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ABSTRACT. SH2 domains are small protein domains~0£00 amino acids that bind to phosphotyrosine
(pY) in the context of a specific sequence surrounding the target pY. In general, the residues C-terminal
to the pY of the binding target are considered most important for defining the binding specificity, and in
particular the pY+ 1 and pY+ 3 residues (i.e., the first and third amino acids C-terminal to the pY).
However, our previous studies with the SH2 domains of the protein tyrosine phosphatase SHP-2 [Huyer,
G., Li, Z. M., Adam, M., Huckle, W. R., and Ramachandran, C. (19@chemistry 34,1040-1049]
indicated important interactions with the p¥ 2 residue as well. In the SH2 domains of SHP-2, the
highly conservedA2 Arg is replaced by Gly. A comparison of the published crystal structures of the
Src SH2 domain and the N-terminal SH2 domain of SHP-2 complexed with high-affinity peptides suggested
that thea A2 Gly of SHP-2 creates a gap which is filled by the side chain of thepZ¥ residue of the

bound peptide. It was predicted that replacing this Gly with Arg would alter or eliminate the involvement
of the pY — 2 residue in binding. TheA2 Gly — Arg mutant was constructed, and indeed, this mutant

no longer required residues N-terminal to the target pY for high-affinity binding, making its specificity
more like that of other SH2 domains. Thé&2 Gly is clearly involved in directing the unusual requirement

for the pY — 2 residue in the binding sequence of this SH2 domain, which has important implications for
its in vivo targeting and specificity.

SH2 domains (for Src homology 23re discrete protein  and pY + 3 residues (i.e., the first and third positions
domains of~100 amino acids that bind to phosphotyrosine C-terminal to pY), are responsible for defining specificity.
(pY) in the context of a specific sequence surrounding the Using affinity selection of peptides from degenerate libraries,
pY (1—4). SH2 domains have been identified in as many Songyang et al.7) defined the binding sequence specificities
as 100 proteins, including two mammalian protein tyrosine of a number of SH2 domains which fell into two main
phosphatases (PTPs), SHP-1 and SHP-2. These PTPs arglasses: (i) pY-hydrophilic-hydrophilic-hydrophobic and (ii)
approximately 58% identical and have two tandem SH2 pY-hydrophobic-X-hydrophobic, where X indicates any
domains in the N-terminal portion and a single C-terminal amino acid. Site-directed mutagenesis has demonstrated the
catalytic domain. SHP-1 and SHP-2 play important roles involvement of particular residues of SH2 domains in
in regulating many signaling pathways, including hemato- defining binding specificity§—10). In some cases, a single
poietic cell signal transduction and growth factor signaling amino acid change in the SH2 domain led to dramatic
5, 6. . o ~ changes in binding sequence specificity.

The involvement of SH2 domain-containing proteins in a g e previously shown that the SH2 domains of SHP-2
gamc_ula.r cell signaling pathway is d'“?C‘e_d by their SH2 have an unusual specificity in that residues N-terminal to

omains; thus, knowledge of SH2 domain binding specificity . : ) :
the target pY, in particular the p¥- 2 residue, influence

is important for predicting and identifying their in vivo - . ; i
targets. For most SH2 domains, interactions with residues b_|n(.j|ng. @D. Recent stud|e§ with S.HP 1 also revealed a
similar involvement of N-terminal residue$d). The crystal

C-terminal to the target pY, and in particular the g1 ) .
getp P Y structure of the N-terminal SH2 domain of SHP-2 bound to
t G.H. was supported by a MRC/PMAC Health Program Studentship @ Peptide corresponding to its in vivo targés) suggests a
and a Stanley G. French Graduate Fellowship from Concordia structural reason for this pY¥- 2 interaction. Almost all
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effect. The Gly— Arg substitution resulted in an SH2
domain with peptide binding affinity comparable to that of
the wild type. As predicted, the requirement for residues
N-terminal to the target pY was eliminated in thé2 Arg
mutant, resulting in a specificity more typical of other SH2
domains. ThexA2 Gly is clearly involved in the unusual
specificity of the N-terminal SH2 domain of SHP-2 and
reveals an additional mode of SH2 domain binding that
involves residues N-terminal to the target pY.

EXPERIMENTAL PROCEDURES

Materials. Phosphotyrosine peptides were obtained from
California Peptide Research (Napa, CA), and PCR primers

were synthesized by Research Genetics. Anti-phosphoty-

rosine antibody was from Upstate Biotechnology Inc., and
GT-Sepharose was from Pharmacia. All other chemicals
were of reagent grade from Sigma.

Cloning and Mutagenesis of the N-Terminal SH2 Domain
of SHP-2. The N-terminal SH2 domain of SHP-2 was cloned
by PCR from a full-length clone of SHP-2 in the vector
pBluescript (4). The PCR primer used at thé é&nd was
GGGGGATCCATGACATCGCGGAGATGGTTT and at
the 3 end was AGGAATTCTATGCACAGTTCAGAG-
GATATTT. The primers were designed to amplify residues
1-105 of SHP-2 with the addition of BanHI site at the 5
end and a stop codon ariEtaoRlI site at the 3end. The
amplification conditions were 30 s at 98, 30 s at 52C,
and 30 s at 72C, for 20 cycles. The PCR products were
purified using a PCR purification kit (QIAgen), digested with
BanHI andEcadRl, gel purified, and ligated into pBluescript
SK+. Sequencing ensured that no errors had been intro-

duced by PCR. The SH2 domain insert was subsequently

cut out from pBluescript by digestion witBanHI and
EcaRl, gel purified, and ligated in-frame into the GST fusion
vector pGEX-2T (Pharmacia) that had been digested with
the same enzymes.

The aA2 substitutions were created using a PCR mu-
tagenesis techniquel¥). To introduce the change at the
A2 position (the 13th codon), primers of 58-60 bases
were used that included thégart andBanHlI site plus 16-

12 bases after the mutated codon; the sahm@ifer from

the original subcloning of the SH2 domain (see above) was
used. The SH2 domain cloned into pGEX-2T was used as
the template DNA. The PCR conditions were 40 s at 95
°C, 30 s at 55°C, and 30 s at 72C, for 20 cycles, and the
PCR products were purified, digested, and ligated into
pGEX-2T as described above. Sequencing verified that the
correct mutations had been made.

Expression and Purification of GSTSH2 Constructs
Escherichia coliDH5a cells containing the GSTSH2
constructs were grown at 3T in 700 mL of LB with 100
ug/mL ampicillin to anAggo of 0.6-0.8. Cultures were
chilled on ice to~27 °C, and expression was induced by
the addition of 5QuM isopropyl thiof3-p-galactopyranoside
(IPTG) with incubation overnight at 27C. All subsequent
steps were performed at 4. Cells were harvested by
centrifugation at 400§ for 10 min, resuspended in 15 mL
of lysis buffer [PBS containing 5 mM DTT, 1% Triton
X-100, and Complete Protease Inhibitor Cocktail (Boehringer
Mannheim)], and lysed by sonication. Lysates were cleared
by centrifugation at 230@p for 15 min, and the fusion
proteins were purified by incubating with 2 mL of GT-
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Sepharose beadsrfd h with end-over-end mixing. The
beads were washed extensively with lysis buffer and then
with TBS [50 mM Tris (pH 8.0) and 150 mM NacCl]
containing 5 mM DTT. Beads were stored-a20 °C after

the addition of an equal volume of 100% glycerol to a 50%
suspension of the beads in TBS/DTT. The fusion proteins
were >95% pure as estimated by SBBAGE.

To elute the GSFSH2 fusion proteins from the beads,
200 uL of beads was washed with TBS containing 5 mM
DTT and 1 mM EDTA. Then 50@.L of the same buffer
containing 10 mM GT was added and the mixture incubated
on ice for 15 min with occasional mixing. The beads were
pelleted by centrifugation, and the supernatant was removed.
Typically, 2.5-3 mg of fusion protein was recovered from
200uL of beads. The fusion proteins had the expected mass
as determined by electrospray ionization mass spectrometry.

BlAcore Assay for SH2 Domain Bindind\ll experiments
were carried out in HBS buffer [10 mM HEPES (pH 7.4),
0.15 M NaCl, 3 mM EDTA, and 0.005% Surfactant P20].
The PDGFR 1009 peptide [DTSSVL(pY)TAVQPN] was
biotinylated as described ) and immobilized on a strepta-
vidin-coated sensor chip (Pharmacia) by injectingu10of
an 8.3 ng/mL peptide (flow rate of mL/min). For all
binding experiments, a flow rate of 1€/min was used,
and samples were also injected over a flow cell with no
immobilized peptide to provide a blank sensogram that was
subtracted from the binding sensogram. Control experiments
involving binding of anti-pY monoclonal antibody (injected
at 10ug/mL) reproducibly resulted in a 468150 change in
resonance units. The sensor surface was regenerated at the
end of each experiment with 100 mM HCI which did not
disrupt the high-affinity biotin-streptavidin interaction but
did remove the bound proteins.

RESULTS

Modeling of SH2 DomainPeptide Interactions A unique
feature of the SH2 domains of SHP-2 and SHP-1 is that Gly
occupies theaA2 position instead of a normally highly
conserved Arg (Figure 1). In the crystal structures of the
Src (16, 179 and Lck (8) SH2 domains complexed with
peptides, an amino nitrogen of thé2 Arg side chain makes
an amine-aromatic interaction with the pY ring; in addition,
the aA2 Arg forms several hydrogen bonds with the
phosphate of the pY and with the p¥ 1 residue. In the
structure of the N-terminal SH2 domain of SHP-2 complexed
with peptide 3), the replacement of this Arg by Gly is not
compensated by any structural rearrangement of the SH2
domain relative to Src or Lck. However, while the phenyl
ring of the pY residue is bound in a very similar conforma-
tion in SHP-2 and Src, the phosphate is rotatetis?
relative to that in Src. This rotation results in additional
interactions with thggB5 Arg residue, and overall, the same
number of hydrogen bonds are formed as compared to those
in the Src SH2 domainiQ).

An additional consequence of thed2 Gly of SHP-2 is
that a gap is created in the SH2 domain that appears in the
crystal structure to be filled by the side chain of the pY
2 Val of the PDGFR peptide, helping to cover the phenyl
ring of the pY (Figure 2). We rationalized that replacing
this Gly with Arg would eliminate the involvement of the
pY — 2 residue in the SH2 binding specificity. In addition
to the Arg mutant, five other substitutions were made: Lys,
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SHP-2 N WFH| PNI |TGVEAENLLL| TRG VDG | SFLARPS KSNPG | DFTLSVRR NG AVTHIKI
SHP-2 C WFH| GHL |SGKEAEKLLT| EKG KHG | SFLVRES QSHPG | DFVLSVRT | GDDKGESNDGK S | KVTHVMI
SHP-1 N WFH| RDL |SGLDAETLLK| GRG VHG | SFLARPS RKNQG | DFSLSVRV GD OVTHIRI
SHP-1 C WYH} GHM |SGGQOAETLLQ| AKG EPW | TFLVRES LSQPG | DFVLSVLS DQPKAGPGSPL | RVTHIKV
src WYF| GKI |TRRESERLLL | NAENPRG | TFLVRES ETTKG | AYCLSVSD | FDN AKGL | NVKHYKI
Abl WYH| GPV | SRNAAEYLLS| SG ING | SFLVRES ESSPG | QRSISLRY | EG RVYHYRI
Csk WFH| GKI |TREQAERLLY| PP ETG | LFLVRES TNYPG | DYTLCVSC| D G | KVEHYRI
Fer WYH] GAI |PRIEAQELLK}| KQ G | DFLVRES HGKPG | EYVLSVYS| D G | ORRHFIT
Fgr WYF| GKI |GRKDAERQLL| SPGNPQG | AFLIRES ETTKG | AYSLSIRD | WDQ TRGD | HVKHYKI
Frk WFF | GAI |GRSDAEKQLL|} YSENKTG | SFLIRES ESQKG | EFSLSVLD] G A | VVKHYRI
Fyn WYF] GKL |GRKDAERQLL | SFGNPRG | TFLIRES ETTKG [ AYSLSIRD}] WDD MKGD | HVKHYKI
GAP N WYH| GKL |DRTIAEERLR| QAG KSG | SYLIRES DRRPG | SFVLSFLS | OMN VVNHFRI
GAP C WFH] GKI |SKQEAYNLLM| TVG QVC | SFLVRPS DNTPG | DYSLYFRT | N E | NIQRFKI
Grb2 WFF| GKI |PRAKAEEMLS| KQR HDG ] AFLIRES ESAPG | DFSLSVKF | G N | DVQHFKV
Hck WFF|] KGI |SRKDAERQLL| APGNMLG | SFMIRDS ETTKG | SYSLSVRD | YDP RQGD | TVKHYKI
Lck WFF|] KNL |SRKDAERQLL | APGNTHG | SFLIRES ESTAG | SFSLSVRD | FDQ NQGE | VVKHYKI
Lyn WFF| KDI | TRKDAERQLL | APGNSAG | AFLIRES ETLKG | SFSLSVRD| FDP VHGD | VIKHYKI
Nck WYY | GKV | TRHQAEMALN | ERG HEG | DFLIRDS ESSPN | DFSVSLKA| Q G | KNKHFKV
p85a N WYW}| GDI |SREEVNEKLR| DT ADG | TFLVRDA | STKMHG | DYTLTLRK| G G | NNKLIKI
p85a C WNV| GSS |NRNKAENLLR| GK RDG | TFLVRES SKQG | cyacsvvv| D G | EVKHCVI
She WFH| GKL |SRREAEALLQ| LN G | DFLVRES TTTPG | QYVLTGLQ | S G | QPKHLLL
Syk N FFF| GNI |TREEAEDYLV| QGGMSDG | LYLLRQS RNYLG | GFALSVAH| G R | KAHHYTI
Syk C WFH|} GKI |SREESEQIVL| IGSKTNG | KFLIRAR DNNG | SYALCLLH | E G | KVLHYRI
Vav WYA|] GPM |ERAGAESILA| NR SDG | TFLVRQR VKDAA | EFAISIKY | N V | EVKHTVK
Yes WYF | GKM |GRKDAERLLL | NPGNQRG | IFLVRES ETTKG | AYSLSIRD | WDE IRGD | NVKHYKI
ZAP-70 N FFY| GSI |SRAEAEEHLK| LAGMADG | LFLLRQC LRSLG | GYVLSLVH| D V | RFHHFPI
ZAP-70 C WYH| SSL |TREEAERKLY| SGAQTDG | KFLLRPR KEQG | TYALSLIY] G K | TVYHYLI
l_'\ I_,\
N -C(>—O:C = — —
BE3 E;(: B(: (:[) B[)
SHP-2 N ONT ‘GD | YYDL| YGG | EKF| A | TLAELVQYYMEH| HGQLKEKNGDVIELK | YPL
SHP-2 C RCQ EL | KYDV| GGG | ERF| D j SLTDLVEHYKKN| P MVETLGTVLQLK | QPL
SHP-1 N QNS GD | FYDL| YGG | EKF| A | TLTELVEYYTQQ| QGVLQDRDGTIIHLK | YPL
SHP-1 C MCE GG | RYTV| GGL | ETF| D | SLTDLVEHFKKT| G IEEASGAFVYLR | QPY
Src RKL | DSG | GFYI| TSR | TQF| N | SLQQLVAYYSKH| A DGLCHRLT | TVC
Abl NTA | SDG | KLYV| SSE | SRF| N | TLAELVHHHSTV| A DGLITTLH | YPA
Csk MYH AS | KLSI| DEE | VYF| E | NLMQLVEHYTSD| A DGLCTRLI | KPK
Fer oYV DN | MYRF| EG TGF| S | NIPQLIDHHYTT| KQVIT KKSGVVLL | NPT
Fgr RKL | DMG | GYYI| TTR | VQF | N | SVQELVQHYMEV| N DGLCNLLI | APC
Frk KRL | DEG | GFFL| TRR | RIF| S | TLNEFVSHYTKT| S DGLCVKLG | KPC
Fyn RKL | DNG | GYYI| TTR |AQF| E | TLQOLVQHYSER| A AGLCCRLV | VPC
GAP N IAM CG | DYYI| GG RRF| S | SLSDLIGYYSHV| S CLLKGEKLL | YPV
GAP C CPT | PNN | QFMM| GG RYY| N { SIGDIIDHYRKE| O IVEGYYLK | EPV
Grb2 LRD | GAG | KYFL| WV VKF| N { SLNELVDYHRST| SVS RNQQOIFLR | DIE
Hck RTL | DNG | GFYI| SPR | STF| S | TLQELVDHYKKG| N DGLCQKLS | vPC
Lck RNL | DNG | GFYI| SPR | ITF| P | GLHELVRHYTNA| S DGLCTRLS | RPC
Lyn RSL | DNG | GYYI| SPR | ITF| P | CISDMIKHYQKQ| A DGLCRRLE | KAC
Nck QLK ET | VYCI| GQ RKF| S | TMEELVEHYKKA| PIFTSE QGEKLYLV | KHL
p85a N FHR DG | KYGF| SDP | LTF| S | SVWELINHYRNE| S LAQYNPKLDVKLL } YPV
p85a C NKT | ATG | YGFA|} EPY |NLY| S | SLKELVLHYQHT| SLVQHN DSLNVTLA { YPV
She VvDP EG | VVRT} KD HRF| E | SVSHLISYHMDN| HLPIIS AGSELCLQ | QPV
Syk N ERE | LNG | TYAI| AGG | RTH} A | SPADLCHYHSQE| S DGLVCLLK | KPF
Syk C DKD | KTG | KLSI| PEG | KKF| D | TLWQLVEHYSYK| A DGLLRVLT | VPC
Vav IMT | AEG | LYRI| TEK | KAF| R | GLTELVEFYQQN| S LKDCFKSLDTTLQ | FPF
Yes RKL | DNG | GYYI| TTR {AQF| D | TLQKLVKHYTEH| A DGLCHKLT | TVC
ZAP-70 N ERQ } LNG | TYAI| AGG | KAH| C | GPAELCEFYSRD| P DGLPCNLR | KPC
ZAP-70 C SQD | KAG | KYCI| PEG | TKF| D | TLWOLVEYLKLK| A DGLIYCLK | EAC
E:i:> r——h\\ r——’\\ 44::::>___(:

Ficure 1: Alignment of human SH2 domain sequences. A subset of human SH2 domain-containing proteins was chosen from the Prosite
SH2 domain profile, and their SH2 domains were aligned using GCG PileUp. The boxes show the boundaries of secondary structure
elements as defined by Eck et al8[ and are indicated schematically at the bottom along with the notation for these elementsAZ'he
residue is marked by an asterisk. For proteins with two SH2 domains (e.g., SHP-2), the SH2 domains are indicated as N or C, for N-terminal
or C-terminal.

another basic residue that is occasionally observed at this Binding Studies with Mutant SH2 Domain3he ability

position in other SH2 domains; His, the only other basic of the SH2 domains to bind to the PDGFR 1009 peptide
residue, for completeness; Gin, as it appeared by modelingwas assessed by surface plasmon resonance, using a BlAcore

to be able to reach far enough to interact favorably with the system. The SH2 domains were eluted from the Sepharose

pY; Met, to occupy the space created by Glyo#2; and beads by competition with glutathione, diluted to 500 nM

Ser, because modeling suggested that it would eliminate thein HBS buffer, and injected over immobilized PDGFR 1009

need for a bound water molecule that hydrogen bonds with peptide on a sensor chip. As is apparent from the overlay

the peptide. sensograms (Figure 3), the wild-type SH2 domain caused
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Ficure 2: Comparison of theA2 residue-pY peptide interactions of Src and SHP-2: (A) Src SH2 domain (orange) with bound PQ-
(PY)EEI peptide (green) and (B) N-terminal SH2 domain of SHP-2 (cyan) with bound SVL(pY)TAVQPNE peptide (yellow). In both SH2
domain structures, theA2 residue is shown in white. The orientations were matched by overlaying the structures, with an rms deviation
of 0.72 A between 40 residues in conserved structural elements. Note the gap created by the replacememt2oftgewith Gly in

SHP-2, which is filled by the Val side chain of the pY 2 residue. The images were produced using the MidasPlus software system from
the Computer Graphics Laboratory of the University of California at San Fran@3goQoordinates were obtained from the Brookhaven
Protein Data Bank (Src, ID code 1SPS; and SHP-2, ID code 1AYA).

140 *
120 -

100 A

Table 1: Association and Dissociation Rate Constants for the
Interaction of Wild-Type an@&xA2 Arg SH2 Domains with PDGFR
1009 Peptide

SH2
domain

ks = SE
(x10*s 12

8.87+1.17
7.66+ 0.29

Kg+ SE
(nM)P

42.9£ 5.7
38.3£12.9

ka+ SE

(x104M-1s1ya
2.10+ 0.42
219+ 0.77

80 A

wild-type
aA2 Arg

aKinetic parameters for binding were calculated from the sensograms
in Figure 3 and at three other SH2 domain concentrations, after blank
subtraction using the BlAevaluation software package. The values
represent the average and standard deviation of the four determinations.
-20 ’ . . . ’ b TheKqywas calculated for each of the four SH2 domain concentrations

1 U U
0 50 100 150 200 250 300 350 400 450 from the ratio of theky over thek, and the values were averaged.
Time (s)

60 -

40 -

Response (RU)

Lys,His,Gin,
Met,Ser

0 / -

201

Ficure 3: Overlay sensograms for the binding of wild-type and : : s .
0A2 substituted SH2 domains to immobilized PDGFR 1009 PDGFR 1009 peptide immobilized on the sensor chip

peptide. The various SH2 domains (indicated by d#€ residue [DTSSVL(pY)TAVQPN] is designated as *113” and the
or wild-type) were diluted to 500 nM in HBS buffer and injected numbering of all truncated peptides is based on this number-
peptide, and the background (.c.. inection over the sensor surfaceJ; ISt the concentration of free13 peptide that
\F/)v(iat%(ljutlimmobilized pgptide) W:ds”sug)tracted: first arrow, injection red_uced the binding by 50% (i.e., theSbDNas determined,
of SH2 domain; and second arrow, wash with HBS buffer. which was~1.5 uM for both the wild-type andxA2 Arg

SH2 domains (Table 2). The various peptide competitors
were tested at this concentration. If they competed as well
as the 13 peptide, then binding would similarly be reduced
by 50%; if they were poorer competitors, little or no

the largest change in resonance units upon binding, followed
by theaA2 Arg mutant. The other five mutants displayed
no detectable binding to the peptide under similar conditions.
From the sensograms, the kinetic binding constants were C
calculated for the wild-type andA2 Arg SH2 domains and reduction |n. .bllndlng would be obs?rved. i

are summarized in Table 1. The dissociation constants for 1he specificity for the pY— 2 residue was examined by
the two SH2 domains are essentially identical, with an testing a series of peptides based on the minimum high-
affinity of ~40 nM. affinity sequence [VL(pY)TAV, “5-10"] with substitutions

Binding Sequence Specificities of Wild-Type aA® Arg at the pY — 2 position. The pY— 2 residue was an

SH2 Domains We previously demonstrated) that the
minimum sequence surrounding Tyg of the PDGFR for
high-affinity binding to the SH2 domains of SHP-2 was VL-
(pY)TAV. To determine if then A2 Arg mutation changed
the binding specificity of the SH2 domain, a number of

important determinant of binding to the wild-type SH2
domain. Peptides with Val, lle, and Leu at this position
competed strongly; Met, Phe, and Thr were reasonable
competitors, and Ser and Ala were poor competitors (Figure
4A). For theaA2 Arg SH2 domain, all peptides competed

peptides were tested for their ability to compete in the equally well (Figure 4B), indicating that the side chain at

BlAcore assay.

In referring to the peptides, the 13mer this position was unimportant. The d§ of a subset of the
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Table 2: 1Go Values for Peptide Competitors with Wild-type and A
oA2 Arg SH2 Domains 100
peptide sequence” ICso (wild-type) ICs (A2 Arg)
competitor +S.E. (uM)’ +S.E. (uM)’
1-13 DTSSVL(pY)TAVQPN 1.3+0.1 1.2+0.1
5-10 VL(pY)TAV 0.56 +0.04 25+0.3
5-10 Ala5 AL(pY)TAV 11.3+£0.7 1.5+0.2 %
5-10 Thr5 TL(pY)TAV 1.7+0.5 1.8+0.2 %s
5-10 SerS SL(pY)TAV 192+1.5 22+03 “g
5-10 Leus LL(pY)TAV 1.0£0.1 27+0.1 &
5-10 Alal0 VL(pY)TAA 53+0.6 24815 g
5-14 VL(pY)TAVQPNE 0.90 +0.03 25+04 £
6-14 L(pY)TAVQPNE 24326 54£07
7-14 Ac-(pY)TAVQPNE 35120 22+02
a All peptides have carboxyamide at the C terminus and a free amino
group at the N terminus, except the ¥4 peptide which is N-acetylated
(indicated by Ac)P Values were determined from BlAcore binding

assay, on the basis of the amount of peptide required to reduce the val
maximal SH2 domain binding to the immobilizee-13 peptide in the
absence of peptide competitors by 50%. Theyl®alues were
determined from a graphical fit as described previoush).(

lle Leu Met Phe Thr Ser Ala

peptide

100

peptides were determined (Table 2), further emphasizing the
difference between the wild-type ané\2 Arg SH2 domains. ]
For the wild-type SH2 domain, the §gs varied over a 35- 80
fold range, while for thexA2 Arg SH2 domain, less than a ]
2-fold range of 1Gy's was observed. The specificity for the
pY + 3 residue was unaffected by thé2 Arg substitution;
replacing the pY+ 3 residue with Ala increased the 4C
10-fold relative to that with Val for both the wild-type and
oA2 Arg SH2 domains (Table 2).

To explore further the peptide binding determinants,
truncated peptides were tested for their ability to compete ]
for binding. The results with the wild-type SH2 domain were 20+
as expected. Peptides that contained the minimuiCb ]
sequence [VL(pY)TAV] competed as well as the-13 ]
peptide, while truncations that extended into this sequence 0
(i.e., the 19, 6-14, and 714 peptides) did not compete
(Figure 5A). With thenA2 Arg SH2 domain, the same result _ ] _ o
was observed with C-terminal truncated peptides. Th&a EloGr;JSEti‘tli:onsﬁvevcilt d_?;ptg‘(* A%u_Azz Arrgsgggr:{‘(él')egﬂ"jze dé’f‘ﬂgmg
peptlde. comp_eted well, while the-D pept'de,was, a poor (500 nM each) were incubated with the indicated peptides at 1.5
competitor (Figure 5B). However, substantial differences ,m in HBS buffer. The increase in resonance units at steady state
were observed with the N-terminal truncated peptides. was determined, and the background (i.e., injection over the sensor
Removal of N-terminal residues had little effect on the ability surface without immobilized peptide) was subtracted. Binding is
of the peptides to compete for binding (Figure 5B). The expressed as a percentage of the SH2 domain binding in the absence
differences are clearly apparent by comparing the$f of competitor to the 13 peptide immobilized on_the sensor chip.

. Yy app . y p 9 All peptides have the sequence XL(pY)TAV, with the residue at
the N-terminal truncated peptides (Table 2). Removal of the pY — 2 position (X) indicated.
the N-terminal residues increased the@0-fold for the
wild-type SH2 domain but had no effect on thesd@vith supports the importance of the p¥ 2 residue, as all of
the aA2 Arg SH2 domain. The higher Kg of the 6-14 these sequences have a hydrophobic residue at this position.
peptide is presumably due to the fact that it is not N- The consensus binding sequence for these SH2 domains can
acetylated, since nonacetylatee 74 peptide was a poorer  thus be extended to hydrophobic-X-(pY)-hydrophobic-X-
competitor than N-acetylated-14 peptide (data not shown).  hydrophobic, with a preference for Val, Leu, and lle at the

Comparison of in Mio Binding Target Sequencedhe pY — 2 and pY+ 3 positions.
involvement of the pY— 2 residue in directing high-affinity SHP-1 has also been shown to associate with c2d}, (
binding to the SH2 domains of SHP-1 has also been but the actual pY residue to which the SH2 domains bind
demonstrated1?), which by analogy to SHP-2 is likely a has not been determined. On the basis of this extended
consequence of their having Gly residues atth2 position consensus binding sequence, a likely site for SHP-1 associa-
(Figure 1). A number of in vivo binding targets have been tion with c-Kit is at Tyrs (VSYVVP), assuming this Tyr
identified for SHP-2 and SHP-1 and the sites of association represents an in vivo phosphorylation site. Similarly, SHP-2
mapped to particular pY residues (Table 3). A comparison associates with the platelet endothelial cell adhesion mole-
of the sequences surrounding the target pY residues furthercule-1 (PECAM-1) at an unknown sit8@. Of the five

607

40

binding (% of control)

Val lle Leu Met Phe Thr Ser Ala
peptide
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A Table 3: Sequences of Identified in Vivo Binding Sites of SHP-2
100 and SHP-1
Enzyme In vivo binding target” Binding sequence” Reference
80 _ SHP-2 IRS-1 SLN (pY;172) IDLDLV 20
1 SHP-2 PDGFR SVL (pYi1009) TAVQPN 2]
. SHP-2 BIT DIT (pYy3¢) ADLNLP 22
._g SHP-2 BIT TLT (pY477) ADLDMV 22
é SHP-2 IR HIP (pY13;,) THMNGG 23
::Z SHP-2 EpoR* SFE (pYs27) TILDPS 24
o SHP-2 IL-3 Bc SLE (p¥e1;) LCLPAG 25
§ SHP-1 CD22 TVS (pY+s3) AILRFP 26
a SHP-1 CD22 SIH (pYss3) SELVQF 26
SHP-1 CD22 DVD (pYsge3) VTLKH 26
SHP-1 EpoR* HLK (pYyss) LYLVVS 27
SHP-1 IL-3 Bc SLE (pYe12) LCLPAG 25
a|RS-1, insulin receptor substrate 1; BIT, brain immunoglobulin-

1-13 1-10 1-9 5.14 6-14 714 like molecule with tyrosine-based activation motifs; IR, insulin receptor;
IL-3 fc, interleukin 3 receptoic subunit; EpoR, erythropoietin
receptor? The number indicates the location of the pY residue in the
B target protein sequence. The pY2, pY + 1, and pY+ 3 residues

are highlighted in bold¢ The amino acid sequence numbering for EpoR
is taken from Yi et al. 28).

peptide

100

to their substrates. Also, the SH2 domains modulate the
catalytic activity of these PTP$). Thus, knowledge of the
SH2 domain binding specificity is clearly important in
determining the interaction partners of SHP-1 and SHP-2
and placing them in the appropriate pathways as well as in
understanding their regulation.

The SH2 domains of SHP-2 and SHP-1 have an unusual
requirement for residues N-terminal to the target pY for high-
affinity binding (11, 12. We have shown here that, for the
N-terminal SH2 domain of SHP-2, this requirement arises
at least in part from theA2 Gly residue in place of a highly
conserved Arg. The wild-type andA2 Arg mutant SH2
domains have distinct binding specificities as demonstrated
by the peptide binding competitions (Figures 4 and 5 and
Table 2). In particular, interactions between the SH2 domain

) ) _ _ o and residues N-terminal to the target pY were eliminated in
Ficure 5: Effect of peptide truncations in peptide binding

competitions. Wild-type (A) ool A2 Arg mutant (B) SH2 domains the A2 Arg mutant. TheaA2 Arg mutant showed no

(500 NM each) were incubated with the indicated peptides at 1.5 S€lectivity toward a variety of p¥- 2 substituted peptides
uM in HBS buffer. Binding is expressed as described for Figure 4. as compared to wild type (Figure 4B vs Figure 4A, Table
2). Furthermore, removal of all residues N-terminal to the
intracellular Tyr residues, only the sequence surrounding pY had no appreciable effect on binding to thé2 Arg
Tyress (VQYTEV) conforms to the high-affinity binding  SH2 domain (Table 2, compare-34 and 714 peptides),
sequencedl) and represents the likely site of association if while affinity for the wild-type SH2 domain was decreased
it is phosphorylated in vivo. Interestingly, there is also a 40-fold.
Tyr at position 686 which may provide a binding target for Changing thexA2 Gly of the N-terminal SH2 domain of

binding (% of control)

peptide

the C-terminal SH2 domain of SHP22, SHP-2 to Arg had little effect on binding to the PDGFR 1009
peptide; in fact, the binding kinetic constants were almost
DISCUSSION identical for the wild-type andA2 Arg SH2 domains (Table

The PTPs SHP-2 and SHP-1 play essential roles in severafl)- The aA2 position has previously been shown to be
tyrosine phosphorylation signaling pathways, as shown by rélatively tolerant to changes, as mutations at this position
the number of in vivo binding targets that have been IN the N-terminal SH2 domain of Gap had only minor effects
identified (Table 3). Furthermore, mice carrying mutations ©On binding (9). However, in this study, only theA2 Arg-
in these PTPs display severe developmental def82{s33. substituted SH2 domain was competent for high-affinity
The SH2 domains of these PTPs direct their association with Pinding; substitution with five other residues at this position
the appropriate targets to form specific, regulated signaling résulted in weaker binding that was not detectable in the

complexes, which may serve to bring SHP-1 and SHP-2 closeBIAcore assay (Figure 3). Because of a2 Gly, there
is a major change in the pY binding as the phosphate of the

2While this manuscript was being reviewed, it was demonstrated pY residue is rotated-180° relative to the Src and Lck

that Tyles and Tygss of PECAM-1 do in fact bind to the N- and  complexes. It s likely that, in the Gly~ Arg mutant, the
C-terminal SH2 domains, respectively, of SHP-2 in vids)( pY phosphate binds in an orientation similar to that for the




Structural Basis of SH2 Domain Specificity

Src and Lck SH2 domains, although a structural determina-
tion is required to confirm this. Thus, while the interaction
with the pY — 2 residue is eliminated, compensatory amino
aromatic interactions between thé2 Arg and the phenyl
ring of the pY may be created like that observed in the Src
and Lck SH2 domains, accounting for the similar binding
affinities of the wild-type an@A2 Arg SH2 domains. Such
interactions would not be formed in the other SH2 domain

mutants made here, consistent with these SH2 domains not ="
binding efficiently to the PDGFR 1009 peptide. These data 13,

suggest that the A2 Arg is directly involved in maintaining
a high-affinity interaction and is responsible for the change
in specificity.

The role of thex A2 Gly in creating the pY- 2 interaction
reinforces the involvement of N-terminal residues in the
binding of the SH2 domains of SHP-21). Similarly, the
SH2 domains of SHP-1, the other mammalian SH2 domain-
containing PTP, have Gly at theA2 position (Figure 1),
and an interaction with the pY- 2 residue has been
demonstrated1Q). An aA2 Gly is also found in the SH2
domain of Ctk 84) [also known as Matk35) and Hyl 36)],

a member of the Csk family of protein tyrosine kinases.
While there is no information on the binding specificity of
the Ctk SH2 domain, the presence of the2 Gly suggests

by analogy to SHP-2 and SHP-1 that residues N-terminal to
the target pY are involved. Thus, thesa2 Gly-containing
SH2 domains may define another class with specificity for
residues both N- and C-terminal to the target pY. From the

results presented in this study, the consensus binding 22-
23.

sequence for high-affinity binding appears to be hydrophobic-
X-(pY)-hydrophobic-X-hydrophobic, with a preference for
aliphatic amino acids at the p¥ 2 and pY+ 3 positions.

Indeed, almost every in vivo binding target for the SH2 24.

domains of SHP-2 and SHP-1 has Val, Leu, or lle at the pY
— 2 position (Table 3), further supporting these observations.
This binding mode has important implications for identifying
in vivo binding targets for these critical PTPs in cell signaling
and reinforces the fact that SH2 binding specificity is defined
by more than the three residues C-terminal to the target pY.
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