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ABSTRACT. Protein tyrosine phosphatases (PTPs) catalyze the hydrolysis of phosphotyrosyl (pY) proteins
to produce tyrosyl proteins and inorganic phosphate. Specific PTPs inhibitors provide useful tools for
studying PTP function in signal transduction processes and potential treatment for human diseases such
as diabetes, inflammation, and cancer. In this windns3-nitrostyrene (TBNS) and its derivatives are

found to be slow-binding inhibitors against protein tyrosine phosphatases PTP1B, SHP-1, and Yop with
moderate potencie&(* = 1-10uM). Competition experiments with a substrapdPP) and iodoacetate
indicate that TBNS is active site-directed. The mechanism of inhibition was investigated byislV
absorption spectroscopil—13C heteronuclear single-quantum correlation NMR spectroscopy, and site-
directed mutagenesis. These studies suggested a mechanism in which TBNS acts a pY mimetic and binds
to the PTP active site to form an initial noncovalent E@omplex, followed by nucleophilic attack on the

TBNS nitro group by Cys-215 of PTP1B to form a reversible, covalent adduct as the tighteoiplex.

TBNS derivatives represent a new class of neutral pY mimetic inhibitors of PTPs.

Reversible phosphorylation of proteins on tyrosine residuesand an isostere of the peptide that interacts with the less
is one of the key events in cellular signal transduction. The conserved surfaces near the active site. Most of the reported
levels of tyrosyl phosphorylation inside a cell are tightly pY mimetics are negatively charged species, such as phos-
regulated by the opposing actions of two families of enzymes, phonates, malonates, sulfonates, oxalates, and carboxylates
protein tyrosine kinases (PTKs) and protein tyrosine phos- (5). These negatively charged pY mimetics generally have
phatases (PTP3$)PTPs belong to an extended family of poor membrane permeability and therefore require prodrug
enzymes, and>100 distinct PTPs have already been strategies for improving their cellular uptake. In recent years,
discovered in the human genomB.(However, the study  we have focused our efforts on the development of neutral
of the physiological functions of these PTPs has lagged pY mimetics as PTP inhibitors. We have previously dem-
behind, due to a lack of effective tools for tackling these onstrated thati-haloacetophenone derivatives and peptidy!
problems. Specific, cell membrane-permeable PTP inhibitors aldehydes act as covalent PTP inhibitors by reacting with
would likely provide such tools for studying the function of conserved active site residues, the catalytic cysteine (Cys-
these enzymes. In addition, a variety of studies have 215 in PTP1B) and arginine (Arg-225 in PTP1B), respec-
implicated several PTPs as proper targets for the treatmenttively (6—9). Here, we report thatrans/j-nitrostyrene
of human diseases and conditions (e.g., PTP1B as a targe{TBNS) derivatives (Figure 1, compounds-7 and9) act
for treating type 2 diabetesP{4). Thus, PTP inhibitors  as slow-binding, reversible inhibitors of PTPs. Mechanistic
could also provide potential therapeutic agents. studies suggest that TBNS directly interacts with the active

A large number of PTP inhibitors have been reported in site cysteine residue to form a covalent enzyf8NS
recent years, as a result of intense efforts from both academicadduct.
and industrial laboratories (see reffor a recent review).

Since the substrate of a PTP is a phosphotyrosyl (pY) MATERIALS AND METHODS

peptide/protein, a rationally designed PTP inhibitor generally  General All chemicals used for peptide synthesis were
contains two components, a metabolically stable mimetic of trom Advanced ChemTech (Louisville, KY). 1-Phenyl-2-
pY that interacts with the highly conserved PTP active site pjyrgethane was purchased from APIN Chemical, whereas
all nitrostyrene derivatives and other chemicals were obtained
* This work was supported by a grant from the National Institutes from Sigma-Aldrich.YersiniaPTP Yop and alkaline phos-
o b‘?glwh(c?nqﬂgcz)rsri?bondence should be addressed: Department ofphataSe were purchased from New England Biolabs (Beverly,
Chemistry, The Ohio State University, 100 West 18th Ave., Columbus, MA). Protein (,;oncem_rat'ons were dete,‘rmmEd with a Brad-
OH 43210. Telephone: (614) 688-4068. Fax: (614) 292-1532. E- ford assay using bovine serum albumin as the standard.
malll;‘b%el-3_@i_osu-eglé-l VIS, elect oniza omet Site-Directed MutagenesiBlasmid pET-22(b)-PTP1B was
reviations: - , electrospray Ionization mass spectrometry; H : H
IDA, iodoacetic acid; TBNStrans-nitrostyrene; PTP, protein tyrosine ge_nerated by msertlng_a PCR fragment that. encodes amino
phosphatasepNPP, p-nitrophenyl phosphate; pY, phosphotyrosine; acids 1-321 of PTP1B into théldd andXhd site of vector
HSQC, heteronuclear single-quantum correlation. pET-22b (Novagen, Madison, WI). Site-directed mutagenesis
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Ficure 1. Structures of PTP inhibitors.
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recrystallized from methanol (yield, 35 mg, 2798} NMR
(250 MHz, DMSO¢g) 6 7.61-7.73 (m, 1H, Ar), 7.31 (,
2H, Ar,J=8.8 Hz), 7.91 (d, 1H, ArCH-CHNO,, J= 14.0
Hz), 7.99 (d, 1H, ArGi=CHNO,, J = 14.0 Hz); HRESI-
MS calcd for GHeNO,F, 185.0283, found 185.0281.
Synthesis of Np-[(2-Nitroethenyl)benzoyj}L-Gly-L-Glu-
L-Glu-NH; (TBNS-GEE) 9). Tripeptide Gly-Glu-Glu-NH
was synthesized on Rink resin by using standard Fmoc
chemistry. Next, 4-carboxy-TBNS4( was coupled to the
resin-bound tripeptide by using-benzotriazoleN,N,N',N'-
tetramethyluronium hexafluorophosphate (HBTU) axd
hydroxybenzotriazole monohydrate (HOBt) as coupling
agents. The product (TBNSGEE) was deprotected and
released from the solid support by treatment with 99%
trifluoroacetic acid (TFA). Excess TFA was removed under
a gentle flow of nitrogen, and the residue was triturated with
diethyl ether (5x 3 mL). HPLC analysis of the crude product
showed a purity 0F90%: HRESI-MS calcd for GHosNsO1o-

was carried out with this plasmid DNA as a template using Na* (M + Na]*) 530.1493, found 530.1474.

the QuickChange mutagenesis kit (Stratagene, La Jolla, CA).
The DNA primers (purchased from Integrated DNA Tech-

nologies, Inc.) were as follows: D181A/-BATACCA-
CATGGCCGGCCTTTGGAGT-3 C215A, 3-GTTGTG-
GTGCACGCCAGTGCAGGCATC-3 C215S, 5CCC-
GTTGTGGTGCACAGCAGTGCAGC-3C215D, 3-CGT-
TGTGGTGCACGACAGTGCAGGCA-3 and R225A, 5
GCAGGCATCGGCGCGTCTGGAACCTTC3The iden-
tity of all DNA constructs was confirmed by DNA sequencing.
Expression inEscherichia coliand purification of recom-
binant PTP1B were performed as previously descriéil (

Synthesis of transef-*3C]-3-Nitrostyrene 10). This com-
pound was prepared fromdrbonyt*Clbenzaldehyde by the
same procedure that was described 5or'H NMR (250
MHz, CDCh) 6 8.01 (dd, 1H, ArGi=CHNO;, 33—y = 13.7
Hz,2Jc— = 158 Hz), 7.62-7.42 (m, 6H); HRESI-MS calcd
for C;X%CH/NO;Na" ([M + Na]*) 173.0403, found 173.0405.

PTP AssayAll assay reaction mixtures (1 mL) contained
50 mM HEPES (pH 7.4), 50 mM NaCl, 1 mM EDTA, 2%
DMSO, varying concentrations of the PTP inhibitors, and
0.05-0.1 uM PTP. The mixture was incubatedrf@ h at
room temperature, and the enzymatic reaction was then

The expression and purification of recombinant SHP-1 have initiated by the addition of 1L of 100 mM pNPP and

also previously been describetil].
Synthesis of 4-Carboxy-trafisnitrostyrene 4). 4-Car-

monitored continuously at 405 nm on A0 UV-—vis
spectrophotometer. The g€ values were determined by

boxy-TBNS was prepared according to a modified literature plotting the remaining activity as a function of inhibitor
method (2). Nitromethane (50.8 mg, 0.83 mmol) was added concentration, and thi* values were obtained by fitting
to 4-carboxybenzaldehyde (100 mg, 0.67 mmol) in methanol the data to the MichaeksMenten equation. To obtain the

(5 mL), and the resulting mixture was cooled t6@ KOH

(85 mg, 1.5 mmol) was dissolved in 1 mL of methanal,

K, value, the reaction was initiated by addition of enzyme
(0.05 uM) as the last component to the reaction mixture

diluted into 5 mL of an ice/water mixture, and slowly added described above, which also contained 1.0 pNPP. The
to the mixture described above through a syringe. After reaction was monitored continuously on the ©¥s spectro-
addition of the KOH solution, the reaction mixture was photometer. The initial reaction rates were calculated from

stirred for 15 min at 4C. The reaction mixture was diluted
into 10 mL of an ice/water mixture, and 100 mL of 5 M

the early regions of the reaction progress curve8(Q s)
and fitted to the MichaelisMenten equation to give thi§,

HCI was slowly added to the reaction mixture. The pale value. To determine the rate constégt the enzyme (0.1
yellow precipitate that formed was collected by filtration and xM) was incubated with ©€400 M inhibitor in 100 L of

recrystallized from methanol (yield, 21 mg, 16%8)}1 NMR
(250 MHz, DMSO6ég) 6 7.81-7.89 (m, 4H, Ar), 8.04 (d,
1H, ArCH=CHNO,, J = 13.7 Hz), 8.16 (d, 1H, ArE8=
CHNO,, J = 13.7 Hz), 13.18 (s, 1H, ArC®l); HREI-MS
calcd for GH/NO,4 193.0370, found 193.0328max = 317
nm;e=18x 10 M~ tcm™

Synthesis of 2,6-Difluoro-trang-nitrostyrene §). Nitro-

the reaction buffer described abover f@ h at room
temperature. After that, an aliquot of the mixture (25)
was withdrawn and rapidly diluted into 97& of the same
buffer containing 1.0 mMpNPP (without the inhibitor).
Reactivation of PTP activity was monitored at 405 nm, and
the progress curves were fit to the equation Abs vt —

(1 — e ") /ke], whereusis the final steady-state velocitg3).

methane (61.04 mg, 0.88 mmol) was added to 2,6-difluoro- The rate constarits was calculated using the equati&y¥
benzaldehyde (100 mg, 0.70 mmol) in methanol (5 mL), and = Kkg/(ks + kg).

the resulting mixture was cooled to°€. KOH (49.4 mg,

Substrate ProtectiarPTP1B (0.05M) was added to the

0.88 mmol) was dissolved in 1 mL of methanol, diluted into above assay buffer containing a fixed concentration of TBNS
5 mL of ice-cold water, and slowly added to the mixture (20uM) and varying concentrations pNPP (0.5-20 mM).
described above through a syringe. The reaction mixture wasThe reactions were continuously monitored at 405 nm, and

stirred for 20 min at £C. The reaction mixture was diluted
into 10 mL of ice-cold water, and 100 mlf & M HCI was

the pseudo-first-order inactivation rate constakig)(were
obtained by fitting the individual reaction progress curves

slowly added to the reaction mixture. The pale yellow to the equation [PE vst + [(vi — vs)/kond(1 — e7kend) (13).
precipitate that formed was collected by filtration and The obtainedk.,s values were then plotted againaiPP
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concentration according to the equatikyas
[PNPP]Kwm).

Competition between TBNS and lodoacetic ABi@P1B
(5.5uM) was incubated fol h in theassay buffer described
above with or without 10«M TBNS (no pNPP). Next,
iodoacetic acid (final concentration of 2 mM) was added to
the reaction mixture, and the mixture was incubated for an
additional 20 min. An aliquot (10L) of the reaction mixture
was withdrawn and diluted in 990L of the assay buffer
containing 10 mMpNPP and 1 mMg-mercaptoethanol. The
reaction was continuously monitored at 405 nm~dr5 min.

NMR Spectroscopy ofof**C]TBNS and the ¢-*3C]-
TBNS-PTP1B ComplexAll NMR experiments were per-
formed on a Bruker DMX-600 NMR spectrometer equipped

Kmar/ (1 +

with a triple-resonance and three-axis gradient probe at 300

K. The two-dimensional (2DYH—*3C heteronuclear single-

Park and Pei

Table 1: Inhibition Constants of TBNS Derivatives against PTP1B
and SHP-1ASH2)

ICs0 (uM)
PTP1B SHPI4SH?2)
no with 1 mM with 1 mM
inhibitor B-mercaptoethanols-mercaptoethanols-mercaptoethanol

1 25+0.3 400+ 133 423+ 82
2 45+05 270+ 120 375+ 75
3 3.0+05 225+ 25 ~340
4 27+£0.2 425+ 75 ~450
5 48+0.2 ~340 ND?
6 23+7 515+ 65 225+ 75
7 28+ 8 390+ 90 ~450
8 NA2 NA2 NA2
9 1.4+ 04 275+ 25 ~350

2No detectable inhibitory activity2 Not determined.

quantum coherence (HSQC) spectra were acquired over aryiq reqyit suggests that TBNS binds PTPs in a manner

period of 2.5 h using a standard Bruker pulse sequence with
sensitivity improvementl4, 15). All samples were dissolved

in a buffer containing 10 mM HEPES (pH 7.2), 150 mM
NaCl, and 1 mM EDTA (10:1 KD/D,0) and preincubated
for 1 h atroom temperature prior to NMR analysis. The
spectral widths were 7184 Hz in thd dimension and 21 129
Hz in the!3C dimension, with carrier frequencies at 4.7 and
150 ppm.

RESULTS

Inhibition of PTPs by TBNS and Its Desdtives A
previous study showed thétans-cinnamic acid acts as a
pY mimetic and, when attached to a Gly-Glu-Glu tripeptide,
resulted in potent inhibition versus PTP1RB6. More

different from that of cinnamic acid or cinnamaldehyde.
However, it should be possible to convert TBNS into highly
potent and selective PTP inhibitors by conjugating it to other
peptides, peptidomimetics, or small molecules.

An assay against the catalytic domain of SHP-1, SHP-
1(ASH2) (11), in the absence of free thiol was not possible,
because this enzyme was rapidly inactivated under such
conditions, presumably due to oxidation of its active site
cysteine. We therefore tested the TBNS derivatives against
SHP-1ASH?2) in the presence of 1 mtmercaptoethanol.

All of the compounds exhibited inhibition, albeit with much
lower potency (IGo = 200-450 uM) (Table 1). When
PTP1B was tested in the presence of 1 mM free thiol, similar
ICso values were obtained. This suggests that the poorer

recently, we showed that cinnamaldehyde also acts as apotency observed with SHPASH?2) is likely due to thiol

neutral pY mimetic, inhibiting PTPs8J, dual-specificity
phosphatase®), and Src homology 2 (SH2) domainkd.
We realized that TBNS (Figure 1, compouhds structurally

inactivation of the TBNS derivatives. To test this notion,
we examined the reaction of TBNS withmercaptoethanol
by monitoring its absorption spectrum on a YVis spectro-

similar totrans-cinnamic acid and cinnamaldehyde and may photometer. In the absence of free thiol, TBNS absorbed
act as an inhibitor of PTPs. Since the nitro group is strongly at 320 nm and the absorption signal is quite stable
electronically neutral, TBNS should have the additional (Figure 2A). Upon addition of~1 equiv of f-mercapto-
advantage of better membrane permeability over the nega-ethanol, the absorption maximum at 320 nm dramatically
tively chargedtrans-cinnamic acid. We thus tested TBNS decreased (Figure 2b). The absorption peak largely disap-
against protein tyrosine phosphatases PTP1B, SHP-1, andeared when 2 equiv of thiols was added. However, further
YersiniaYop for potential inhibition. Alkaline phosphatase addition of excess Hgglrestored the signal at 320 nm,
was also tested as a control. Since TBNS reacts readily withwhereas HgGl alone had no effect. These results are
free thiols such ag-mercaptoethanol1@), we first tested ~ consistent with an earlier report that TBNS undergoes
TBNS against PTPs in the absence of any added free thiols.reversible conjugate addition with free thiols (Figure 2C),
TBNS resulted in potent inhibition of PTP1B, with anskC ~ Which results in the loss of conjugation between the nitro
of 2.5uM (Table 1), which is 10-fold more potent than the ~group and the phenyl ring and therefore the absorption peak
negatively chargettans-cinnamic acid (IGo= 20uM, data  at 320 nm 18). Moreover, these results suggest that the
not shown). It also inhibited Yop with similar potency ¢ conjugate addition product does not inhibit PTPs or is a much
= 5uM) but not alkaline phosphatase. To determine whether poorer PTP inhibitor. Indeed, (2-nitroethyl)benzene (Figure
the observed inhibition is general for other TBNS derivatives, 1, compoundB) showed no significant inhibition of either
we tested several commercially available as well as syntheticPTP at 60QuM (Table 1).

TBNS derivatives (Figure 1, compoun@s-7), which are
modified with either electron-donating?,( 3, and 7) or
electron-withdrawing groups4(and5) on the phenyl ring.
All of the TBNS derivatives inhibited PTP1B, with potencies
comparable to that of parent compouhdTable 1). In an
attempt to improve the inhibitor potency, the Gly-Glu-Glu
tripeptide was attached to the para position of TBNS to give
the TBNS-GEE species (compour@. TBNS—GEE has
slightly improved potency (16 = 1.4uM against PTP1B).

Slow-Binding Inhibition of PTPs by TBNSompoundl
was selected for further kinetic characterization. It exhibited
time-dependent inhibition toward PTP1B (Figure 3A), which
could be due to either slow-binding inhibition or time-
dependent enzyme inactivation. However, since the observed
inhibition is readily reversible (vide infra), it rules out the
possibility of irreversible inactivation. Slow-binding inhibi-
tion generally results from the formation of an initial
enzyme-inhibitor complex, El, which can slowly turn into
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Ficure 2: Absorption spectra of TBNS in the absence (A) and
presence (B) of free thiols. UWvis absorption of 2@M of TBNS
was monitored in the range of 56@70 nm. All reactions are
performed in the assay buffer in the presence of 0, 20, qtMO
B-mercaptoethanol. An excess of Hg@Q200 uM) was added to
guenchs-mercaptoethanol. (C) Reaction of thiols with TBNS.

a tighter enzymeinhibitor complex, EI* (13). The inhibi-
tion kinetics can be described by the equation

Kok
E+I=ElcEl

whereK; is the equilibrium constant for the formation of
the initial El complex andks and ks are the forward and
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Ficure 3: Slow-binding inhibition of PTP1B by TBNS. (A)
Reaction progress curves (monitored at 405 nm) for the hydrolysis
of pNPP (1 mM) by PTP1B (0.06M) in the presence of indicated
concentrations of TBNS (PTP1B was added as the last component).
(B) Reaction progress curves for hydrolysipbfPP by reactivated
PTP1B. PTP1B (0.kM) was preincubated with varying concentra-
tions of TBNS (6-400 «M) for 2 h before being diluted 40-fold
into a reaction buffer containing 1.0 mpNPP: (A) 20uM TBNS,

(B) 40 uM TBNS, and (C) 5quM TBNS.

I
O'000 200

min~1). TBNS derivative2—7 also exhibited slow-binding
behavior, although theiK,, K*, or ks values were not
determined.

TBNS Is Actie Site-Directed Two experiments were
performed to determine whether TBNS is active site-directed.
First, substrate protection was tested by measudpgthe
pseudo-first-order rate constant for the onset of inhibition,
at a fixed inhibitor concentration (2aM) while varying the
PNPP concentration (0-520 mM). There was clearly an
inverse correlation betweeky,s and pNPP concentration
(Figure 4A). This result indicates that TBNS apilPP
compete for binding to the PTP1B active site. Second, TBNS
was tested for its ability to protect PTP1B from covalent
modification by iodoacetate (IDA). IDA had previously been

reverse rate constants, respectively, for the conversion of theshown to selectively alkylate the active site cysteine of PTPs

E-l complex to the tighter B* complex. The equilibrium
constant* represents the overall potency of the inhibitor,
and its relationship witlK, is described by the equatidh*

= (Kke)/(ks + ks). The K, andK;* values of compound.
against PTP1B were determined to be #5016 and 1.3+

(Cys-215 in PTP1B), causing their irreversible inactivation
(19, 20). PTP1B (5.54M) was preincubated with TBNS (100
uM) for 1 h prior to the addition of IDA (final concentration
of 2 mM). After 20 min, an aliquot of the reaction mixture
(10uL) was diluted 100-fold into an assay buffer containing

0.2 uM, respectively (see Materials and Methods). To pNPP (1 mM) andj-mercaptoethanol (1 mM) and the
determine whether the inhibition is reversible as well as reaction progress curve was monitored at 405 nm. Control

measuring thes value, PTP1B was preincubated with an
excess of TBNS to form the-E complex, which was then
rapidly diluted into the reaction buffer containipilPP as

reactions were carried out with either TBNS or IDA alone.
The control reaction with IDA alone produced a linear
progress line; its slope indicated a constant remaining PTP

a substrate. The reaction progress curves as continuouslhactivity of 18umol mg* min~* (no PTP reactivation) (Figure

monitored at 405 nm (for the release whitrophenolate)

4B). The TBNS only control exhibited slow enzyme reac-

showed time-dependent recovery of PTP1B activity (Figure tivation, as observed previously (Figures 3B), and a much
3b). This result is consistent with the slow-binding mecha- higher final PTP activity (93tmol mg* min~* at 800 s).
nism. Curve fitting of the reactivation profiles produced the The reaction with both TBNS and IDA also exhibited time-

rate constanks (0.49 min'). The forward rate constatg
was calculated from th&,, K;*, and ks values ks = 56

dependent reactivation, with a specific PTP activity ap-
proaching 75umol mg?* min~! at 800 s. The simplest
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0.25 complex results in the loss of conjugation between the nitro
0.20 group and the rest of the system in TBNS. Note that the
o reaction of TBNS with free thiols also causes the loss of the
e 015 320 nm signal (Figure 2). However, the reaction of TBNS
£ with free thiols occurred at a much faster rate and did not
g o result in any blue shift.
0.05 IH—13C HSQC NMR Spectroscopy of the’EComplex
The nature of the & complex was next examined IH—
0.00 : m A = 3C HSQC NMR spectroscopy. TBNS containing a specific
[ONPP] (M) 12C label at its benzylic positionpf**C]TBNS (compound
10), was chemically synthesized. When dissolved in the PTP
0.25 assay buffer (pH 7.4),0**C]TBNS alone exhibited three
’g‘ 020l B TENS only cross-peaks, which all have the sati@ chemical shift §
9 142.5) but differentH chemical shift values) 8.17, 8.15,
T oi5- and 7.89) (Figure 6A). The doublet@B.17—8.15 represents
§ the cross-peak between th&C at thea position and the
g °0r TBNS + IDA proton directly attached to it; the signal splitting is due to a
§ 005 Ao coupling interaction between the two vinylic protords=
< y 13.8 Hz). The cross-peak at7.89/142.5 is caused by long-
0.00 P —— range coupling between th#& at position G and the vinylic

0 100 200 300 400 500 600 700 800

Time (&) proton at position g These signals were confirmed by 2D

heteronuclear shift correlation experiments Witd directing

Ficure 4: Competition for PTP binding between TBNS gudPP i _di idhh 1
or IDA. (A) Effect of substrate concentration on the rate of onset observation (data not shown). One-dimensi Bnd**C

of PTP inhibition by TBNS. The line was fitted to the data according NMR (carried out in the same buffe.r), mass spectrometry,
to the equatiorkess = kmad(1 + [PNPP]Ky). (B) Protection of and thin-layer chromatography confirmed both the identity
PTP1B from IDA-mediated inactivation by TBNS. PTP1B (&g) and purity of the compound, so the multiple peaks were not

was preincubated with TBNS (1Q8M) for 1 h before IDA (final  caused by the presence of impurities. Upon incubation with
concentration of 2 mM) was added. After 20 min, the remaining 5 moar excess of PTP1B, all of the free inhibitor signals
PTP activity was assayed wifiNPP (10 mM) as the substrate. !

were lost. Instead, three new, broader cross-peaks were
observed in the region of 7.6—7.8 (H)/130-136 (°C)

05 (Figure 6B). As a control, the HSQC spectrum was recorded
o 04 for the adduct of §-*3C]TBNS andB-mercaptoethanol under
§ the same conditions. Two cross-peaks were observed at
£ 03 ~5.2~46 andd ~5.1/~46 but not in the region o ~7.7/
8 o2 ~133, consistent with the conjugate addition of the thiol
< group to the G position and loss of the<€C group (Figure
011 6C). These results indicate that PTP1B interacts with TBNS
o2 in a manner entirely different from that gfmercaptoethanol.
280 320 360 400 440 In fact, the chemical shift values of,@o 130—136) suggest
Wavelength (nm) that, in the EI* complex, G, of TBNS is still in the sp

FiGURE 5: Effect of PTP1B on the absorption spectra of TBNS. hybridization state and the =€C bond is retained. The
PTP1B (4uM) and TBNS (5QuM) were rapidly mixed ina quartz ~ presence of three cross-peaks for thd* Eomplex was
cuvette, and the absorption spectra of the mixture were recordedcgysed by the fact that the recombinant PTP1B was a mixture
every 2 min. of multiple isoforms (see the Discussion).
explanation for these results is that TBNS bound to the Effect of Actie Site Mutations on the-E Complex PTPs
PTP1B active site, preventing its covalent inactivation by share a highly conserved active site, which contains the
IDA. Upon dilution, TBNS dissociated from the PTP active signature motif, (H/V)C(XR(S/T). The cysteine residue
site, restoring the enzymatic activity. Thus, the data given (Cys-215 in PTP1B) is the catalytic nucleophile, whereas
above build a compelling case that TBNS inhibits PTP1B the arginine (R221 in PTP1B) is critical for substrate binding
by binding to its active site. and transition-state stabilizatior2k, 22). In addition, a
Electronic Absorption Spectroscopy of thé*EComplex conserved aspartate (Asp-181 in PTP1B) on a mobile loop
The mechanism of PTP1B inhibition by TBNS was first acts as a general acid or base during cataly%3s44). To
examined by UV-vis absorption spectroscopy. PTP1B (39 test the role of these residues in inhibitor binding, we
uM) and TBNS (50uM) were rapidly mixed in a quartz  performed the HSQC experiments described above with
cuvette, and the absorption spectra were recorded every 2D181A, R221A, C215S, and C215A mutant forms of PTP1B.
min. At time O (or in the absence of PTP1B), TBNS produced D181A and R221A mutants retained the ability to bind to
a strong absorption peak at 320 nm (Figure 5). The peak TBNS and produced the same cross-peaks in their HSQC
intensity decreased dramatically with time and reached aspectra as wild-type (WT) PTP1B (Figure 7A,B). The weaker
minimum at 16 min, with a concomitant blue shift of the HSQC signals suggest that TBNS binds less tightly to these
absorption maximum te~300 nm. This spectral change mutants (as compared to WT PTP1B). In contrast, the C215A
occurred on a time scale similar to that of the formation of and C215S mutants failed to exhibit any of the three cross-
the EI* complex, suggesting that formation of thelE peaks (Figure 7C). Surprisingly, the peaks corresponding to
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Ficure 6: HSQC spectra ofof-'3C]TBNS (compoundL0) in the absence and presence of PTP1B or free thiol: (A)®B80Qo-13C]TBNS
only, (B) 750uM [a-13C]TBNS and 1.8 mM PTP1B, and (C) 6@0M [a-13C]TBNS and 2 mMp3-mercaptoethanol.

F ppm observed for the WT enzyme (Figure 7D). Thus, the C215D
A | 8 | mutant also retains the ability to bind TBNS. The same
| 1 £ 130 conclusions were also independently reached by ESI-MS
' £ analysis of the mutants complexed with TBNS (data not
£140 & shown).
s
E ‘% DISCUSSION
c D i E In this work, we have demonstrated that TBNS and its
Y f130 9 derivatives act as neutral pY mimetics and slow-binding
3 inhibitors of PTPs. In the absence of free thiols or other
140 nucleophilic species that react with the Michael acceptor,
these compounds exhibited respectable potency, with I1C
150 values in the low micromolar range. Considering their small

sizes, the compounds probably only interact with the PTP
active site. Thus, the observed potency is quite remarkable
1H Chemical Shift (ppm) and may be further improved by tethering the pY mimetics
FIGURE 7: HSQC spectra obl-1*CJTBNS (750uM) in the presence {0 Peptides, peptidomimetics, or small molecules that interact
of various PTP1B mutants (each-at.5 mM): (A) D181A, (B) favorably with the surfaces near the PTP active site. Since
R221A, (C) C215S, and (D) C215D. the active site of PTPs is highly conserved and all of the

the free inhibitor were also absent. These results indicatecOmpounds that were tested exhibited essentially equal
that Cys-215 is critical for TBNS binding; its mutation either Potencies against PTP1B, SHP-1, and Yop, we expect the

abolished inhibitor binding or greatly reduced its binding TBNS derivatives to be effective against all PTPs. One

due to conjugate addition of nucleophilic residues on the réact with free thiols (which are present in the cytoplasm of
PTP1B surface (e.g., cysteines and lysines) to the benzylicBukaryotic cells) and possibly other nucleophiles, resulting
position of TBNS. Reaction with multiple residues would N the dramatic reduction of their PTP inhibitory activity.
scatter the signals to levels beyond detection in the NMR However, the a(_jdmon of th_lols to TBNS is readily reversible.
spectra. Electrospray ionization mass spectrometric (ESI-MS) |t may be possible to design TBNS analogues that are less
analysis of the mixture of wild-type PTP1B and a molar Prone to nucleophilic addition by thiols (e.g., by the
excess of TBNS showed a major peak at 37 4594N149) substitution of powerful electron-donating groups at the para
and small peaks at 37 605 (#298) and 37 756 (M- 447), position) and therefore more available for PTP inhibition.
corresponding to the addition of one, two, and three TBNS  On the basis of experimental data described above, we
molecules, respectively (data not shown). To further evaluate propose the following mechanism of inhibition by TBNS
the role of Cys-215, we mutated it into an aspartate. Earlier (Figure 8). TBNS first binds to the active site of PTP and
study has shown that the C215D mutant of PTP1B possesseforms a noncovalent complex,-IE During the conversion
weak but yet easily detectable catalytic activity towgktPP of the EI complex to the tighter B* complex, the active
(25). We repeated the HSQC experiment with this mutant site thiolate anion (Cys-215 in PTP1B) reacts with the nitro
and observed two weak peaksdat-7.6/~130 andd ~7.8/ group of TBNS to form a covalent adduct. Nucleophilic
~136, the same region where the three cross-peaks wereaddition of thiols to aliphatic and aromatic nitro compounds

T T T T T T T T
90 85 80 ppm 90 85 80 75 ppm
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\AH

E I
Ficure 8: Proposed mechanism for the slow-binding inhibition of

is well-documented in the literature and is the first step in
the Zinin reduction of nitro compounds to their corresponding
amines 26). This mechanism is consistent with all of the

Park and Pei

R
Eel
PTPs by TBNS derivatives.

inhibitors @). In the latter case, the cinnamaldehyde was
labeled with*C at the aldehyde carbonyl and the cinnam-
aldehyde forms an enamine adduct with active site arginine-

experimental results. First, it provides a sensible explanation221 of PTP1B. It was proposed that the enamine could adopt

for the slow-binding behavior, as the chemical step is

different diastereomer forms, which gave different HSQC

reversible and time-dependent. Second, mutation of Cys-215,cross-peaks 8). However, the B* complex formed by

which is the catalytic nucleophile for the PTP reaction and
the proposed nucleophile attacking the nitro group, to either
alanine or serine abolished both PTP activity and TBNS
binding (Figure 7C). On the other hand, substitution of
aspartate for Cys-215 leads to retention of partial catalytic
activity (25) and the ability to bind TBNS (Figure 7D). This

indicates that a powerful nucleophilic side chain at residue
215 is critical for inhibitor binding. In contrast, mutation of

PTP1B and TBNS cannot assume these different diastereo-
meric forms. An alternative explanation is that the recom-
binant PTP1B protein may be a heterogeneous mixture of
multiple species. Two-dimensional SB8AGE analysis of
freshly prepared PTP1B samples revealed that it contained
four different variants, all of which had molecular masses
of ~37 kD but different pl values (5.98, 6.09, 6.24, and 6.39)
(unpublished results). ESI-MS analysis of the free protein

two other catalytic residues, Arg-221 and Asp-181, weakenedshowed four peaks with molecular weights of 37 310, 37 335,

but did not abolish the binding by TBNS (Figure 7A,B).
Third, HSQC spectra of the-Ecomplex revealed cross-peaks
at o ~7.7/132. The*C chemical shift values indicate that
the G, atom is still in the sphybridization state in the &
complex (the &C bond is intact). Therefore, unlike its
reaction with free thiols, binding of TBNS to the PTP1B
active site involves no nucleophilic addition to the=C
bond. The upfield shift of the cross-peaks upon binding to
PTP1B may be ascribed to the fact that addition of Cys-215
(or Asp-215) to the nitro group reduces the electron-
withdrawing ability of the nitrogen and therefore the induc-
tive effect on G and its proton.

Why is the CG=C bond in TBNS necessary for inhibition
if it is not attacked by an enzyme nucleophile? It is possible
that the G=C bond maintains a rigid planar geometry which
is critical for binding and/or positioning the nitro group for
nucleophilic attack. Presumably, loss of the=C bond (as
in 8) makes binding and nucleophilic attack entropically
unfavorable. In this regard, cinnamic acid inhibits PTP1B
with an 1G5 value of ~20 uM (16), whereas 3-phenylpro-
pionic acid is not known to have any inhibitory activity
against the enzyme. Likewise, while cinnamaldehyde inhibits
PTP1B with an 1G value of 97QuM (8), 3-phenylpropanal
exhibits no measurable inhibition of any PTP (unpublished
results).

37 354, and 37 435 (unpublished results). Both SBPAGE

and MS analyses gave a similar estimate for the relative
intensities of the four species: 100% for MW 37 310,
60% for MW = 37 335, 25% for MW= 37 354, and 15%

for MW = 37 435. Analysis of multiple PTP1B samples
purified at different times reproducibly gave the same pattern.
Note that the intensity ratio is similar to that found for the
three cross-peaks in the HSQC spectra (Figure 6). The peak
at m/z 37 310 probably represents the unmodified PTP1B
(the calculated molecular weight of PTP1B is 37 312),
whereas the nature of modification in the other three species
is unknown. ESI-MS analysis of the PTPZBBNS com-
plexes showed that all four PTP1B variants were capable of
binding TBNS.

In conclusion, we have discovered TBNS and its deriva-
tives as a new class of reversible, covalent PTP inhibitors.
Its electronically neutral nature may provide good membrane
permeability for this class of inhibitors. Further studies for
improving their stability against thiols and their potency and
selectivity are already underway in this laboratory.
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