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ABSTRACT. Protein tyrosine phosphatase 1B (PTP1B) is implicated as a negative regulator of insulin receptor
(IR) signaling and a potential drug target for the treatment of type 2 diabetes and other associated metabolic
syndromes. To further define the role of PTP1B in insulin signaling and to test the hypothesis that blocking
the activity of PTP1B would augment the action of insulin, we prepared several cell permeable, potent
and selective, small molecule PTP1B inhibitors, and evaluated their biological effects in several insulin

sensitive cell lines. Our data indicate that PTP1B

inhibitors bind to and colocalize with PTP1B on the

surface of the endoplasmic reticulum and PTP1B exerts its negative effect on insulin signaling upstream
of phosphatidylinositol 3-kinase and MEK1. Treatment of cells with PTP1B inhibitors, both in the presence
and in the absence of insulin, markedly enhances #8Rd IRS-1 phosphorylation, Akt and ERK1/2
activation, Glut4 translocation, glucose uptake, and EIk1 transcriptional activation and cell proliferation.

These results indicate that small molecule inhibito
and insulin sensitizers. Taken together, our findings
and biochemical studies provide strong evidence
that small molecule PTP1B inhibitors have the ab

Tyrosine phosphorylation is a key reaction in the initiation
and propagation of insulin actiori,(2). Insulin exerts its
pleiotropic effects by binding to its receptor on insulin target
tissues (adipose, liver, and muscle). Insulin binding to the
insulin receptor (IRY induces activation of the intrinsic
tyrosine kinase activity in thg-subunit (IR3), which is
followed by autophosphorylation of at least six tyrosine
residues within three distinct regions of dRThe activated

rs targeted to PTP1B can act as both insulin mimetics
combined with results from PTP1B knockout, antisense,
that PTP1B negatively regulates insulin signaling and
ility to potentiate and augment the action of insulin.

generates docking sites for other enzymes and effector
molecules containing SH2 or phosphotyrosine-binding do-
mains to propagate the insulin signal.

A key enzyme essential for the cellular and metabolic
responses triggered by insulin stimulation is phosphatidyli-
nositol 3-kinase (PI3K) g, 6). Engagement of the SH2
domain in the regulatory subunit of PI3K to the IRS proteins
results in the activation of the PI3K catalytic subunit, which

IR then recruits and phosphorylates insulin receptor substratesnitiates a cascade of reactions leading to the phosphorylation

(IRS-1-4) and other adapter proteins (Gabl and Shc) that
mediate the biological effects of insuli3,(4). The phos-
phorylation on tyrosine residues in IR and IRS proteins
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and activation of the Ser/Thr protein kinase Akt/PKB.
Activated Akt stimulates glucose uptake in muscle and
adipocytes, which is mediated by translocation of the insulin
sensitive glucose transporter Glut4 vesicles to the plasma
membrane{—9). To promote the mitogenic effect of insulin,
the adapter protein Shc, upon phosphorylation by IR, forms

1 Abbreviations: CHO/HIRc, Chinese hamster ovary cell line
transfected with an expression plasmid encoding the human insulin
receptor; DMF, dimethylformamide; DIPEA, diisopropylethylamine;
DMA, dimethylacetamide; DMSO, dimethyl sulfoxide; ER, endoplas-
mic reticulum; ERK, extracellular signal-regulated protein kinase; ESI-
MS, electrospray ionization mass spectroscopy; FCS, fetal calf serum;
Fmoc, 9-fluorenylmethoxycarbonyl; FMPB AM resin, 4-(4-formyl-3-
methoxyphenoxy)butyryl AM resin; Grb2, growth factor receptor-bound
protein 2; HPLC, high-performance liquid chromatography; HRP,
horseradish peroxidase; IR, insulin receptor|Rnsulin receptor
S-subunit; IRS, insulin receptor substrate; Lissamine, rhodamine B
sulfonyl chloride; MAP kinase, mitogen-activated protein kinase; MEK,
MAP kinase/ERK kinase; MALDI-TOF, matrix-assisted laser desorp-
tion ionization time-of-flight; MS, mass spectroscopy; NMR, nuclear
magnetic resonance; PI3K, phosphatidylinositol 3-kinase; PTP, protein
tyrosine phosphatase; pTyr, phosphotyrosine; PTP1B, protein tyrosine
phosphatase 1B; Shc, Src-homology 2-containing transforming protein;
SOS, son-of-sevenless; TFA, trifluoroacetic acid; TIS, triisopropylsilane.
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a complex with Grb2 and the guanine nucleotide exchange chromatography using E. Merck silica gel &0-254. Flash
factor SOS, which is required for ras activation in response column chromatography was performed using J. T. Baker
to insulin. Activation of the ras/MAP kinase pathway is silica gel (230-400 mesh). Benzotriazol-1-yloxy-tris(di-
essential for the mitogenic effects of insulin, but is not methylamino)phosphonium hexafluorophosphate, 1,3-diiso-
required for insulin-stimulated glucose transpdi@)( propylcarbodiimide, 1-hydroxybenzotriazole, piperidine, ben-

The termination of insulin action, upon insulin withdrawal, Zotriazol-1-yloxy-tris(pyrrolidino)phosphonium hexafluoro-
consequently requires the dephosphorylation of both the Phosphate, tetramethylfluoroformamidinium hexafluorophos-
insulin receptor and insulin receptor substrates by protein Phate, andO-(N-succinimidyl)-1,1,3,3-tetramethyluronium
tyrosine phosphatases (PTPs). Several PTPs have beetetrafluoroborate for peptide synthesis were purchased from
suggested as negative regulators of insulin-initiated pathwaysAdvanced ChemTecl®-(7-Azabenzotriazol-1-yIN,N,N',N'-
(11). Among these, PTP1B has emerged as a key player that€tramethyluronium hexaflurophosphate was purchased from
negatively regulates insulin signaling. PTP1B is capable of Aldrich. e-Maleimidocapric acid was purchased from Sigma.
interacting with and removing tyrosine phosphates from both Lissamine (rhodamine B sulfonyl chloride) was purchased
IR and IRS proteinsl(2—17). Overexpression of PTP1B in from Molecular Probes. FMPB AM resin was purchased
cell cultures decreases the level of insulin-stimulated IR from NOVA Biochem. The structures of new compounds
and/or IRS-1 phosphorylation, while reduction of the level Were characterized by NMR (300 MHz),**C NMR (75.5
of PTP1B by antisense oligonucleotides or neutralizing MHz), **F NMR (282 MHz), and®'P NMR (121 MHz) at
antibodies augments the insulin-initiated signaling pathways 299 K unless otherwise indicated, and by ESI-MS analysis.
(18—20). Moreover, PTP1B-deficient mice display increased ~ Preparation of Precursors to Compounds and Il .
or prolonged phosphorylation in fRand IRS-1 in skeletal ~ N-Fmoc-4-(difluorophosphonomethyl}phenylalanine 1)
muscle and liver, and the mutant mice exhibit increased Was prepared via literature procedures6,(29), and
insulin sensitivity and resistance to diet-induced obegity (  4-(phosphonodifluoromethyl)phenylacetic aci yas pre-
22). Collectively, the data implicate PTP1B as an attractive pared as described below.
target for the treatment of type 2 diabetes and obesity. Synthesis of Benzyl 4-[(Diethoxyphosphoryl)difluoro-

There are currently few examples of a direct association Methyllphenyl Acetaten solution of diethyl bromodifluo-
of PTPs with diseases, and clearly, the credibility of these "OPhosphonate (8.54 g, 32.0 mmol) in DMA (10 mL) was

enzymes as targets for drug design requires substantial an dded slowly tthinC povyder (522 mg, 8.0 mmol) ]icn DM'ﬁ
continued validation. As a prerequisite for the clinical (10 ML), and the reaction mixture was stirred for 1 h.

development of therapeutics targeted to PTP1B, it is impor- CUProus bromide (1.15 g, 8.0 mmol) was added in one
tant to determine the cellular effects of small molecule POrtion, and the mixture was stirred for 1 h. A solution of

PTP1B inhibitors. Unfortunately, as a consequence of the (4-10dophenyl)acetic acid benzyl ester (2.82 g, 8.0 mmol)

conserved nature of the PTP active sites (i.e., pTyr binding '

in DMA (10 mL) was added dropwise, and the resulting
sites), there are currently few PTP1B inhibitors that exhibit mixture was sonicated for 24 h at room temperature. The
the potency and specificity required for biological and

reaction mixture was diluted with EtOAc, washed with brine,
pharmacological investigation. On the basis of the observa-dried over MgSQ@, filtered, and concentrated with rotary

tion that PTP substrate recognition requires both pTyr and €vaPoration. The crude oil was chromatographed on silica
its adjacent flanking residue@3) and the discovery of a  9€! using hexanes and EtOAc (5:1) as an eluant to give
second aryl phosphate-binding site adjacent to the active site?€n2Y! 4-[(diethoxyphosphoryl)difluoromethyljphenyl acetate
in PTP1B @4), we have focused on a strategy for developing (214 9; 65% yield) as a viscous colorless d# NMR (300
bidentate PTP inhibitors that bind to both the active site and MHZ, CDCk) 0 1.27 (t, 6H,J = 7.2 Hz, OCHCH;), 3.68

a unigue adjacent peripheral site. Using this approach, we(S; 2H, ArCHCO), 4.14 (m, 6H, OCKCH;y), 5.1 (s, 2H,
have obtained several small molecule PTP1B inhibitors, SomeCOOCL—lzPh), 7.32 (m, 5H, H-Ar), 7.35 (d, 2K, = 8.2 Hz,

of which represent the most potent and selective pTp1gH-AN), 7.57 (d, 2HJ = 8.2 Hz, H-Ar); *C NMR (75 MHz,
inhibitors reported to date26—28). In the study presented CDCly) 0 15.96, 16.03, 40.71, 64.40, 64.49, 66.42, 118.05

here, we have evaluated the cellular effects of these small(m)' 126.20 (m), 127'82’1127'98’ 128.26,129.15, 131.25 (m),
molecule PTP1B inhibitors on insulin signaling in several 135.44, 136.60, 170'3'2;15 NMR (121.5 MHz, CDGJ) 0
insulin sensitive cell lines. Our results show that small /-49 (4 J = 116.6 Hz);*F NMR (282 MHz, CDC}) ¢
molecule PTP1B inhibitors can serve as both insulin mi- —108.60 ((_j"] - 116'6_ Hz). )

metics and sensitizers, validating the notion that small Synthesis of{4-[(Diethoxyphosphoryl)difluoromethyl]-
molecule PTP1B inhibitors could be used as anti-diabetesPheny}acetic AcidA solution of LIOH (235 mg, 5.6 mmol)

therapeutics. Since PTP1B is also involved in the regulation " H20 (28 mL) was added to a solution of benzyl
of other signaling pathways, these potent and specific PTP1B4-[(diethoxyphosphoryl)difluoromethyljphenyl acetate (1.17

inhibitors should be useful reagents in helping to define the 9: 2-8 mmol) in tetrahydrofuran (20 mL), and the reaction
role of PTP1B in normal physiology and disease states. ~Mixture was stirred at 0C for 3 h. A saturated NaHCO
solution (10 mL) was added, and the crude mixture was

EXPERIMENTAL PROCEDURES extracted with EtOAc (2x 25 mL). A 2 N HCI solution
was added to neutralize the base, and the resulting mixture
General ProceduredAll moisture sensitive reactions were  was extracted with EtOAc (2% 50 mL). The combined
carried out in oven-dried glassware under a positive pressureEtOAc extracts were washed with brine, dried ovesH@,
of dry N, or Ar. DMA, DMF, CH.Cl,, and tetrahydrofuran filtered, and concentrated. The crude colorless oil was used
for moisture sensitive reactions were purchased from Aldrich for the next step:*H NMR (300 MHz, CDC}) 6 1.30 (t,
in Sure/Seal bottles. All reactions were followed by thin layer 6H, J = 7.2 Hz, OCHCHj), 3.67 (s, 2H, ArCHCO), 4.14
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(M, 6H, OCHCHg), 7.37 (d, 2H,J = 8.2 Hz, H-Ar), 7.57
(d, 2H,J = 8.2 Hz, H-Ar); 3C NMR (75 MHz, CDC}) 6

Xie et al.

nomethyl)t-phenylalanineX), N-Fmoc-L-aspartic acig-tert-
butyl ester 2), compoundL, andn-pentadecanoic acid were

16.20, 16.28, 40.71, 64.95, 65.04, 118.05 (m), 126.20 (m), sequentially coupled to the Rink amide resin. Fmoc removal

129.48, 131.25 (m), 136.50, 175.5%° NMR (121.5 MHz,
CDCl) 6 7.39 (t,J = 116.6 Hz);%F NMR (282 MHz,
CDCly) 6 —108.80 (d,J = 116.6 Hz).

after each coupling was effected with 20% piperidine in
DMF. Final cleavage and side chain deprotection were
achieved by treatment with a 94% TFA/5% 1,2-ethanedithiol/

Synthesis of 4-(Phosphonodifluoromethyl)phenylacetic Acid 1% m-cresol mixture at room temperature for 3 h. Removal

(5). Trimethylsilyl bromide (1.224 g, 8.0 mmol) was added
to a solution of{4-[(diethoxyphosphoryl)difluoromethyl]-
pheny}acetic acid (644 mg, 2.0 mmol) in anhydrous i}

of the solventn vacuogave a crude oil that was triturated
with cold ether. The crude mixture thus obtained was
centrifuged, the ether removed by decantation, and the

(5 mL), and the reaction mixture was stirred for 20 h at room resulting white solid purified by semipreparative reverse

temperature. N|HCO; in H,O (158 mg, 8.0 mmol in 2 mL)

phase HPLC (LD/CH;CN/0.1% TFA). Compoundl was

was added slowly to the reaction mixture, and the crude obtained as a white solid by lyophilizatiodH NMR (300
solution was concentrated by rotary evaporation. The result-MHz, DMSO) 6 1.25 [t, 3H,J = 6.4 Hz, CH(CH,)1.CH.-

ant oil was lyophilized to givé as a white solid (530 mg,
99% vyield): 'H NMR (300 MHz, D:O) ¢ 3.49 (s, 2H,
ArCH,COOH), 7.25 (d, 2HJ = 8.6 Hz, H-Ar), 7.48 (d,
2H,J = 8.6 Hz, H-Ar);*3C NMR (75 MHz, D,O) 6 40.752,

CO], 1.63 [m, 24H, CH(CH,)12.CH,CO], 2.42 [t, 2H,J =
7.1 Hz, CH(CH,)1,CH,CO], 3.06-3.50 (m, 6H, CHCOOH
and CHAr), 4.78-4.92 (m, 3H, NHCHRCO), 7.71 (d, 2H,
J=8.0 Hz, H-Ar), 7.74 (d, 2H) = 8.0 Hz, H-Ar), 7.81 (d,

121.72 (m), 126.54 (m), 129.84, 133.25 (m), 133.63, 176.90; 4H, J = 8.0 Hz, H-Ar); 13C NMR (75 MHz, DMS0)0 14.13,

3P NMR (121.5 MHz, RO) ¢ 6.37 (t,J = 97.6 Hz);°F
NMR (282 MHz, D,O) 6 —106.30 (d,J = 97.6 Hz); ESI-
MS calcd mass (M) 266.1, found (M 266.6.

Synthesis ofl4. FMPB AM resin (Nova Biochem) (500
mg, 0.49 mmol)7 was swollen in dichloroethane (5 mL)
and trimethyl orthoformate (3 mL) for 1 h. Tetradecylamine
(1.569 g, 7.35 mmol) and NaBH(OA)1.56 g, 7.35 mmol)

22.17, 25.14, 28.62, 28.79 (2C), 28.84, 28.95, 29.11 (2C),
29.15 (20C), 31.37, 35.23 (2C), 35.89, 36.88, 37.26, 49.92,
53.83, 125.95 (2C), 128.94 (8C), 132.20 (m, 2C), 140.15
(2C), 170.32, 171.77, 172.05, 172.47, 172.6'P NMR
(121.5 MHz, DMSQ)0 4.2 (t,J = 107.7 Hz), 4.4 (tJ =
108.0 Hz);**F NMR (282 MHz, DMSQ)d —107.93 (d,J
=107.7 Hz),—107.80 (dJ = 108.0 Hz); HRMS calcd mass

were added, and the reaction mixture was stirred at room(M + H™ peak) for GgHs/FsN4O1P, 909.3228, found

temperature for 12 h under an Btmosphere. The resin was
sequentially washed with DMF, 10% DIPEA and 90% DMF,

909.3191 A = 4.1 ppm).
Synthesis of Compounid . Compounds (9 mg) 28) in a

and DMF. The amine resin was reacted with the mixture of triethylammonium acetate buffer solution (pH 8.0, 2 mL)

N-a-FmocN-e-4-methyltrityl4 -lysine (3.123 g, 5.0 mmol)
9, O-(7-azabenzotriazol-1-yIN,N,N',N'-tetramethyluronium

was added to the mixture G# (10 mg) and CHCN (2 mL)
at room temperature, and the reaction mixture was stirred at

hexaflurophosphate (1.9 g, 5 mmol), and DIPEA (1.293 g, room temperature for 12 h. Compoutitl was purified by

10.0 mmol) for 3 h. After the coupling reaction was
complete, the methyltrityl group was removed with the
mixture of CHCl, (20 mL), TFA (0.3 mL), and TIS (1 mL),

semipreparative reverse phase HPLGQHCH;CN/0.1%
TFA) and subsequently obtained as a reddish solid by
lyophilization. Compoundll was characterized by mass

and then the resin was subsequently treated with a mixturespectrometry: ESI-MS calcd mass (M) 1949.1, found M

of 10 equiv of Lissamind 1 and DIPEA in DMF for 10 h.
After completion of the Lissamine coupling, the resin (200

1949.8.
Antibodies and Chemical®onoclonal anti-pTyr antibody

mg, 0.1 mmol) was exposed to 30 mL of 20% piperidine 4G10 and PI-3 kinase inhibitor wortmannin were from

(30 min) in DMF to remove the Fmoc group. The peptide
resin was subsequently treated with a mixture-afaleimi-
docaproic acid (210 mg, 1.0 mmalR, O-benzotriazol-1-

Upstate Biotechnology, Inc. (Lake Placid, NY). Monoclonal
anti-pTyr antibody PY20 conjugated with HRP, antifIR
(insulin receptop) and anti-IRS-1 (insulin receptor substrate

yI-N,N,N',N'-tetramethyluronium hexafluorophosphate (379 1) conjugated with HRP, polyclonal anti-fRand polyclonal

mg, 1.0 mmol), andN-methylmorpholine (202 mg, 2.0

anti- IRS-1 conjugated with agarose beads, and goat serum

mmol). The peptide was deprotected and cleaved via were all from Santa Cruz Biotechnology (Santa Cruz, CA).

treatment with a 95% TFA/2.5% water/2.5% TIS mixture at
room temperature for 3 h. Removal of the solvenvacuo

Rabbit polyclonal anti-ERK1/2, polyclonal anti-phospho-
ERKZ1/2, polyclonal anti-phospho-Aktl, secondary anti-

gave a crude oil that was triturated with cold ether. The crude mouse as well as anti-rabbit IgG 4H.) linked with HRP,
mixture thus obtained was centrifuged, the ether removedand the ECL developing system were bought from Cell
by decantation, and the resulting white solid purified by Signaling Technology. Rabbit anti-GRP78 polyclonal anti-

semipreparative reverse phase HPLGQHCH;CN/0.1%
TFA). Peptide 14 was obtained as a reddish solid by

body was from Research Diagnostics, Inc. (Flanders, NJ),
and the anti-rabbit IgG F(&bfragment labeled with Cy5

lyophilization and characterized by mass spectrometry: ESI- was from Jackson ImmunoResearch Laboratories, Inc. (West

MS calcd mass (M) 1075.4, found ([M H]*) 1076.5.
Synthesis of Compourid Synthesis of compounidl was
performed on Rink amide resin using a stand@tenzo-
triazol-1-yI-N,N,N',N'-tetramethyluronium hexafluorophos-
phate/1-hydroxybenzotriazod/methylmorpholine protocol
for the activation of carboxylic acids. The coupling reaction
was performed in DMF fo2 h using a 3-fold excess of acid
relative to resin-bound aminBl-Fmoc-4-(difluorophospho-

Grove, PA). Bovine insulin, MEK inhibitor U0126, sodium
orthovanadate, Tween 20, and Triton X-100 were purchased
from Sigma. Compound was synthesized as described
previously @6).

Cell Lines and Tissue Cultur&@he Chinese hamster ovary
(CHO) cell line transfected with an expression plasmid
encoding the human insulin receptor (CHO/HIRc) was a
generous gift from J. Backer (Albert Einstein College of
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Medicine). The cells were maintained in Ham’s F-12 medium monitor the transfection efficiency. Eighteen to twenty hours
containing 10% fetal calf serum (FCS) and were cultured to after transfection, the cells were serum starvaddfén and
confluence in 100 mm, 60 mm, or six-well plates. The rat then incubated with or without 10 nM bovine insulin together
L6 myoblast cell line was obtained from ATCC (CRL-1458). with varying concentrations of compoutid for 30 h. Cell

L6 myoblast cells were grown and maintained in minimum lysates were prepared and assayed for luciferase activity
Eagle’s medium-a containing 50 units of penicillin/mL, 50 using the luciferase assay system (Promega Corp., Madison,

ug/mL streptomycin, and 10% FBS in a 5% génviron-
ment. For the differentiation of L6 myoblasts, cells were

WI). Light emission was measured for 424 s with a
luminometer.

reseeded in appropriate culture dishes, and after the cells Cell Proliferation AssayCHO/HIRc cells were seeded into
had reached subconfluency, the medium was changed to96-well plate at a concentration of 2 10 cells/well and

minimum Eagle’s medium containing 2% FCS. The medium

incubated at 37C in 5% CQ for 24 h, and then the medium

was then changed every 2 days until the cells were fully was changed to 106L of F-12 Ham’s medium containing

differentiated, normally in 811 days 80).

Tyrosine Phosphorylation of JRand IRS-1 in CHO/HIRc
Cells Nearly confluent CHO/HIRc cells were serum starved
overnight with Ham’s F-12 medium without serum. The cells
were then treated fol h with a range of compound
concentrations, followed by stimulation with or without 10
nM insulin for 5 min. The incubation was terminated by
removing the fluid and immersing the dishes in liquid
nitrogen. Cells were scraped and lysed with lysis buffer [50

2% FCS. A range of concentrations of inhibitor were added
to 96-well plates with or without 10 nM bovine insulin, and
the plates were incubated at 3T for 48 h. The cell
proliferation rate was measured by a CellTiter 96 Aqueous
One Solution Cell Proliferation Assay kit (Promega). OD
values were read at 490 nm.

Measurement of the Rate of 2-Demaglucose Uptake
in CHO/HIRc Cells 2-Deoxyglucose uptake by CHO/HIRc
cells was assessed according to a published metBtyd (

mM Tris-HCI (pH 7.5), 5 mM EDTA, 150 mM NaCl, 1%
Triton X-100, 5 mM iodoacetic acid, 10 mM sodium
phosphate, 10 mM NaF, 5 mg/mL leupeptin, 5 mg/mL

CHO/HIRc cells were seeded into a 24-well plate at a
concentration of 1.5x 10° cells/well with F-12 Ham's
medium containing 10% FCS. Nearly confluent monolayers
aprotinin, and 1 mM benzamidine]. The clarified cell lysates of the cells were incubated in serum free Ham's F-12
were incubated with anti-IR or anti-IRS-1 polyclonal medium for 3-4 h. Then, cells were washed rapidly three
antibodies conjugated with agarose beads [1:15 dilution of times with Krebs-Ringer Phosphate (KRP) buffer (pH 7.4),
a 50% slurry in 1% Nonidet P-40, 0.5% Triton X-100, 10% and 45QuL of KRP buffer was added to each well. The cells
glycerol, and 150 mM Tris-HCI (pH 7.4)]. After overnight were first treated with compountd (500 nM) for 1 h.
incubation at £C, the immunocomplexes were resolved by Subsequently, the cells were stimulated without or with a
SDS-PAGE, eletrotransferred to nitrocellulose membranes, series of insulin concentrations for 30 min. The measure-
and probed with anti-pTyr antibody. The membrane was ments of the rate of 2-deoxyglucose uptake were initiated
stripped and reprobed with antiffRr anti-IRS-1 antibodies. by the addition of 5QiL of 2-deoxy[1,23H]glucose (NEN,
The blots were developed using the ECL chemiluminescencelnc.) stock so that each well contained @@i and 0.1 mM
detection system. glucose. After incubation for 1 min at 3C, 1 mL of 10
Phosphorylation of ERK1/2 and Aktl in CHO/HIRc Cells mM ice-cold phosphate-buffered saline (PBS) containing 10
and in L6 MyotubesCells were starved overnight with mM glucose and 0.3 mM phloretin (Sigm&2) was added.
Ham’s F-12 medium (for CHO/HIRc cells) or minimum  Cells were rapidly washed three times with ice-cold PBS
Eagle’s medium-a (for L6 myotubes) without serum, and the containing 10 mM glucose, and solubilized by the addition
cells were treated with compoutidand insulin as described  of SDS (at a final concentration of 0.05%). Aliquots of the
above. The clarified cell lysates were subjected to SDS solubilized extract were measured for radioactivity.
PAGE under reducing conditions. After electrotransfer, Measurement of the Rate of 2-Deoxyglucose Uptake in
nitrocellulose membranes were incubated with anti-phospho-L6 Myotubes L6 myotubes were deprived of serum and
Aktl antibodies (1:2000) or anti-phospho-ERK1/2 antibodies incubated in minimal essential medium containing 5.5 mM
(1:2000) in nonfat dry milk at #C overnight. The mem-  glucose fo 5 h at 37°C. For the effect of compound on
branes were reprobed with anti-rabbit IgG conjugated with basal glucose uptake, the cells were treated with 50 nM, 125
HRP. The films were developed with an ECL system. nM, and 1.25uM compoundll for 1 h in theabsence of
Elk1 Actiation in CHO/HIRc CellsQuantification of EIk1 insulin. To determine the effect of compouihdbn the insulin
activation was determined using PathDetect EIk1 Trans- dose-response curve, L6 myotubes were treated with 125
Reporting System according to the manufacturer’s protocol. nM Il (1 h) and stimulated with a range of insulin
The assay is designed to detect endogenous ERK aditivity concentrations for 30 min. Cells were rinsed twice rapidly
vivo. The pFA-EIk1 vector expresses a fusion protein of the with a glucose-free Hepes-buffered saline solution [140 mM
functional domain of Elkl and the GAL4 DNA binding NaCl, 25 mM MgSQ, 1 mM CaC}, 5 mM KCI, 1 mg/mL
domain. The reporter vector, pFR-Luc, contains a GAL4- BSA, and 20 mM Hepes-Na (pH 7.4)], followed by addition
response element upstream of the luciferase gene. Phosphosf 2-deoxy[1,2%H]glucose (final concentration of ACi and
rylation of EIk1 by ERK causes Elk1 homodimerization that 0.1 mM glucose) for 3 min in the same solution at 37
induces DNA binding through the GAL4 responsive element, with incessant shaking. Transport was terminated by aspira-
and results in the activation of the reporter gene. For this tion of the radioactive solution followed by three rapid wash
experiment, CHO/HIRc cells in six-well plates were tran- steps with cold PBS containing 10 mM glucose. Radioactiv-

siently cotransfected with 100 ng of pFA-EIk1 and 0.
of pFR-Luc by the LIPOTAXI method. pCMV-Beta gal

ity inside the cells was measured after cell rapture with 0.05
M NaOH. The level of non-carrier-mediated glucose uptake

(from Stratagene) with 100 ng was also cotransfected to was determined in parallel samples in the presence.dfl5
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Ficure 1: Chemical structures of compountslll .

cytochalasin B §3), and was subtracted from all measure- confocal microscopy on a Bio-Rad Radiance 2000 scanning
ments. The protein concentration was determined with the laser system.
BCA protein assay kit (Pierce). The radioactivity measure- RESULTS

ments were normalized with the protein levels.

Fluorescence Microscopylo determine the cell perme- Development of Compound, the Most Potent and
ability of rhodamine-labeled compounidl, cells were treated  Selectie PTP1B Inhibitor Reported to Dat€TP substrate
with 11l (1 uM) for 1 h. Subsequently, the cells were washed specificity studies have shown that pTyr alone is not
once with cold PBS, fixed with a fresh formaldehyde solution sulfficient for high-affinity binding and that residues flanking
for 10 min at room temperature, and rinsed three times with pTyr furnish additional interactions for specific and high-
cold PBS. The cells were observed and photos taken with aaffinity substrate recognition2@). These studies, together
fluorescent confocal microscope. For colocalization experi- with the discovery of a second nonconserved aryl phosphate-
ments, full-length human PTP1B inserted into the multiple binding site adjacent to the active site in PTP1B)(
cloning sites of the C-terminally enhanced green fluorescent suggested a novel paradigm for the creation of potent and
protein expression vector pEGFP-C3 (a generous gift from specific PTP inhibitors, namely, bidentate ligands designed
C.-W. Chow, Albert Einstein College of Medicine) was used. to bind to both the active site and a unique adjacent peripheral
CHO/HIRCc cells were seeded onto cover slips inside the six- site. Using a combinatorial library/high-throughput screening
well plates, and cultured at 3TC with 5% CQ overnight. approach, we have acquired a bidentate PTP1B inhibitor
CHO/HIRCc cells were transfected via the LipoTAXI trans- (compound, Figure 1) capable of simultaneously occupying
fection reagent (Stratagene, Cedar Creek, TX) witlgsbf both the active site and a unique peripheral site in PTP1B
plasmid DNA for each well. After 3 h, the cells were returned (26—28). Mutagenesis and structural analysis of the interac-
to normal growth medium for 30 h. Thereafter, the cells were tions between PTP1B arldrevealed that the phosphonodi-
incubated withlll at a final concentration of M for 1 h. fluoromethylphenylalanine @Pmp) group occupies the
The cells were washed three times and fixed with 3.7% active site, the linker Asp forms interactions with residues
paraformaldehyde in PBS (pH 7.4) for 15 min. The cells Arg47 and Asp48, and the distal 4-phosphonodifluorometh-
were permeabilized with 0.1% Triton X-100 in PBS for 10 ylphenylacetyl group makes both van der Waals and ionic
min, followed by a 30 min incubation at room temperature contacts with Arg47 and Lys41. Compouhds the most
with blocking solution (0.2% BSA in PBS), containing 2% potent and selective PTP1B inhibitor identified to date, as it
goat serum. After being washed three times, cells were displays aK; value of 2.4 nM for PTP1B and exhibits
incubated fo 1 h with affinity-purified rabbit anti-Grp78  selectivity, several orders of magnitude, in favor of PTP1B
polyclonal antibody (1:120 dilution) in the blocking solution. against a panel of PTP&&). Unfortunately, treatment of a

This was followed by incubation with affinity-purified goat
anti-rabbit Cy5 F(al) fragment (1:150 dilution) at room

number of cell lines with has no direct effect on insulin
signaling, indicating that compouridmay not be able to

temperature for 1 h. Cells were imaged by conventional penetrate the cell membrane. This is not surprising given
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Scheme 1: Solid Phase Peptide Synthesis (Rink resin) of ~ Pmp group, which greatly simplifies the synthesis. Like

the N-Terminally Fatty Acid-Derivatized PTP1B Inhibitdr compoundll acts as a competitive and reversible PTP1B
oo inhibitor with a K; value of 26 nM. Despite the decreased
Fmoc’N\)l\OH affinity, compoundll displays a selectivity profile similar
: (CH3)C~ to that of | (data not shown). On the basis of the crystal
\©\’F/ ri structure of PTP1B bound with compourd(28), it is
F S unlikely that the site of fatty acid modification ih would
— H have any adverse effect on PTP1B binding. The decreased
No . Ho’g;0 F"‘OCNH/Z'IrO affinity for 1l is likely due to the extra methylene unit in the
Hy > distal RPmp group, which may weaken the interaction

between PTP1B and the terminal phosphonate gr@ép (
28).
Although compound is not membrane permeable and
1) C1aHzsCOOH exerts no cellular activity, compouritl is highly effective
1 - 2)95% TFA Compound I at blocking PTP1B activity in a number of cell lines
(unpublished observations and see below). This is consistent
o . with previous observations that highly lipophilic fatty acids
the fact that compountcontains five negative charges. TO  onaple membrane penetration of negatively charged com-
increase cell membrane permeability, we attached a highly ,onds. To provide further evidence that the observed
lipophilic fatty acid tol. This approach has proven to be cgjyjar effects ofl are the result of PTP1B inhibition inside
effective in enabling membrane penetration of a negatively he cell, we sought to determine the cellular localization of

Rink resin

charged trissulfotyrosyl .dodec.apeptidmx. N compoundlll (Figure 1), a derivative of compount
Synthesis of Fatty Acid-Dertized PTP1B Inhibitorsl containing Rhodamine B and a fatty acid. Compoutid
and Il . Two membrane permeable fatty acid-modified possesses potency and selectivity for PTP1B similar to those

derivatives ofl were prepared. The fatty acid-derivatized of II. Significant uptake ofll was observed by confocal
speciesl was synthesized on the Rink resin according to microscopy in a number of cell lines, including CHO, COS,
the protocol outlined in Scheme 1. Sequential coupling of HepG2, and L6 cells (data not shown), while no fluorescence
N-Fmoc-4-(difluorophosphonomethylyphenylalaningl, the  was observed in cells incubated with Rhodamine B or
protected aspartic acid derivativg, compoundl, and inhibitor without fatty acid. PTP1B is localized to the
pentadecanoic acid followed by side chain deprotection and cytoplasmic face of the endoplasmic reticulum (ER) through
cleavage from the resin furnished the desired membranethe 35 C-terminal residues4], 42). To confirm that
permeable PTP1B inhibitotl. We also developed an compoundll is colocalized with PTP1B, CHO/HIRc cells
alternate strategy for incorporating a membrane-permeabi-expressing PTP1B fused with a green fluorescent protein
lizing alkyl chain element intd. The alkoxyl benzaldehyde (GFP) were treated withll for 1 h. Subsequently, the
resin7 contains an aldehyde functionality that can be used permeabilized cells were probed with antibodies to Grp78,
to reductively alkylate a wide assortment of amines, including a known ER marker proteirtg). We confirmed that PTP1B
amino esters35—37), aliphatic amines3g, 39), and aromatic  resides on the ER as shown by its colocalization with Grp78
amines 40). We employed the aldehyde functionality as a (Figure 2F). In addition, the merged fluorescence image from
handle to introduce the long chain tetradecyl moiety at the PTP1B-GFP and compountl (Figure 2C) suggests that a
C-terminus of the PTP1B inhibitorll() . The latter was  population oflll binds to PTP1B and is colocalized with
prepared via a convergent approach in which Cys-containingPTP1B on the ER.

derivative6 was coupled to tetradecyl-substituted spetis Having achieved bioavailability and at the same time
Compound6 was synthesized on the Rink resin via the maintained low nanomolar potency for compoulg we
sequential addition dfi-FmocStrityl-L-cysteine3, N-Fmoc-  carried out our subsequent biological studies wiithn the

6-aminohexanoic acidt, N-Fmoc-4-(difluorophosphono-  following, we describe the effects of compoutidon both
methyl)+-phenylalaning, protected aspartic acid derivative  metabolic and mitogenic pathways stimulated by insulin in
2, and Fmoc-protected phenylacetic acid derivativesee  hoth intact CHO/HIRc cells and L6 myotubes.
Experimental Procedures for the synthesis of this compound).  Compoundll Increases the Extent of fRand IRS-1
Side chain deprotection and cleavage from the resin furnishedtyrosine Phosphorylation in CHO/HIRc CellEHO/HIRc
6 (Scheme 2). Compourith was synthesized on FMPB AM  cells were incubated with a range of concentration ¢
resin 7 (Scheme 3). Reductive alkylation furnished N- nMm, 50 nM, 125 nM, 1.25:M, and 12.5:M) for 1 h, which
substituted resi, which was subsequently acylated with \yas followed by treatment with or without 10 nM insulin
protected lysine derivatived. Side chain deprotection, for 5 min (Figure 3). DMSO (0.1%, lane 1) and sodium
sulfonylation with Lissamind1, deprotection of the-amino vanadate (j_ mM, lane ]_]_) were used as negative and positive
moiety of lysine, acylation witk-maleimidocapric acid 2, controls, respectively. The cell lysates were subjected to
and cleavage from the resin provided Compounds was ~ SDS-PAGE, transferred to nitrocellulose membrane, and
then coupled td 4 to furnish the desired membrane perme- followed by Western blot with anti-pTyr antibodies. As
able fluorophore-appended PTP1B inhibittr. shown in Figure 3, compouriti can synergistically increase
Compoundsll and Il Are Potent and Selec Cell the insulin-induced tyrosine phosphorylation levels of both
Permeable PTP1B Inhibitordn addition to the fatty acid  IRS and IRS-1. The maximal effect df in CHO/HIRc cells
tail, compoundI differs from| in that the distal 4-phospho- seems to peak between 125 nM and 1.26. At a higher
nodifluoromethylphenylacetyl group is replaced with gn F compoundll concentration (i.e., 12.56M, ~500 times its
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Scheme 2: Solid Phase Peptide Synthesis (Rink resin) of Cysteine-Containing Préciar$dfP1B Inhibitorlll
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Scheme 3: Solid Phase Synthesis (FMPB AM resin) of Rhodamine-, Tetradecyl-, and Maleimide-Substituted Prét¢arsor
PTP1B Inhibitorlll
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Ki value), the phosphorylation levels of fRand IRS-1 insulin-stimulated Akt and ERK1/2 phosphorylation by 59
actually decrease, which may be caused by nonspecificand 42%, respectively. In addition, compouhdalone also
effects. It is of interest to note that treatment with vanadate, increased the basal level of phosphorylation of Akt and
a nonspecific PTP inhibitor, does not lead to an increased ERK1/2 3.3- and 2.2-fold, respectively. Thus, consistent with
level of tyrosine phosphorylation of IRS-1. To determine the the effect seen on the phosphorylation ofjIBnd IRS-1,
effect ofll on IR and IRS-1 phosphorylation in the absence compoundil is capable of augmenting the insulin-induced
of insulin, anti-pTyr Western blots were performed with Akt and ERK1/2 activation, as well as activating both Akt
immunocomplexes of anti-|R and anti-IRS-1 antibodies. and ERK1/2 in the absence of insulin.
When normalized against the fRand IRS-1 protein levels, Compoundl Enhances Glucose Uptake, Elk1 Phospho-
the results showed that treatment of cells with compdund  rylation, and Cell Proliferation in CHO/HIRc CellsTo
alone increased the basal tyrosine phosphorylation levels offurther evaluate the biological consequences of the compound
both IR and IRS-1 (data not shown). In fact, the basal pTyr |l -stimulated increase in the level of fRand IRS-1
level of IRS increased 53, 159, and 320% while that of IRS-1 phosphorylation as well as Akt and ERK1/2 activity, the
increased 19, 43, and 128% when cells were treated with ability of compound! to mimic insulin in promoting glucose
125 nM, 500 nM, and 1.2aM II, respectively. uptake, gene transcription, and cell proliferation was assessed.
Compoundll Activates both Akt and ERK1/2 in CHO/ Since Akt is essential for the insulin-stimulated Glut4
HIRc Cells To study the effect ofl on insulin signaling translocation to the plasma membrane, agents that increase
downstream of IR and IRS-1, CHO/HIRc cells pretreated Akt activity should enhance cellular glucose uptake. Indeed,
with 125 nM Il for various time intervals were stimulated as shown in Figure 5A, CHO/HIRc cells treated withfor
with or without 10 nM insulin. Activated Akt and ERK1/2 1 h displayed a concentration-dependent increase in the rate
were detected using phospho-specific Akt and ERK1/2 of glucose uptake when compared to the untreated controls.
antibodies. As shown in Figure 4, the stimulating effect of Thus, the rate of basal glucose uptake increased by 18, 31,
Il peaked at 4 h, at which time compoulhdootentiated the ~ 68, and 78% in the presence of 50 nM, 125 nM, 500 nM,
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Ficure 2: Colocalization of PTP1B and compoutitl on ER in CHO/HIRc cells. CHO/HIRc cells transfected with a plasmid expressing
full-length PTP1B conjugated to green fluorescence protein were treatedlwitbr 1 h. After fixation and permeabilization, cells were
costained with rabbit anti-Grp78 polyclonal antibody and goat anti-rabbit Cy5)B(&fagment. Panels A and B are the fluorescence
images of rhodamine froil (red) and PTP1B-GFP (green), respectively. Panel C is the superimposition of panels A and B (yellow) of

the same cell. Panels D and E are the fluorescence images of PTP1B-GFP (green) and GRP78/Bip (blue), respectively, and panel F is the
superimposition of panels D and E (light blue) of the same cell.

1 mM A Time DMSO 30min  2h 4h 6h
Compound II  DMSO 50nM 125 nM 1.25 uM 12.5pM Vanadate
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Ficure 3: Effect of Il and insulin on tyrosine phosphorylation of I A L L ettt el iy mp—
IRA and IRS-1 in CHO/HIRCc cells. Subconfluent CHO/HIRc cells * - e S e - -
were incubated with a range of concentrationt d0 nM, 50 nM, 1 2 3 4 5 6 7 8 9 10

125 nM, 1.254M, and 12.54M) for 1 h, followed by a 5 min FIGURE 4: Effect of Il on Akt and ERK1/2 phosphorylation in
treatment with (lanes 2, 4, 6, 8, and 10) or without (lanes 1, 3, 5, CHO/HIRc cells. CHO/HIRc cells were treated with 125 iMin

7, and 9) 10 nM insulin. The cell lysates (a0 of proteins) were  0.1% DMSO for various amounts of time. Subsequently, the cells
subjected to SDSPAGE and the resolved polypeptides transferred were stimulated without (lanes 1, 3, 5, 7, and 9) or with (lanes 2,
to nitrocellulose membranes, which were blocked with anti-pTyr 4, 6, 8, and 10) 10 nM insulin for 5 min. Total cell lysates (&
antibodies. The identity of IR and IRS-1 was confirmed by  of protein) were subjected to SBPAGE, transferred to nitrocel-
stripping the membrane and reprobing it with antBl&nd anti- lulose membranes, and immunoblotted with either phospho-specific
IRS-1 antibodies. Akt or phospho-specific ERK1/2 antibodies.

and 1.25M compoundl , respectively. In addition, incuba-  activated by phosphorylation, the Elk1 fusion protein binds
tion of CHO/HIRc cells withll (500 nM for 1 h) also  to the promoter and induces luciferase expression. After
augmented insulin-stimulated glucose uptake by 50% at acotransfection and serum starvation for 4 h, the cells were
submaximal insulin concentration (0.0001 nM), while the incubated with or without 10 nM insulin in the presence of
same treatment had no significant effect at saturating insulin different concentrations of compoutidfor 30 h. As shown
concentrations (0.610.1 nM) (Figure 5B). in Figure 6A, compound! increases luciferase activity
To further corroborate the observation that compolind  (which is a direct measure of ERK1/2 activity on EIk1) either
has a positive effect on the ERK1/2 pathway, we assessedalone or in combination with insulin in a dose-dependent
the activation of transcription factor Elk1, a direct down- manner. We also measured the mitogenic response of CHO/
stream substrate of ERK1/2, in CHO/HIRCc cells transiently HIRc cells exposed tdl . In these experiments, cells were
cotransfected with an Elk1 expression vector and the pFR-incubated with different concentrationslofwith or without
Luc plasmid that contains a luciferase reporter gene. When10 nM insulin for 48 h in the presence of 2% FBS. An
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Ficure 5: Effect of Il on 2-deoxyglucose uptake in CHO/HIRc
cells. CHO/HIRc cells were serum starved for8 h and then
incubated with a range df concentrations (50 nM, 125 nM, 500
nM, and 1.25«M) in KRP buffer far 1 h (A) or incubated with
500 nMII for 1 h followed by stimulation with a range of insulin
concentrations for 30 min (B). The rate of glucose uptake was
measured following the addition of 2-deoxy[2Hd}glucose at 37

°C for 1 min. The rate of glucose uptake is expressed as the
percentage of the basal value of cells treated with 0.1% DMSO.
The graph shows the meattsstandard error (SE) of at least three
experiments.

increased level of proliferation was observed in cells treated
with compoundl either alone or in combination with insulin

(Figure 6B). Together, these data are consistent with the fact

that compoundll both mimics and potentiates insulin-
induced ERK1/2 activation.

Compoundll Exerts Its Effect Upstream of PI3K and
MEKZ. Since compoundl appears to affect both PI3K and
ERK1/2 pathways, we sought to determine whethexerts
its effect up- or downstream of PI3K or MEK1. In one set

Xie et al.

step upstream of MEK1. We note that when cells were
pretreated with PIK3 or MEK1 inhibitors before the 4 h
incubation withll , the observed blockage of Akt or ERK1/2
activation was not as impressive as that seen in experiments
in which the PIK3 or MEK1 inhibitors were added after the
cells were treated with compourid for 3.5 h (Figure 7).
One potential explanation for this may relate to theivo
stabilities of wortmannin and U0126. Taken together, the
pharmacological studies suggest that the most likely sub-
strates for PTP1B are fRand IRS-1, although the possibility
exists that the observed increase in the level of IRS-1
phosphorylation is not a direct result of PTP1B inhibition
but rather an indirect result of increaseg@Iphosphorylation
and/or activity.

Effects of Compound on Akt and ERK1/2 Actation in
L6 MyotubesWe next tested the effects of compouihdn
Akt and ERK1/2 activation in more physiologically relevant
cells, the differentiated L6 myotubes. In this experiment, cells
were treated fo 1 h with several concentrations of
followed by a brief stimulation (5 min) with or without
insulin (50 nM). As shown in Figure 8, treatment with
compoundl increased the level of basal Akt phosphorylation
as well as the insulin-stimulated Akt phosphorylation in a
concentration-dependent manner. Thus, the level of basal Akt
phosphorylation in L6 myotubes was increased 2.4-, 2.9-,
4.5-, and 3.5-fold by incubation with 50 nM, 125 nM, 500
nM, and 1.25«M compoundll, respectively. In addition,
the insulin-induced Akt phosphorylation was enhanced by
52, 63, 66, and 56% by compourid at concentrations of
50 nM, 125 nM, 500 nM, and 1.26M, respectively. As
expected, unlike the results obtained from CHO/HIRCc cells,
compoundll had no measurable effect on ERK1/2 phos-
phorylation in L6 myotubes (data not shown).

Compoundl Enhances Glucose Uptake in L6 Myotubes
Finally, we measured the effect of compouhdn glucose
uptake in L6 myotubes both in the absence and in the
presence of a range of insulin concentrations. In the absence
of insulin, the rate of basal glucose uptake increased by 53,
70, and 92% at 50 nM, 125 nM, and 1.2 compoundil ,
respectively (incubation for 1 h) (Figure 9A). To determine
the effect of compoundl on the insulin doseresponse
curve, L6 myotubes were treated with 125 nM(1 h) and
stimulated with a range of insulin concentrations for 30 min.

of experiments, CHO/HIRc cells were exposed to either 100 oq shown in Figure 9B, the insulin doseesponse curve

nM wortmannin, a small molecule PI3K inhibito44, 45),

or 4 uM U0126, a small molecule MEK1 inhibitor that is
capable of blocking ERK1/2 activatior®), for 30 min,
which was followed by treatment with 125 nM for 4 h.
The cells were subsequently stimulated with or without 10

for insulin-induced glucose uptake was shifted to the left in

the presence of compoutid The EGg value decreased from
6.4 nM in the absence df to 1.4 nM in the presence of
125 nM 1, resulting in a 4.6-fold increase in insulin

sensitivity. Moreover, compouritl (125 nM) approximately

nM insulin for 5 min. In another set of experiments, the cells doubled the rate of glucose uptake at a submaximal insulin

were incubated with 125 nM for 3.5 h followed by a 30
min treatment with either 100 nM wortmannin or @M
U0126 prior b a 5 min stimulation with or without 10 nM
insulin. As expected, neither wortmannin nor U0126 affected
IRB or IRS-1 tyrosine phosphorylation (data not shown).
Interestingly, wortmannin blocked Aktl activation induced
either byll alone or in combination with insulin (Figure
7A), suggesting that PTP1B probably functions upstream of
PI3K in the insulin signal pathways. Similarly, U0126
blocked ERK1/2 activation induced either Hyalone or in

concentration (0.1 nM), while at maximal insulin concentra-

tions (25-100 nM), compoundl no longer had an effect.
Thus, inhibition of PTP1B enhances the potency but not the

efficacy of insulin in glucose transport.

DISCUSSION

Protein tyrosine phosphorylation is essential for the
regulation of many important cellular processd3)( To

varying degrees, many diseases are characterized by either

combination with insulin (Figure 7B), indicating that PTP1B excessive or diminished signaling involving tyrosine phos-

may regulate the insulin-stimulated ERK1/2 pathway at a

phorylation. Type 2 diabetes is associated with insulin
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Ficure 7: Compoundll exerts its effect upstream of PI3K and
MEK1. CHO/HIRCc cells were exposed to either 100 nM wortman-
nin (A) or 4uM U0126 (B) for 30 min followed by treatment with

B
0.8 - 125 nMII for 4 h (lanes 5 and 6). Subsequently, the cells were
stimulated with or without 10 nM insulin for 5 min. Alternatively,
1 the cells were incubated with 125 nM for 3.5 h followed by a
30 min treatment with either 100 nM wortmannin (A) oruM
0.7 4 U0126 (B) prior b a 5 min stimulation with or without 10 nM
insulin (lanes 7 and 8). For controls, cells were treated with either
l 0.1% DMSO (lanes 1 and 2) or 125 nM (lanes 3 and 4) for 4 h,

Luciferase activity
(Arbitrary unit)

0.9

followed by treatment with (lanes 2 and 4) or without (lanes 1 and
0.6 1 3) 10 nM insulin for 5 min. Cell lysates (50g) were subjected to
SDS-PAGE and immunoblotted with either anti-phospho-specific
Akt and anti-Akt antibodies (A) or anti-phospho-specific ERK1/2
and anti-ERK1/2 antibodies (B).

Cell proliferation (OD)

0.5
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Ficure 6: Effects ofll on the ERK1/2 pathway. (A) Effect df - "
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on Elk1 phosphorylation in CHO/HIRc cells. CHO/Hirc cells were
cotransfected with the fusion transactivator plasmid (pFA-Elk1) and . = . Long exposure
the reporter plasmid (pFR-Luc) as well as pCM\gal as described - "W W™

in Experimental Procedures. Twenty-four hours after transfection, n... -

the cells were incubated with the indicated concentratioris of Whia-Akt1-> e W g - - -

combined with 10 nM insulin for 30 h. The extent of Elk-1 1 2 3 4 5 6 7 8 9 10

activation is expressed by the luciferase activity. (B) Effectlof . L

on proliferation of CHO/HIRc cells. Cells were incubated with a E'%URE 8,[: tEgeLCé of l tog Akt photsph?réllat_l;)hndl_rgf L6 n;yotubest.
range of concentrations 4f together with or without 10 nM insulin ierentiated Lo myotubes were treated with diiferent concentra-

for 48 h in the presence of 2% FBS. The MTS tetrazolium tions ofll for 1 h, followed by stimulation with or without 50 nM

compound (Owen's reagent) was added to the cells and incubated?Sulln for 5 min. Total cell lysates (5@g) were resolved by SDS

for 1 h at 37°C, and the absorbance at 490 nm was measured. A CGE and subjected to anti-phospho-specific Akt and anti-Akt
immunoblotting.

resistance, possibly due to attenuated signaling from the
receptor molecule. At the cellular level, insulin resistance is negative regulator of insulin signaling. However, results from
manifested as either reduced capacity (diminished responsesmall molecule PTP1B inhibitors are limited. Pharmacologi-
to a maximum amount of insulin) or reduced sensitivity (a cal studies of potent and specific PTP1B inhibitors are
rightward shift in the insulin doseresponse curve) to important for the eventual validation of this enzyme as a
promote glucose transport and metabolistB) ( Although therapeutic target. To further define the role of PTP1B in
the molecular defect(s) responsible for insulin resistance insulin-stimulated signal pathways, and to test the hypothesis
remains unknown, most evidence suggests that it may involvethat blocking the activity of PTP1B would augment and
early steps in insulin signal transduction. Since termination prolong the action of insulin, we have carried out a number
of insulin signaling requires the dephosphorylation ofIR  of experiments to assess the cellular effects of potent and
and its downstream effector molecules, it was hypothesizedselective synthetic PTP1B inhibitors on insulin signaling in
that dysregulation of PTPs, through increased activity or several insulin sensitive cell lines. Since compourailed
expression, can attenuate insulin signaling resulting in insulin to penetrate cells, we decided to make fatty acid analogues
resistance. Theoretically, thwarting the action of PTPs that Il andlll . Fatty acid-modifiedl andlll achieved bioavail-
terminate insulin signaling would be expected to increase ability and remained as nanomolar PTP1B inhibitors. Con-
insulin sensitivity. sequently, we have carried out detailed analyses of the effects
As summarized in the introductory section, there is of compoundll on both the metabolic and mitogenic
substantial evidence from overexpression, knockout, andpathways stimulated by insulin in both CHO/HIRc cells and
antisense experimentsZ—22) implicating PTP1B as a major L6 myotubes.
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dependent manner. In addition, incubation of L6 myotubes
T with 125 nM (5 times itsK; value) Il also resulted in a
leftward shift in the insulin doseresponse curve, causing a
T 4.6-fold increase in insulin sensitivity for glucose uptake
60 (Figure 9). The observed cellular effects of compouhd
are likely due to direct inhibition of PTP1B activity, since
40 - Il does not affect general tyrosine phosphorylation in PTP1B
knockout cells (A. Cheng and M. Tremblay, personal
communication). Finally, we also found that a previously
0 identified small molecule PTP1B inhibitor (compou8
Compound I 50 nM 125 1M 125puM | in ref 25) not only potentiated the insulin-induced AR

100 phosphorylation but also increased its basal level of phos-
phorylation in baby hamster kidney cells expressing the
B human insulin receptor. In addition, this compound also
increased the rate of Glut4 translocation to the plasma
5 membrane both in the absence and in the presence of insulin
in 3T3-L1 adipocytes (data not shown).

Collectively, our pharmacological studies demonstrate that
potent and selective small molecule PTP1B inhibitors can
increase the level of both basal and insulin-stimulated
receptor signaling. Thus, our data indicate that small
° molecule inhibitors targeted to PTP1B can act as both insulin
mimetics and sensitizers, which enable a greater response

for a given amount of insulin. The insulin mimetic effect of
103 3 5 190 PTP1B inhibitors is a novel finding because previous PTP1B
knockout and antisense studies did not indicate such an effect
_ from a decrease in PTP1B activity. The insulin mimetic effect
Ficure 9: Effect of compoundll on glucose uptake in L6

) . of PTP1B inhibitors likely results from an increase in the
myotubes. Differentiated L6 myotubes were serum starved for 5 IR h horvlati I Lin th i tate. Thi
h. Subsequently, the cells were treated with a range of concentra-/R? Phosphorylation level in the resting state. This cor-

tions of compoundll for 1 h in the absence of insulin (A). ~ roborates the idea that the overall state of [fhosphory-
Alternatively, the cells were treated with 125 iM(T) or without lation in quiescent cells is the net result of basal IR kinase
Il (O) for 1 h followed by stimulation with a range of insulin  gnd PTP activities. The insulin sensitizing effect of PTP1B

concentrations for 30 min (B). The rate of glucose uptake was ;i ; PPN )
measured at 37C for 3 min followed by the addition of 2-deoxy- inhibitors may arise from a reduction in the rate of dephos

[1,2-*H]glucose to a Hepes-buffered saline solution. In panel A, Phorylation of the activated receptor.
the rate of glucose uptake is expressed as the percentage of the Recent imaging studies suggest that PTP1B-catalyzed
basal value of the cells treated with 0.1% DMSO. The graph shows dephosphorylation requires endocytosis of the receptors and
the meanst SE of four to six experiments. In panel B, the rate of gccurs at specific sites on the surface of the BB).(We
?Agcsrsoﬁeli‘r?t@l\(glfs expressed as the absolute value normalized Y3howed by immunofluorescence confocal microscopy that a
rhodamine-labeled PTP1B inhibitor (compouh) binds

In CHO/HIRCc cells, blocking PTP1B activity with com-  to and colocalizes with the GFP-labeled PTP1B on ER in
poundll synergistically enhanced the insulin-stimulate@d IR CHO/HIRCc cells (Figure 2). It is interesting to note that, in
and IRS-1 phosphorylation (Figure 3), Akt and ERK1/2 general, PTP1B inhibitors exert a greater effect on basal
activation (Figure 4), glucose uptake (Figure 5), and Elk1 rather than insulin-stimulated IR signaling. This suggests that
transcriptional activation and cell proliferation (Figure 6). ER-anchored PTP1B may play a major role in keeping the
Moreover, compoundl alone also substantially increased internalized or newly synthesized insulin receptors in the
the level of basal phosphorylation in fRIRS-1, Akt, and unphosphorylated states. Since thg tiRrosine kinase is not
ERK1/2 (Figures 3 and 4), as well as the levels of glucose entirely quiescent and PTP1B may be required to dampen
uptake, Elk1 activation, and proliferation (Figures 5 and 6). spontaneous phosphorylation, inhibition of PTP1B activity
Pharmacological studies with wortmannin and U0126 in would be expected to increase the basal level of IR
combination withll (Figure 7) suggest that PTP1B exerts phosphorylation.
its negative effect on insulin signaling upstream of PI3K and It is likely that PTP1B is not the only PTP that down-
MEKZ1, most likely by directly dephosphorylating bothdR  regulates insulin signaling. Other PTPs (e.g., LAR andd®TP
and IRS-1. This is consistent with previous observations (50—52), in addition to PTP1B, may function at the plasma
implicating IR3 and IRS-1 as direct substrates of PTP1B membrane to deactivate the IR. Consistent with this notion
(12—17, 21, 22). is the fact that deletion of the PTP1B gene in mice decreases

We also determined the effect of blocking PTP1B activity but does not abolish the rate of dephosphorylation ¢f IR
in L6 myotubes. Consistent with results obtained with CHO/ and IRS-1 21). Indeed, in PTP1B knockout mice, R
HIRc cells, treatment of L6 myotubes with compouhdot phosphorylation in the liver is prolonged only 2-fold, while
only augmented the insulin-stimulated Akt phosphorylation in the muscle, the rate of JRphosphorylation increased only
but also increased the basal level of Akt phosphorylation 2-fold. Although the effects may seem small, PTPIBnice
(Figure 8). As expected, in the absence of insulin, compound are resistant to diabetes and obes®ty;, 2). In light of these
Il also boosted basal glucose uptake in a concentration-findings, the observed cellular effects with compouindre

1004 A

80

Percentage increase
in glucose uptake

20

2-Deoxy-glucose Uptake (cpm/mg protein/min)

[Insulin], nM



Cellular Effects of PTP1B Inhibitors

Biochemistry, Vol. 42, No. 44, 20032803

highly significant (Figures 38). These effects include a REFERENCES

2—3-fold increase in the levels of fRand IRS1 phospho-
rylation, Akt activation in the absence of insulin, and up to
60—90% augmentation in IR and IRS1 phosphorylation,

are treated with 125 nM compoutid (5 times itsK; value).

In addition, the rate of basal glucose uptake of L6 myotubes
increased by 70% in the presence of 125 nM compdund
(Figure 9A), and incubation of L6 myotubes with 125 nM
Il also resulted in a leftward shift in the insulin dese

2
3
and Akt activation in the presence of insulin when the cells g-
6

response curve, causing a 4.6-fold increase in insulin 9.

sensitivity for glucose uptake (Figure 9B). Collectively, the
observed cellular effects of compoutid are in line with 0
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what should be expected from the PTP1B knockout model.

Our study also establishes the utility of potent and selective
PTP1B inhibitors in further studies of the roles of PTP1B in

e

other signal pathways. In addition to a role in insulin  13.

signaling, PTP1B is also implicated in several other physi-
ological and pathological processes, including leptin- 4,4
stimulated pathways5@, 54), transformation by théNeu

oncogene %5), Src kinase activation5@), antagonizing 15.
16.

signaling by the EGF receptob, 58) and the oncoprotein
p210e—abl (59), the negative regulation of cadherin-mediated

adhesion and signaling via its association with cadherin and 17.

dephosphorylation ofg-catenin 60), and the negative
regulation of integrin-mediated signaling by binding to and

possibly dephosphorylating p13%Crk-associated substrate)  19.

(61). Potent and selective PTP1B inhibitors characterized in
this study should be extremely useful in helping to rapidly
establish the precise functions for PTP1B, both in normal
cellular physiology and under pathogenic conditions. The
pharmacological approach is advantageous over classical
genetic analyses because of its simplicity, speed, tunability, 5,
and reversibility. In addition, small molecule inhibitors and/
or activators exert their effect on endogenous targets,
avoiding the need for overexpression of dominant-negative
or constitutively active mutants, which can cause artifacts
and lead to erroneous conclusions. Indeed, the availability
of agents with specificity for a particular kinase has greatly
enhanced our ability to identify its substrates and physi-

ological functions. This study demonstrates that pharmaco- 24.

logical investigation of PTPs with specific inhibitors will
be equally as informative.

In conclusion, we have described a comprehensive evalu-
ation of a highly selective and potent PTP1B inhibitor in a
number of cell lines. We note that the observed cellular 57
effects for compoundl are the most pronounced among all

reported studies for insulin sensitizing agents. Although gene 28

knockout and overexpression studies have implicated a
negative role of PTP1B in insulin signaling, results presented 29
in this study provide the much-needed direct validation that
small molecule inhibitors targeted to PTP1B will be ben-
eficial for type Il diabetes. In addition, we have shown that
PTP1B inhibitors are not only insulin sensitizers (as expected

from PTP1B knockout data) but also insulin mimetics. The 31

latter is a novel finding and was not apparent from the
knockout study. Taken together, our findings, combined with 32
results from PTP1B knockout and biochemical studies,
provide strong evidence that PTP1B negatively regulates
insulin signaling and that small molecule PTP1B inhibitors
have the ability to potentiate and mimic the action of insulin.
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