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ABSTRACT. Src homology 2 (SH2) domains are phosphotyrosine- (pY-) binding modules found in a variety
of signal-transducing proteins and constitute an important class of drug targets for the treatment of signaling
related diseases/conditions. To date, a large number of peptidic as well as nonpeptidic SH2 domain inhibitors
have been reported. However, all of these inhibitors contain a negatively charged pY mimetic as the core
structure and generally have poor membrane permeability. We report here that peptidyl cinnamaldehydes
function as reversible, slow-binding inhibitors toward the SH2 domains of protein tyrosine phosphatase
SHP-1. Specific interactions between the SH2 domains and the aldehydes were assessed by their ability
to relieve the autoinhibitory effect of the N-terminal SH2 domain on SHP-1 catalytic activity and the
surface plasmon resonance technique. The most potent inhibitor (Cinn-GEE) dispkye@lae of 1.3

uM against the N-terminal SH2 domain of SHP-1. The mechanism of inhibition was investigated by
site-directed mutagenesis and by using Cinn-GEE specifically labeled'¥@that the aldehyde carbon

and H—13C heteronuclear single-quantum coherence spectroscopy. The proposed mechanism involves
the formation of an initial noncovalent-Ecomplex, which is slowly converted into a covalent imine/
enamine adduct () between the aldehyde group of the inhibitor and the guanidine group oBRE)

in the pY-binding pocket of the SH2 domains. These aldehydes should provide a general, neutral
pharmacophore for the further development of potent, specific, and membrane-permeable SH2 domain
inhibitors.

Protein—protein interaction is an important aspect of interaction with the pY phosphate group—«9). Additional
cellular processes. Many of these interactions are mediatedbinding energy is provided by interactions between amino
by small modular domains, which recognize peptide motifs acids adjacent to pY, particularly the three residues im-
in their partner proteins. The Src homology 2 (SH2) domain mediately C-terminal to pY, and the less conserved surface
was one of the first such modular domains identifi@)l (  of the SH2 domain. This latter interaction also governs the
Since then, dozens of other modules have now beenselectivity of a given SH2 domain in binding to a specific
discovered (e.g., SH3, PH, PDZ, FHA, and PTB domains) pY partner.

(2). SH2 domains contairr100 amino acids and are often The blockade of SH2 domain-dependent protgirotein
found in signaling proteins. A large number of SH2 domains interactions has emerged as a new strategy for treating a
have already been identified, and the human genome encodeplethora of diseases related to cell signaling, such as cancer,
at least 95 SH2 domain8)( Their function is to bind specific ~ osteoporosis, allergy, asthma, and inflammatidg).( A
phosphotyrosine- (pY?)containing proteins and promote variety of inhibitors have been developed against the SH2
protein—protein interactions. The structural basis for SH2 domains of Src kinase and adapter protein Grb2 (reviewed
domain-pY interaction has been very well studied. SH2 inrefsl0and11). A Src SH2 domain inhibitor (AP22408)
domains bind to their partner proteins by recognition of linear has been shown to reduce the bone resorptive activity of
pY-containing sequence motifel,(5). A key interaction, osteoclasts in ratl). In addition to their therapeutic values,
which is common to all SH2 domains, is the insertion of the SH2 domain inhibitors also provide useful probes for
pY side chain into a deep pocket in the SH2 domain, where elucidating the cellular function of the SH2 domain-contain-
an invariant arginine residue (ArgB5) forms a bidentate  ing protein.

Since the natural ligands of SH2 domains are pY peptides,

T This work was supported by grants from the National Institutes of there are two challenges in designing SH2 domain inhibitors.

Health (A140575 and GM62820). The BlAcore instrument was sup- 1 he first s to find a proper small-molecule replacement for
ported by an NIH grant (RR15895; Dr. Charles Brooks, Principal the peptide backbone, whereas the second is to design pY

Investigator). isosteres that are capable of interacting with the highly
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! Abbreviations: Cinn-GEB\-[4-(3-oxo-1-propenyl)benzoyl]-Gly- desired pharmacological properties (e.g., membrane perme-

Glu-Glu-NH; Cinn-ARL, N-{ 2-[4-(3-ox0-1-propenyl)phenoxylace}y! ability). The first challenge has largely been overcome, as

Ala-Arg-Leu-NH,; HSQC, heteronuclear single-quantum coherence; ; Sahili )
PTP, protein tyrosine phosphatase; PTK, protein tyrosine kinase; pY, evidenced by the availability of many potent, nonpeptidic

phosphotyrosinggNPP, p-nitrophenyl phosphate; SH2, Src homology ~ SH?2 inhibitors (1). On the other h?lr_‘da finding the proper
2. pY isostere has been much more difficult. All of the reported
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SH2 inhibitors contain negatively charged phosphonatesrefluxed fa 8 h until the ester is completely hydrolyzed,
(13—16) or carboxylates {7—21) as pY isosteres, which  and the solvent was removed by rotary evaporation. The
adversely affect their membrane permeability. We report here residue was dried over®s in vacuo to afford a white solid.
that peptidyl aldehydes can act as covalent inhibitors of SH2 The solid was suspended in 25 mL of dichloromethane, and
domains derived from protein tyrosine phosphatase SHP-1ethyl chloroformate (3.78 g) was added. The mixture was
(22). This finding should open the door to a new family of stirred for 40 min at room temperature and filtered. The
neutral pY mimetics, which have much better membrane filtrate was evaporated under reduced pressure to produce
permeability and can potentially overcome the second as a 4:1 mixture oZ andE isomers (yield 1.35 g, 72.4%).

challenge in designing SH2 domain inhibitors. H NMR (250 MHz, CDC}): ¢ 7.32-7.36 (m, 2H, Ar),
6.89-6.92 (m, 2H, Ar), 6.726.77 (2 d, 1H, Ar¢i E and
MATERIALS AND METHODS Z), 6.06 (dd, 0.21 H, ArCHBEICHE, J = 5.6 and 15.7 Hz),

Materials and General MethodsSHP-1, its catalytic 5.64 (dd, 0.79 H, ArCHEICH Z’_‘] ~ 7.4 and 11.8 Hz),
: ¢ 548 (d, 0.79 H, ArCHCHE Z, J = 7.4 Hz), 5.38 (d, 0.21
domain [SHP-14SH2)], and the R30K mutant were purified ArCHCHCH E, J = 5.6 Hz), 4.76 (2 s, 2H, OCIi€O Z

from a recombinanE&scherichia colistrain as previously -~
described 23, 24). The N- and C-terminal SH2 domains, ?)r}(:jl-i)cli:éz)_ié%)—(T4ik(|t 2%2823%'03'_'31 4.08 (m, 4H,

either as their maltose-bhinding protein (MBP) or glutathione
Stransferase (GST) fusion proteins or as C-terminal histi- N+ 2-[4-(3-Oxo-1-propenyl)phenoxy]acefyhla-Arg-Leu-
dine-tagged proteins, were expressed and purified as previ-NHz (1)- The tripeptide Ala-Arg-Leu was synthesized on 0.15
ously described25). All of the peptide synthesis reagents 9 Of Rink resin (0.10 mmol) using standard Fmoc/HBTU/
were purchased from Advanced ChemTech (Louisville, KY). HOBt solid-phase chemistry. Next, 64 mg (0.20 mmol) of
The Rink resin had a loading capacity of 0.7 mmol/g. All @nhydride7 in 2.5 mL of dichloromethane and 104 of
other chemicals were obtained from Aldrich or Sigma. N-methylmorpholine were added to the resin suspended in

2.5 mL of anhydrous DMF. The mixture was shaken for 8
tert-Butyl 2-(4-Formylphenoxy)acetatg)( NaH (0.26 g, . : U
11 mmol) was added to a solution of 4-hydroxybenzaldehyde gca}art(ijgnmoﬁr:gpNe-rgrunz?ﬁalrlgm%?r':':]eess)l\l/neorl:fsa\s\?;ecg:gﬁ:gje
(12.22 g, 10 mmol) in 20 mL of DMF at room temperature, an)él the resin was washed "th DME & 5 mL) and ’
and the resulting mixture was stirred for 30 min under argon. resin was was Wi ¢ )

BrCH,COOtBu (1.95 g, 10 mmol) was then added to the methanol (3x 5 mL). errotection of side chains as well .
above solution, and the reaction was continuedLfb at 80 as the aldehyde protecting group and cleavage from the resin

°C. After cooling, the reaction mixture was partitioned were carried out with a cocktail containing 4 mL of 90%

between ethyl acetate and water. The organic layer WasTFA in water, 0.1 mL of anisole, and 0.15 mL of thloanlsqle
sequentially washed wit1 M aqueous NaOH and water, for 3 h atroom temperature. Afte_r removal of the_ volatile
dried over anhydrous MgSQand evaporated to an oil, which chemicals by a gentle flow of nitrogen, the residue was
was subsequently purified by silica gel chromatography (4:1 trgtjrateg five t|tr)nes W'tr? d|$ghyl ?Lher.é:gmpourl?was
hexane/ethyl acetate) (yield 1.56 g or 66%).NMR (250 obtained as a brownish solid in the pureisomer form. 0
MHz, CDCE): 9.89 (s, 1H, CHO), 7.88 (d, 2H] = 13.2 HPLC analysis showed a single major peak of at least 80%

Hz, Ar), 7.00 (d, 2HJ = 13.2 Hz, Ar), 4.59 (s, 2H, OCH purity (monitored at 291 nm, WhICh is thénax of the
CO), 1.51 (s, 9H, tBU)RC NMR: 190.74, 167.15, 162.77, gfg%rggédefgzgg gz%”?f’i'zzHRES"MS'255'40N706+' calcd
131.93, 130.56, 114.85, 82.91, 65.51, 27.79. N.[4 3 ’Oxo L propényl)bénzoyl] Gly-Glu-Glu-NKR) and
tert-Butyl 2{4-[2-(1,3-Dioxolan-2-yl)ethenyl]pheno LSl Sl T At
acetate 6)>./ C(;{mp[ou(ndS (1.56 g, 6.6ynzmol) z;/n]él) tris[Z}-?/Z- N-[4-(3-[13C]Oxo-1-propenyl)benzqyl]-GIy-GIu-C_%Iu-MI-ﬂlO). .
methoxyethoxy)ethyllamine (TDA-1) (2.14 g, 6.6 mmol) These compounds were synthesized as previously described
were dissolved in dichloromethane (40 mL) under argon at (26).
room temperature. A saturated aqueou€®; solution (40 4-(3-Oxo-1-propenyl)benzoic Acid)(and Ethyl 4-[2-(13-
mL) and (1,3-dioxolan-2-ylmethyl)triphenylphosphonium Dioxolan-2-yl)ethenyl]lbenzoyl Carbonat8)( These com-
bromide (2.85 g, 6.6 mmol) were added, and the reaction pounds were synthesized as previously descri@éjl (
mixture was refluxed at 48C for 18 h with vigorous stirring. N-[4-(3-Oxo-1-propenyl)benzoyl]-Gly-Glu-G|8Ala-BAla-
The reaction mixture was extracted with dichloromethane gAla-(N--Biotinyl)Lys-NH (4). The unbiotinylated precursor
(2 x 20 mL), washed with water (15 mL), and dried over of this compound was synthesized from anhyd@den the
MgSO,.. Compounds was obtained as a mixture &fandZ solid phase in a manner similar to compouhdThe fully
isomers (yield 1.77 g, 87.6%)'H NMR (250 MHz, deprotected compound (1.8 mg, lu®ol) containing a single
CDCly): 7.26-7.36 (m, 2H, Ar), 6.83:6.89 (m, 2H, Ar),  amino group on the lysyl residue was dissolved in 1 mL of
6.72-6.76 (2 d, 1H, Ar¢1 E and 2), 6.01 (dd, 0.41 H, = 30 mM NaHPQ, (pH 9.2), and\-hydroxysuccinimidobiotin
ArCHCHCH E, J = 5.7 and 15.8 Hz), 5.65 (dd, 0.59 H, (0.5umol) in 10uL of DMF was added. The mixture was
ArCHCHCH Z, J = 7.3 and 11.8 Hz), 5.52 (d, 0.59 H, incubated at room temperature for 2.5 h. The use of a
ArCHCHCH Z, J = 7.3 Hz), 5.41 (d, 0.41 H, ArCHCHE substoichiometric amount of the biotinylating agent was to
E,J=5.7 Hz), 4.51 (s, 2H, OC}CO0), 3.92-4.08 (m, 4H,  avoid binding to the streptavidin sensorchip (see below) by
OCHCH;0), 1.49 (s, 9H, tBu). free biotin. HPLC analysis showed an approximately 50:50
Ethyl 2{4-[2-(1,3-Dioxolan-2-yl)ethenyl]phenokgcetyl mixture of biotinylated and unbiotinylated peptides, which
Carbonate 7). An aqueous NaOH solution (0.93 g dissolved was essentially free of other species when monitored at 291
in 6 mL of water) was added to compouled1.77 g, 5.8 nm. ESI-MS: G7HesN11015St, calcd 1058.4601, found
mmol) dissolved in 10 mL of methanol. The solution was 1058.4.



SH2 Domain Inhibitors

Activation of SHP-1 by Peptidyl Aldehydd3hosphatase
activity of SHP-1 was measured witinitrophenyl phos-
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NMR Spectroscopy ot¥C]Cinn-GEE and the FC]Cinn-
GEE-SH2 ComplexAll NMR experiments were performed

phate pNPP) as substrate. The assay reaction (total volumefor 6—12 h on a Bruker DMX-600 NMR spectrometer

of 50 uL) contained 50 mM Hepes, pH 7.4, 50 mM NacCl,
1 mM EDTA, 1 mM tris(carboxyethyl)phosphine, 10 mM
pNPP, G-2000uM peptidyl aldehyde (or other effectors),
and 0.5ug of SHP-1. The reaction was initiated by the

equipped with a triple-resonance and three-axes gradient
probe at 300 K. The 2DH—3C heteronuclear single-
guantum coherence spectra (HSQC) were acquired using a
constant-time sensitivity-enhanced methd&y, (28). The

addition of SHP-1 as the last component and allowed to N-SH2 domain used was a fusion protein with maltose-

proceed at room temperature-Z3 °C) for 30 min. The
reaction was then quenched with 950 of 1 M NaOH,

binding protein [MBP-SH2(N)], whereas the C-terminal SH2
domain contained a C-terminal histidine tag. All samples

and the absorbance at 405 nm was measured on a Perkinwere dissolved in a buffer containing 5 mM Hepes (pH 7.4),
Elmer UV—vis spectrophotometer. The SHP-1 reactivity 100 mM NaCl, 1 mM EDTA, and 1 mN\s-mercaptoethanol

reported was relative to that of SHP-1 in the absence of any(94:6 HO/D,0). The samples were incubated at room
SH2 inhibitor. The time-course experiment was carried out temperature for 30 min prior to NMR experiments. The

under similar conditions except that the reaction (total volume spectral widths were 9615 Hz in thd dimension and 19621

of 1.0 mL) contained 4xM Cinn-GEE and 1Qtg of SHP-
1. To demonstrate the reversibility of the interaction, SHP-1
(1.0 ug) was incubated with 0 or 600M Cinn-GEE in the
above buffer (1Q:L) for 3 min. The resulting mixture was
rapidly diluted into 99QuL of the same buffer containing
10 mM pNPP, and the reaction was monitored at 405 nm
on the spectrophotometer.

SH2 Domain-Inhibitor Binding AssaysSurface plasmon

Hz in the!3C dimension, with carrier frequencies at 4.7 and
150 (for 13C at the aldehyde position), respectively.

Mass SpectrometryMBP-SH2(N) (100«M) was incu-
bated with [3C]Cinn-GEE (14QuM) for 30 min in a buffer
containing 10 mM Hepes (pH 7.4), 150 mM NaCl, 3 mM
EDTA, and 1 mMp-mercaptoethanol. After that, AL of
200 mM sodium cyanoborohydride in water was added each
hour for a total of 5 h. The resulting mixture was incubated

resonance measurements were carried out on a Pharmacitor an additional 16 h. Prior to MS analysis, the mixture

BlAcore 3000 instrument. A biosensorchip containing im-
mobilized streptavidin was conditioned with 1 M NacCl in
50 mM NaOH according to manufacturer’s instructions. The
biotinylated Cinn-GEE (compourd) was immobilized onto
the biosensorchip by flowing a 0.8V solution of4 for 8 s
(flow rate = 15 uL/min). Increasing concentrations of the
GST-SH2(N) protein (815 uM) in HBS-EP buffer (10 mM
Hepes, pH 7.4, 150 mM NacCl, 3 mM EDTA, and 0.005%
polysorbate 20) was allowed to flow over the sensorchip for
10 min at a flow rate of 1%L/min. A blank flow cell (no
compoundd) was used as the control to correct for any signal

was dialyzed against a 30 mM ammonium acetate buffer for
12 h. Electrospray ionization (ESI) experiments were per-
formed on a Micromass Q-Tof Il (Micromass, Wythenshawe,
U.K.) mass spectrometer equipped with an orthogonal
electrospray source (Z-spray) operated in the positive ion
mode. Sodium iodide was used for mass calibration for a
calibration range ofiVz 100-2500. Salt buffers from the
protein samples were cleaned using manual syringe protein
traps from Michrom BioResources (Auburn, CA). Proteins
were prepared in a solution containing 50% acetonitrile/50%
water and 0.1% formic acid at a concentration of 10 pmol/

due to the solvent bulk and/or nonspecific binding interac- uL and infused into the electrospray source at a rate-df®
tions. In between two runs, the chip surface was regenerateduL/min. Optimal ESI conditions were as follows: capillary

by flowing 0.05% SDS in HBS-EP buffer for 10 s at a flow
rate of 30uL/min. Data analysis was carried out by plotting
the equilibrium response units (R} obtained by subtracting
the response of the blank flow cell from that of the Cinn-
GEE immobilized flow cell, against the SH2 protein con-
centration. The dissociation constakipf was obtained by
fitting the data to the equation

RUg, = RU,{SH2J/(K, + [SH2])

where RU,is the measured response unit at a certain SH2

concentration and Rk« is the maximum response possible.
Binding of the C-SH2 domain was carried out similarly,

voltage, 3000 V; source temperature, TT0) cone voltage,

60 V. The ESI gas was nitrogen. Q1 was set to optimally
pass ions fronmyz 500-1990, and all ions transmitted into
the pusher region of the TOF analyzer were scanned over
m/z 500-3000 with a 1 sintegration time. Data were
acquired in the continuum mode until acceptable averaged
data were obtained (L5 min). ESI data were deconvoluted
using MaxEnt | provided by Micromass. A control experi-
ment was carried out similarly except that no sodium
cyanoborohydride was added.

RESULTS
Stimulation of SHP-1 Actity by Peptidyl AldehydesVe

except that higher SH2 protein concentrations were usedhave recently reported that peptidyl aldehydes act as slow-

(5—50 uM) and the C-SH2 domain contained a C-terminal
histidine tag.

For competition experiments, a biotinylated pY peptide,
biotin-A(-Ala)sl YpYANLI, was immobilized onto strepta-
vidin-coated sensorchip SA as previously describ2g). (
GST-SH2(N) protein (1@M) was preincubated with/without
Cinn-GEE (300uM) for 10 min at room temperature and

binding inhibitors of PTPs26). They bind to the PTP active
site as a pY mimetic to form an initial noncovalent complex,
E-l, which is slowly converted into a covalent enamine
adduct (EI*) with an active site arginine (Arg-221 in
PTP1B). Arg-221 is a universally conserved residue among
PTPs and is critical for pY substrate binding as well as
transition-state stabilization by forming a pair of hydrogen

passed over the sensorchip for 3 min at a flow rate of 15 bonds between the phosphate oxygen atoms and the guani-
uL/min. A blank flow cell was used as a control to correct dinium group 29, 30). This finding led us to hypothesize

any signal generated due to the solvent bulk or nonspecific that the aldehydes may also act as SH2 domain antagonists.
interactions. Both PTPs and SH2 domains recognize pY peptides as their
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FIGURe 2: Activation of SHP-1 by peptidyl aldehydes. (A) Plot of
SHP-1 activity against SH2 domain inhibitor concentration. The
data presented are phosphatase activities relative to that of SHP-1
in the absence of peptidyl aldehyde. (B) Time course of the
activation of SHP-1 by Cinn-GEE. The reaction was initiated by
the addition of SHP-1 (0.1BM final concentration) to a solution
containing the reaction buffer (pH 7.4), 10 nfdPP, and 0 or 45

uM Cinn-GEE and monitored continuously at 405 nm on a-JV

vis spectrophotometer. The dashed straight line is drawn for
comparison.

activity of SHP-1 as a convenient test of its ability to bind
the N-SH2 of SHP-1. Under physiological conditions, SHP-1
exists as an inactive form, in which the N-SH2 directly binds
to and inactivates the PTP domai?4( 31). Binding of a
high-affinity ligand (e.g., a pY peptide) to the N-SH2 disrupts
the SH2-PTP interaction and increases its activity by up to
30-fold. As shown in Figure 2A, Cinn-ARL stimulated
SHP-1 activity by up to 13-fold, with half-maximal activation
(ICsq) reached at~500 uM. Assuming an equilibrium

natural ligands, and their active/binding sites have remarkableconstant of~30 between the open and closed states of SHP-1
similarities. Like PTPs, SH2 domains utilize the guanidinium (24, 31), we estimated a dissociation constak) of ~17

group of an absolutely conserved arginine (A&p) to form

uM for the interaction between Cinn-ARL and the isolated

a pair of hydrogen bonds with the phosphate group of pY N-SH2 domain. Under the assay conditions, Cinn-ARL
(6—9). A key difference is that the SH2 domains lack the showed no significant inhibition toward the catalytic domain

catalytic cysteine in the PTP active site.

of SHP-1, SHP-I4SH2) @3), up to 1 mM inhibitor

To test the above notion, we synthesized a peptidyl concentration (data not shown). As a control, we also tested

aldehydeN-{ 2-[4-(3-0x0-1-propenyl)phenoxy]ace}yAla-
Arg-Leu (Cinn-ARL) (compoundl in Figure 1) (Scheme

N-[4-(3-ox0-1-propenyl)benzoyl]-Gly-Glu-Glu (Cinn-GEE)
(compound in Figure 1), which had previously been shown

1). Our previous study showed that pY peptides of the as a fairly potent slow-binding inhibitor of PTP1B and SHP-

consensus LXpYARLI (X= any amino acid) bind to both
N- and C-SH2 domains of SHP-1 with high affinit25).

1(ASH2) K* = 5.4 and 11uM, respectively) 26). Surpris-
ingly, Cinn-GEE is an even more potent activator of SHP-1

We employed Cinn-ARL to stimulate the phosphatase (with a maximum of~30-fold stimulation) (Figure 2A).
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Activation of SHP-1 by Cinn-GEE is dose-dependent, with A
maximal activity reached at 150M and half-maximal
activity at~60 uM. Further increase in Cinn-GEE concen-
tration resulted in decreased PTP activity, due to inhibition
of the PTP active site. Neither the tripeptide Gly-Glu-Glu
nor cinnamaldehydes) alone showed significant stimulation
of SHP-1 activity 2-fold). The 1G, value suggests Ep

of ~2 uM for the Cinn-GEE-N-SH2 complex.

Given the K* value previously determined for SHP-
1(ASH2) (11u«M), one would have expected that the PTP
active site of SHP-1 be completely inhibited by 151
Cinn-GEE. A possible explanation for this apparent paradox
is that the formation of the SH2Cinn-GEE complex is much
faster than that of the PHRCinn-GEE complex. Conse-
quently, there is no significant amount offEcomplex (i.e.,
the enamine adduct) formed between the PTP active site and B
Cinn-GEE during the 30 min activation assay period. To test
this notion, we added SHP-1 into an assay solution containing
reaction bufferpNPP (10 mM), and Cinn-GEE (48M) and
monitored product formation at 405 nm as a function of time.

The reaction progress curve has a sigmoidal shape, composed

of an early delay region<{200 s) and a linear region (260 -
700 s), followed by a tailing-off region>(700 s) (Figure >
2B). The delay in the early region indicates that activation

of SHP-1 (and thus binding of Cinn-GEE to the N-SH2
domain) is also time-dependent, as would be expected from

a slow-binding mechanism similar to that of inhibition of

PTPs (see Discussion). However, the onset of the linear phase

at ~200 s suggests that formation of the final SH2inn- o——Lt L Ll LIl 1.
GEE complex is essentially complete within 3 min for the 6 2 4 6 8 10 2 U B
N-SH2 domain (at 45«uM Cinn-GEE). Under similar [GST-SH2(N)] (uM)

conditions, formation of the 4 complex between PTP and  Ficure 3: BlAcore analysis of the binding of GST-SH2(N) to
Cinn-GEE typically takes- 10 min 26). Therefore, the linear immobilized Cinn-GEE4). (A) Overlaid sensorgrams at increasing

; ; ; ; ) i atinn ie CONcentrations of GST-SH2(N) (0.23, 0.47, 0.94, 1.87, 3.75, 7.50,
region represents a period during which SHP-1 activation is and 15:M). (B) Plot of resonance signal under equilibrium binding

already complete whereas no significant amount of the ¢ongitions (signal difference between the points immediately before
covalent PTP-Cinn-GEE complex is yet formed. Finally, the initiation and at the end of each injection) against SH2
the rate ofpNPP hydrolysis tails off as an increasing amount concentration. Data were fitted to the equationeRE RUma{SH2]/

of PTP is inactivated by Cinn-GEE. The control reaction in (Ko + [SH2]).

the absence of Cinn-GEE produced a straight line during

RU

the entire reaction time. 250 I

Direct Binding between Cinn-GEE and SH2 Domains 2000 |
Cinn-GEE was tested for binding to the isolated N- and '
C-SH2 domains of SHP-1 using the surface plasmon 1500 -
resonance technique (BIAcore). Immobilization of the alde- > — Cinn-GEE
hyde ligand onto streptavidin-coated sensorchips was effected 1000 -
by the addition of a biotin to the C-terminus of Cinn-GEE. I
To maximize the accessibility of the surface-bound ligand 500 |
to an incoming SH2 domain, a flexible linker gfAla-3- 0 +Cinn-GEE
Ala-g-Ala-Lys (BBBK) was added to the C-terminus of o e e Ly
Cinn-GEE. The resulting ligand was synthesized by solid- 150 200 250 300 350 400 450 500 S50
phase chemistry, deprotected, and treated \Nithydrox- Time (s)

ysuccinimidobiotin to give compound (Figure 1). FOr  ggure 4: Competition of Cinn-GEE and peptide IYpYANLI for
binding studies, we employed the N-SH2 domain as a fusion binding to GST-SH2(N). The pY peptide was immobilized onto a
protein with glutathioneStransferase [GST-SH2(N)], be- streptavidin-coated BIAcore sensorchip as previously descrisd (
cause the N-SH2 alone was not stable. The C-SH2 domainGST-SH2(N) (1«M) was allowed to flow over the surface in the
contained a C-terminal histidine tag. Figure 3A shows the absence or presence of Cinn-GEE (300).

sensorgrams for the binding of GST-SH2(N) to the im- of GST-SH2(N) to immobilized pY peptides displays rapid
mobilized Cinn-GEE, after correction for nonspecific binding kinetics (refs24 and25 and Figure 4). A plot of equilibrium

to the surface. The slow increase in response units overresponse units (RY= difference in response units prior to
several minutes (after the initiation of sample injection) even and at the end of sample injection) against SH2 concentration
at saturating concentrations of the SH2 protein confirms that clearly showed saturation behavior, and data fitting gave an
the interaction is slow binding in nature. In contrast, binding equilibriumKp of 1.3 4+ 0.2 uM (Figure 3B). This value is
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Ficure 5: Time-dependent dissociation of the Cinn-GEREH2
domain complex. SHP-1 (1/8M) was preincubated with 0 or 600
uM Cinn-GEE for 3 min before being diluted 100-fold into an assay
buffer containing 10 mMpNPP. The reaction progress curves as
monitored at 405 nm are shown. Inset, the relative ratpN?P
hydrolysis (the ratio of reaction rate in the presence of Cinn-GEE
over control) as a function of time.

similar to theKp value (~2 uM) estimated from the SHP-1
activation profile. The C-SH2 domain also bound to the
immobilized Cinn-GEE with an estimate¢s, of ~25 uM
(the Kp value could not be accurately determined due to
significant nonspecific binding at high SH2 protein concen-
trations).

Cinn-GEE Is Actie Site DirectedTo determine whether
Cinn-GEE binds to the canonical pY-binding site of the SH2

Park et al.

(data not shown). These results indicate that Cinn-GEE and
IYpPYANLI bind to the same site on the SH2 domain.

Cinn-GEE-SH2 Domain Interaction Is Rersible The
fact that a pY peptide can displace GST-SH2(N) bound to
the immobilized Cinn-GEE indicates that the interaction
between Cinn-GEE and the SH2 domain is reversible. To
further demonstrate the reversibility of the interaction, SHP-1
was preincubated with excess Cinn-GEE to form the Cinn-
GEE-SH2 domain complex, which was then rapidly diluted
into an assay solution containim@@NPP as substrate. The
reaction progress as a function of time is shown in Figure 5.
Initially, the rate ofpNPP hydrolysis (as indicated by the
slope at time 0) was relatively high; as time increased, the
reaction rate decreased, eventually approaching the rate of
pNPP hydrolysis by SHP-1 in the absence of Cinn-GEE. The
simplest explanation is that, at time 0, the N-SH2 domain
was occupied by Cinn-GEE and SHP-1 was in the active
form, whereas dilution caused time-dependent dissociation
of the Cinn-GEE-SH2 domain complex and re-formation
of the catalytically inactive SH2PTP complex. Due to the
complication of simultaneous inhibition of the PTP active
site by Cinn-GEE, we have not been able to determine
guantitatively the kinetics of Cinn-GEESH2 dissociation.

Mechanism of the Cinn-GEESH2 Domain Interaction
To determine the mechanism by which Cinn-GEE binds the
SH2 domains, we synthesized Cinn-GEE labeled Wi
at the aldehyde carbonyl carbon and analyzed both the
inhibitor (compound10) and the SH2 domaininhibitor
complexes by'H—13C HSQC NMR spectroscopy. When

domains, competition experiments were performed with a dissolved in the assay buffer (pH 7.4%¢]Cinn-GEE alone

pY peptide, IYpYANLI, which binds to the N-SH2 domain
of SHP-1 with high affinity Kp = 0.6 uM) (25). As shown

in Figure 4, GST-SH2(N) protein alone (1®1) bound very
well to a sensorchip immobilized with the pY peptide.
However, preincubation of the N-SH2 domain (i) with
excess Cinn-GEE (30@M) completely abolished its binding

showed a single cross-peak@®.64 (H) andd 201 ¢3C)

in the NMR spectrum (Figure 6A). This suggests that the
free inhibitor existed predominantly in the aldehyde form in
the aqueous solution. Addition of excess N-SH2 domain
(with preincubation) resulted in the disappearance of the free
inhibitor signal, with concomitant appearance of a new cross-

to the sensorchip, under otherwise identical conditions. In apeak até 8.45/173 (Figure 6B). No other signals were
reverse competition experiment, the pY peptide also inhibited observed that could be attributed to either the free inhibitor

the binding of GST-SH2(N) to the immobilized Cinn-GEE

or the enzymeinhibitor complex. The large change in
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FIGURE 6: HSQC spectra offC-labeled Cinn-GEE in the presence and absence of SH2 protein: (A)Ninn-GEE only; (B) 20QuM
Cinn-GEE and 40(M N-SH2 domain; (C) 20«M Cinn-GEE and 40«M C-SH2 domain.



SH2 Domain Inhibitors Biochemistry, Vol. 42, No. 17, 20035165

A B 30_
55626 56102
>
3
55626 g
2
©
()
o
i I i
, - , | ‘
M‘W‘M MY T wL\f - [0 (uM)
J)V \MMWW‘M ‘\’I\‘UJ]I'JL,WWM”‘JJ'”M\"'MW1 Ficure 8: Comparison of the stimulatory effect of Cinn-GEE on

55600 56100 56600 55600 56100 56600 wild-type and R30K SHP-1.

Molecular Mass (Da) Molecular Mass (Da) .The role of Arg B5 (Arg-30 in SHP—l) in inhibitor
Ficure 7: Deconvoluted spectra from LC-ESI MS analyses of the binding was assessed by constructing an R30K mutant of

[13C]Cinn-GEE-MBP-SH2(N) complex before (A) and after treat- SHP-1 and examining its ability to be activated by Cinn-
ment with sodium cyanoborohydride (B). GEE. Unlike the wild-type enzyme, whose activity is

stimulated by up to 2530-fold by Cinn-GEE, the R30K
chemical shift values upon binding suggests that the inhibitor enzyme is much less responsive to Cinn-GEE stimulation
underwent covalent interaction with a single group in the (<5-fold stimulation at maximum) (Figure 8). This shows
SH2 domain. Furthermore, the chemical shift valael{3 that Arg-30 is intimately involved in inhibitor binding, most
for 13C) suggests that the labeled carbon atom is still in the likely acting as the attacking nucleophile (see Discussion).
s hybridization state in the covalent SHhhibitor com- A possible explanation for the weaker binding of Cinn-GEE
plex. The HSQC spectrum for the C-SH2 domainn- to the R30K mutant SH2 domain is that the lysine side chain
GEE complex is somewhat more complex; in addition to a may be too short to reach the inhibitor aldehyde in the initial
cross-peak ad 8.45/174, it has a second cross-peak of noncovalent complex.
slightly lower intensity até 7.70/139 (Figure 6C). The
chemical shift values of the latter peak are very similar to DISCUSSION
those observed for the enamine adduct formed between Cinn- e have shown that peptidyl aldehydes display slow-
GEE and the active site arginine of PTP1B6) These  pinding inhibition of SH2 domains derived from SHP-1.
observations, as well as the precedence of PFRIiBN-  Although the SH2 domains have no catalytic activity, we
GEE interaction, led us to propose that Cinn-GEE binds to will treat them as “enzyme entities (E)” in order to apply
the N-SH2 domain by forming an imine adduct with an active the kinetic models developed for enzymatic systems. Thus,

site arginine (most likely Arg3B5), whereas the C-SH2  the kinetics of SH2 inhibition can be described by the
domain forms a mixture of imine and enamine adducts.  equation

To gain further evidence for the proposed mechanism, we K K
attempted to analyze the N-SH2 doma@inn-GEE complex E+|1=—E:|=EI*
by mass spectrometry. However, we have so far failed to o
observe the covalent adduct directly, probably due to the where K, is the equilibrium inhibition constant for the
reversible nature of the adduct and the moderate affiity (  formation of the initial complex, #, andks andks are the
= 1.3uM). We next incubated the N-SH2 domain with Cinn-  forward and reverse rate constants for the slow conversion
GEE under the same conditions but in the presence of aof the initial EI complex into a tight complex, ,
reducing agent, sodium cyanoborohydride. ESI-MS analysis respectively. The overall potency of the inhibitor is described
of the reaction mixture revealed a new species with a by the overall equilibrium constank* = Kke/(ks + k).
molecular mass of 56102 5 Da in the spectrum, in addition  Due to technical difficulties, we have not yet been able to
to the unmodified MBP-SH2(N) protein (molecular mass determine thé&, ks, andks values. However, thi,* value,
55626+ 5 Da) (Figure 7). The difference in molecular mass which equals to the apparent dissociation constéa) (
between the peaks wasi76 Da, suggesting the addition of measured under equilibrium conditions, can be determined.
a single inhibitor molecule to the protein (49118 + 2 = Binding studies using surface plasmon resonance §gve
475 Da). No peak corresponding to the addition of two or (or Kp) values of 1.3 and-25 uM for the binding of Cinn-
more inhibitors to the SH2 domain was observed. These GEE to the N- and C-SH2 domains, respectively. The former
results are consistent with the formation of a reversible imine value agrees quite well with th&, value ¢~2 M) estimated
adduct between Cinn-GEE and an amino group of the SH2 from the SHP-1 activation profile. Therefore, the peptidyl
domain, which was reduced to a stable amine adduct byaldehydes are fairly potent inhibitors of SH2 domains. We
sodium cyanoborohydride. Unfortunately, all of our attempts are confident that still more potent inhibitors can be
to isolate and sequence a proteolytic fragment containing developed by optimizing the peptide sequence or by attaching
the covalently attached inhibitor have failed. appropriate peptidomimetics to cinnamaldehyde.
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Ficure 9: Proposed mechanism of inhibition of SH2 domains by peptidyl cinnamaldehyde derivatives. RXH, the yet unidentified nucleophile.

Figure 9 shows our proposed mechanism for the observedArg $B5 is the residue modified by Cinn-GEE in both SH2

slow-binding inhibition. The cinnamaldehyde moiety binds domains. Thus, we propose that the minor cross-peak at
to the pY-binding pocket to form the initial-Ecomplex, in 7.70/139 (in the C-SH2 domain) represents the enamine
which the aldehyde carbonyl group is placed in close adduct formed between the inhibitor and A#B5, whereas
proximity to the guanidine group of ArgB5. Nucleophilic the major peak aty 8.45~174 (in both N- and C-SH2
addition on the carbonyl by one of the guanidino amine domains) is the conjugated imine adduct (Figure 9).
groups followed by dehydration generates a conjugated imine  The proposed mechanism provides a sensible account for
adduct. The imine can be further converted into an enaminethe activation of SHP-1 by peptidyl aldehydes. It is well
adduct (in the C-SH2 domain) through conjugate addition established that pY peptides with high affinity to the N-SH2
at the benzylic position by a yet unidentified nucleophile. domain can disrupt the intramolecular complex between the
This mechanism is very similar to that proposed for the N-SH2 domain and the PTP active sig2,(31). This relieves
inhibition of PTP1B by Cinn-GEEZp) and is consistent with  the autoinhibition by the N-SH2 domain and results in
all of the experimental observations. The chemical shift increased PTP activity. The peptidyl aldehydes bind to the
values for the aldehyde-derived proton/carbon in thE E ~ same site as the pY ligands and are therefore expected to
complex ¢ 8.45~174 andd 7.70/139) indicate that the have the same stimulatory effect. The initial lag period
aldehyde carbonyl is no longer present but the carbon atom(Figure 2B) is also expected, since the formation of the
is still sp? hybridized. This suggests that the aldehyde must SH21* complex is time-dependent and relatively slow. The
have reacted with an active site residue to form an adductlack of significant inhibition of the PTP active site during
involving a double bond at the carbonyl carbon. Further, the the activation assays is due to the still slower formation of
formation of this adduct must be reversible. Among the 20 the PTPI* complex and substrate protection (10 npNPP).
proteinic amino acids, only lysine and arginine are capable The peptidyl aldehydes presumably also bound to the C-SH2
of forming such a structure with an aldehyde (in the form domain during the activation assays. However, binding to
of an imine or enamine). To determine which arginine or the C-SH2 domain has no effect on the catalytic activity of
lysine residue is involved in the reaction, we modeled the SHP-1 (31).
structures of the N- and C-SH2 domains of SHP-1 based on An important issue in designing SH2 domain inhibitors is
the X-ray crystal structure of the N-terminal SH2 domain selectivity. Namely, will a peptidyl aldehyde designed for a
of SHP-2, which has-60% sequence identity to SHP-8) ( given SH2 domain inhibit other SH2 domains or other
The results show that the pY-binding pocket of N-SH2 enzymes such as PTPs? The preliminary data from this work
contains three arginine residues (at positigBs, BC1, and suggest that it should be possible to develop selective SH2
AD6) and a lysine (at position BC2), whereas the C-SH2 inhibitors. First, high-affinity binding to an SH2 domain
domain contains only one arginine (at positig®5) and one requires both the peptide and the cinnamaldehyde moieties,
lysine (at positionsD6). Therefore, ArgsB5 is the only as neither component alone had significant effect on SHP-1
candidate that is common to both SH2 domains. B is activity. Indeed, Cinn-ARL and Cinn-GEE have-d 0-fold
similarly situated at the pY-binding pocket to Arg-221 in difference in binding affinity to the N-SH2 domain. The
the active site of PTP1B, which has been established as thereason for the unexpected high affinity of Cinn-GEE (relative
residue modified by Cinn-GER26). Like Arg-221, Arg5B5 to Cinn-ARL) is not yet clear. Given the specificity of the
also forms a pair of hydrogen bonds with the phosphate N-SH2 domain for pYAXL peptides, it is possible that the
group of the bound pYG—9). In contrast, the side chain of tripeptides GEE and ARL bind to different sites near the
Lys D6, the other candidate residue in the C-SH2 domain, pY-binding pocket. Second, Cinn-GEE showed a 20-fold
is packed against the phenyl ring of bound pY and is more difference in binding affinity to the N- vs C-SH2 domains
distant from the phosphate grou§).(Furthermore, the minor  of SHP-1, even though the two SH2 domains have similar
cross-peak d 7.70/139) in the HSQC spectrum of the specificity toward pY peptides2f). Finally, while Cinn-
C-SH2-Cinn-GEE complex has very similar chemical shift ARL showed respectable affinity to the N-SH2 domain, it
values to those of the enamine adducts formed between Arg-had no detectable inhibition of the PTP active site.
221 and the inhibitor aldehyde in the PTP48inn-GEE In conclusion, we have demonstrated that peptidyl alde-
complex ¢ 7.6—7.8/136-137) (26). Finally, the reversible  hydes function as covalent but reversible inhibitors of SH2
adduct can be reduced to a stable adduct by sodiumdomains. The slow-binding kinetics is caused by the time-
cyanoborohydride, and the R30K mutation dramatically dependent conversion of the initial noncovalent complex to
decreased the ability of the N-SH2 domain to bind Cinn- a covalent imine/enamine adduct with the conserved arginine
GEE. Collectively, these data make a compelling case that(5B5) in the pY-binding pocket. The peptidyl aldehydes



SH2 Domain Inhibitors

represent a novel class of neutral SH2 domain inhibitors,
which should overcome the permeability problems associated
with the existing SH2 inhibitors.
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