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Phosphorylation of proteins on tyrosine residues is one of the Oy TX } on ©
R OR
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most important posttranslational modifications, playing central

roles both in physiological processes such as transmembrane

signaling and in pathological processes such as cancer and

immune dysfunction. OR OR o
The levels of tyrosine phosphorylation are regulated by the ia X=Br R=H

opposing actions of protein tyrosine kinases (PTKs), which b E gnicozH

catalyze the formation of phosphotyrosine (pY) in proteins, and 1d cl CH,COH

protein tyrosine phosphatases (PTPs), which hydrolyze pY o o
residues to give back tyrosine and inorganic phosphate. More thanTable 1. Kinetic Constant of PTP Inhibition bga—d?

100 PTPs have been identified to date, and it is estimated that  gnzyme inhibitor Ki (uM) Kinact (Min~1)
the human genome contains as many as 500 PTP §éfes.

precise functions of these PTPs in physiological and pathological SHP-1ASH2) 1;‘ é?éi ig gliiioozllo
states have remained largely unknown. Specific PTP inhibitors 1c 1934+ 38 18+03
would provide valuable tools in studying the functions of these 1d 2540+ 610 1.8+ 0.4
enzymes as well as potential therapeutic agents. It is with this BrCH,CO,H 77000+ 14000 1.4+ 0.2
premise that there has been a recently intensified interest in sHp-1 la 530+ 120 2.6+0.2
developing PTP inhibitordHere we report thati-halogenated PTP1B la 4245 0.57+ 0.05
acetophenones act as a novel class of potent, covalent PTP VHR la 8900+ 4500 34+ 16

inhibitors, whose inhibitory effects can be conveniently reversed
by photolysis at 350 nm.
PTPs of all origins share a common catalytic domair-860

amino acids, containing the unique “signature motif’, (IV)-  gpp_17 and the catalvti ; 8
) -1 ytic domain of SHP-1, SHPABH?2)8 All
HCxAGxxR(S/T)? PTP-catalyzed pY hydrolysis proceeds four compounds resulted in time-dependent inhibition of the PTPs,

thro_ugh a nucleophilic attack on the phos_phate group by the Si‘.je'and their inhibition kinetics can be described by equation
chain thiol of the conserved cysteine in the signature maotif,

forming a covalent phosphocysteinyl enzyme intermediate, which K K
is subsequently hydrolyzed by a water molecule (Schenfe 1). E 4| = Eel =% E—|
We envisioned thati-haloacetophenortcould bind to the PTP

active site as a pY mimetic; its phenyl ring could engage in \herek, is the dissociation constant of the noncovalent complex,
hydrophobic interactions with the protein as the phenyl ring of & g, ‘andk,.«is the first-order rate constant for conversion of the
substrate does, and the electron-rich halogen atom could mimicg, complex into a covalent complex,H. Inhibitor 1a binds to
the negatively charged phosphate oxyanions. Bindintofthe PTPs with the highest affinity, havinkj, values of 43 and 42
PTP active site in such a manner would placedhsarbon, which M and Kinac values of 0.40 and 0.57 mih for SHP-1ASH2)
is highly susceptible to nucleophilic attack, next to the catalytic ‘544 pTP1B respectively (Table 1). Inhibitdds and1c bind to
cysteine. An {2 reagtion betweet and the cys_tei_ne thiol would SHP-1ASH?2) with 3-5-fold lower affinity but have 4 6-fold
result in the forma}tlon of a covalent enzymiahibitor adduct . higherknae therefore having similar overall potency &a The
through a stable thioether linkage and loss of phosphatase activity.,_chioro derivative 1d) is 13-fold less potent than its-bromo
a-Bromo- andu-chloroacetophenone derivativeéis{-d) were counterpart1c), mainly because of lower binding affinity (higher
preparcéél and assayed against the prototypical phosphatasey This may be due to the smaller size of the chlorine atom,
PTP1B; a Src homology 2 (SH2) domain-containing phosphatase renderingo-chloroacetyl group a less effective mimetic of the

* Corresponding author Telephone: (614) 688-4068. Fax: (614) 292-1532. Phosphate group than tikebromoacetyl group. Note thaahas

a Data reported are the mea8D from three or more independent
experiments carried out at pH 7.4 and at room temperature.
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Figure 1. Reconstructed ESI/MS spectra for (a) native SHRSK2); Figure 2. Photolytic reactivation ofla inactivated SHP-1 and SHP-
and (b)lainactivated SHP-ISH?2). 1(ASH2). All activities are relative to those of the untreated enzymes.
phosphatases tested. Although VHR was inhibited 1y its " 1 2 3 4 5 B 7
binding affinity (K, = 8.9 mM) is 200-fold lower than that of g_
PTP1B or SHP-ASH2)! In another controlp-bromoacetate Ea =)
was found to inhibit SHP-KSH2) with~2000-fold lower affinity 127- -
than la (Table 1). Finally, the reaction rate 4t with 2-mer- 5 -
captoethanol at pH 7.4 was determined to be 0.2FrMn™%, i s
45000-fold lower than that with SHP-AEH2) (kinac/Ki = 9300 - "
M~min~1).22 Taken together, these results demonstratelthat hos -e .
are general PTP-specific inhibitors. -

The mechanism of PTP inhibition bya—d was investigated
by mass spectrometry. Electrospray ionization mass spectrometricrigure 3. Western blot analysis of B cell phosphoproteinsx 5106
(ESI MS) analysis of native SHP-ABH2) gave a single peak at  Ramos human B cells were incubated at°87for 3 min with nothing
a molecular mass of 45 75¥ 5 Da (calculated molecular mass (lane 1), 0.1% DMSO (lane 2), or with 3tM (lane 3), 10QuM (lane 4),
is 45 744 Da). After incubation wittha (200«M) for 7 min, the 300uM (lane 5), or 100«M (lane 6)1lain 0.1% DMSO. Lane 7 is a
inactivated protein (5%M) gave a major peak at 45894 5 Da positive control with 10@M phenylarsine oxide. The resulting cell lysates
(Figure 1). The increase of 1332 0.5 Da in mass can be were separated by SDS-PAGE, transferred to nitrocellulose filters, and
accounted for by the attachment opéydroxyphenacyl group ~ Probed with an anti-pY antibody.

to the protein (Scheme 1). The absence of any-M68 or M+ The potential ofla as a tool for cellular studies was tested
402 peak indicates a 1:1 enzymel/inhibitor stoichiometry, despite with human B cells. After incubation with varying concentrations
the presence of four cysteines in the enzyme and extass of 1a for 3 min, the cells were lysed, and the cellular proteins
the reaction. Matrix assisted laser desorption ionization masswere separated on an SDS-PAGE gel, followed by western blot
spectrometric analysis of the trypsin digesflafinactivated SHP- analysis using an anti-pY antibody (Figure 3). Treatment with
1(ASH2) showed disappearance of the peakmé& = 2044 >300uM laresulted in the hyperphosphorylation of a protein
(corresponding to the active-site fragment,@SLPHAGPII- at 110 kDa, consistent with inhibition of a PTP(s) which normally

VHCSAGIGRy59) and appearance of a new peakrdr = 2178 dephosphorylates this protein. Interestindlgalso decreased the
(data not shown). This suggests that the inhibitor is attached to phosphorylation level of a 50 kDa protein at concentrations as
this active-site fragment, presumably at the catalytic Cys-453. low as 30uM. Presumably, inhibition of a PTP(s) ha led to
Consistent with this notion, mutation of Cys-453 to serine the inactivation of a downstream kinase, as some kinases require
completely abolished the modification Hy as judged by ESI the removal of inhibitory pY residues by PTPs for activattén.
MS analysis (not shown). Therefore, while other scenarios are formally possible, the simplest
Givens et al. useg-hydroxyphenacyl ang-methoxyphenacyl explanation is thafla penetrated into the cells and resulted in
groups as photolabile protecting groups to generate cagedinhibition of PTPs.
molecules'® We thus irradiated the inactivated PTPs at 350 nm  In summarya-haloacetophenone derivatives are shown to be
to determine whether they could be reactivated. Indeed, after potent, photoreversible, and membrane permeable inhibitors of
irradiation of SHP-1 (4.%M) that had been completely inacti- PTPs. Work is already in progress to further improve their binding
vated by treatment with 100M 1a at 4 °C, ~80% of original affinity and specificity to individual PTPs by attaching specific
activity was recovered after15 min (Figure 2). SHP-KSH2) ligands to the para position. These inhibitors will provide powerful
and PTP1B that had been inactivated with exckssd were tools for controlling cellular events by switching on and off PTPs.
also reactivated by the same procedure, with activity recovery at The use of neutral halogenated groups as phosphate mimetic may
~30% of the untreated enzyme. Irradiation at 350 nm has no find general utility in designing membrane permeable ligands for
effect on the native enzymes. The mechanism of the photolytic other phosphate-binding modules such as SH2 domains.
reaction has not yet been investigated, but the photolysis products
are likely to bep-hydroxy- (for1a) or p-alkoxyphenylacetate (for
1b—d) and the corresponding acetophenoties.
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