receptor-derived substrate DADEpYL  The peptidomimetic PTP1B inhibitors described here
increased catalytic efficiency almost 6-fol89j. While the inhibit binding of PTP1B to activated insulin receptors with
van der Waals interactions at-P{) are energetically small  K; values similar to those determined for inhibition of
compared to the electrostatic interactions between the PTP1B-catalyzed hydrolysis of pNPP, indicating that the
negatively charged P(1) residue and PTP1B, the latter are catalytic site of PTP1B is likely the principal domain
compensated by solvent interactions with polar residues ininvolved in binding. The inhibitors also protect against
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PTP1B-induced loss of IRTK activity in a reconstituted tions to displace the bound water will produce an entropy-
system. While the rank order of potency for protection of driven increase in binding and inhibitor poten&g).

IRTK activity matched that for inhibition of pNPP hydrolysis, In summary, the CCK-derived peptidomimetic inhibitors
much more inhibitor was required for IRTK protection. This of PTP1B described here represent a novel template for
is most likely because these are competitive inhibitors, and further development of potent, selective inhibitors, and they
therefore, the extent of inhibition is dependent upon the exhibit cell activity that further justifies the selection of
concentration andK,, of the substrate (IR). Th&, of IR PTP1B as a therapeutic target.

for PTP1B is <10% of that of pNPP, and the surface
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