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ABSTRACT. A method for the rapid identification of high-affinity ligands to Src homology-2 (SH2) domains

is reported. A phosphotyrosyl (pY) peptide library containing completely randomized residues at positions
—2 to +3 relative to the pY was synthesized on TentaGel resin, with a unique peptide sequence on each
resin bead (total 2.5 1P different sequences). The library was screened against the biotinylated N- and
C-terminal SH2 domains of protein tyrosine phosphatase SHP-1, and the beads that carry high-affinity
ligands of the SH2 domains were identified using an enzyme-linked assay involving a streptavidin
alkaline phosphatase conjugate. Peptide ladder sequencing of the selected beads using matrix-assisted
laser desorption ionization mass spectrometry revealed consensus sequences for both SH2 domains. The
N-terminal SH2 domain strongly selects for peptides with a leucine at-thposition; at the C-terminal

side of the pY residue, it can recognize two distinct classes of peptides with consensus sequences of
LXpY(M/F)X(F/M) and LXpYAXL (X = any amino acid), respectively. The C-terminal SH2 domain
exhibits almost exclusive selectivity for peptides of the consensus sequence, (V/I/L)XpYAX(L/V). Several
representative sequences selected from the library were individually synthesized and tested for binding to
the SH2 domains by surface plasmon resonance and for their ability to stimulate the catalytic activity of
SHP-1. Both experiments have demonstrated that the selected peptides are capable of binding to the SH2
domains with dissociation constantspf in the low micromolar range.

Signal transduction, regulation of gene expression, and phosphate group/-9). Additional binding energy is pro-
other cellular processes are all mediated by two types of vided by interactions between amino acids adjacent to pY,
events: chemical modification (e.g., phosphorylation and particularly the three residues immediately C-terminal to pY,
dephosphorylation) and physical association of the proteinsand the less conserved surface of the SH2 domain. This latter
involved (i.e., formation of proteinprotein complexes). A interaction also governs the selectivity of a given SH2
major advance in the latter area was the realization in 1990sdomain in binding to a specific pY partner. Presumably, the
that many proteirrprotein interactions are mediated by small  binding specificity of different SH2 domains directs the
protein modules, which recognize linear peptide motifs in proteins that contain them to different pY receptors, thereby
their partner proteinslj. The Src homology-2 (SH2Jlomain  transducing specific signals to downstream proteins. An
was among the first such modules discove®d|f consists  important task in signal transduction research is therefore to

of ~100 amino acids and is an independently folded determine the binding specificities of these SH2 domains as
functional module found in a wide variety of signaling \ye|l as other protein modules.

proteins 8, 4). SH2 domains bind to their interacting proteins
by recognition of linear phosphotyrosine (pY)-containing
sequence motif&( 6). Structural studies of SH2-pY peptide
complexes reveal that a key interaction, which is common . - .
to all SH2 domains, is the insertion of the pY side chain to enrich the SH2-binding sequences from a pY peptide

into a deep pocket in the SH2 domain, where an invariant IPrary. Sequencing of this enriched pool generated a
arginine residue forms a bidentate interaction with the py CONSensus sequence(s) based on preferentially selected amino
acid(s) at a given positiorb(6). The second method involved

f This work was supported in part by a grant from the National Screening support-bound libraries against a fluorescently
Institutes of Health (Al40575), American Cancer Society (IRG-16  |abeled SH2 domainlQ). The positive beads with the bound
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¥To whom correspondence shouid be addressed. Phone: (614) 688_SH2 were removed from the library by fluorescence-activated

4068. Fax: (614) 292-1532. E-mail: pei.3@osu.edu. bead sorting and sequenced as a pool. Both methods provide
! Abbreviations: Nle, norleucine; BCIP, 5-bromo-4-chloro-3-indolyl-  information on the consensus sequence but do not give

phosphate; SH2, Src homology 2; SH2(N), N-terminal SH2 domain; ;ndivi ; i
SH2(C). C.terminal SH2 domain: pY, phosphotyrosine: MALDI MS, individual sequences. As several amino acids are often

matrix-assisted laser desorption ionization mass spectrometry; MBP, €Nriched at a given position, there is still a great deal of
maltose-binding protein; GST, glutathioSdransferase. uncertainty as to which particular amino acid combination

Several combinatorial library methods have been devised
to systematically determine the binding specificity of SH2
domains. The first method employed an SH2 affinity column
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will produce a high-affinity binder. It is possible that a to remove any free biotin. The protein was collected,
peptide featuring the most preferred residues at each positionconcentrated in a Centriprep-10 concentrator, and quickly
actually does not have the highest affinity. Furthermore, frozen in the presence of 33% glycerol.
because these methods selectfath affinity and abundance Library Construction The pY peptide library, Ac-DEXX-
of certain types of sequences, a high-affinity peptide that is pYXXXIBBRM (X = Nle or any natural amino acid except
present only in minute amounts in the library may be entirely for Met and Cys), was synthesizeth & g of TentaGel S
missed. In the third method, bacteriophage bearing shortNH; resin (86-100xm, 0.3 mmol/g) as previously described
random peptide sequences on their surfaces was phosphof24). The random positions were generated by the split-pool
rylated by a kinase cocktail and selected against an im- synthesis methodl@, 14) and the coupling reactions were
mobilized SH2 domain1(1). The sequences of the SH2- carried out with 5 equiv of reagents for-3 h and repeated
binding pY peptides were determined by amplifying the once. To generate some chain-termination products for
bound phage and sequencing their DNA. The limitation of peptide ladder sequencing by MALDI mass spectrometry, a
this method is that the starting library is grossly biased by small amount of capping reagents was added to the coupling
the specificities of the kinases (only—3% phage were reactions (along with the individual amino acids) during the
phosphorylated). Finally, a method has been developed tosynthesis of the randomized regioB5|. N-Acetylalanine
combine library affinity selection with mass spectrometry (10%) was used for Nle; a mixture &f-acetylalanine and
to identify SH2-binding sequenced?). However, this N-acetylglycine (5% each) was used for GIn and lle; and
method has only been demonstrated with very small libraries N-acetylglycine (10%) was used for all other amino acids.
(361 members). Side-chain deprotection of the resin-bound peptides was
We report here yet another method to identify specific performed as previously describeziy.
binding motifs for SH2 domains or other protein modules  Library Screening and MALDI Peptide Sequencihg
from a combinatorial peptide library. The library (up to 2.5 brary beads were exhaustively washed with,CkH DMF,
x 10° individual sequences) was synthesized on bea@$( H.O, and TBS buffer (20 mM Tris-HCI, pH 7.4, 150 mM
um in diameter) using the split-pool methoti3( 14), with NacCl, 0.1% Tween 20) containing 0.1% (w/v) gelatin. The
each bead carrying a unique peptide sequence. The librarylibrary beads were incubatedrfa h in theabove buffer to
was screened for SH2 binding using an enzyme-linked assay block any nonspecific protein binding sites. The beads were
and the positive beads were manually removed from the next suspended in fresh TBS buffer containing 4
library and sequenced by matrix-assisted laser desorptionbiotinylated MBP-SH2(N) or 1.5-3.5uM biotinylated SH2-
ionization (MALDI) mass spectrometry. This method pro- (C) and the mixture was incubated for-&2 h at 25°C with
vides both individual sequences and a consensus sequencesonstant mixing. After initial incubation with SH2 protein,
(s) and should be readily applicable to other protein modules. the mixture was supplemented with-104.3 nM streptavi-
The power of this method has been demonstrated by the rapiddin-alkaline phosphatase conjugate and 25 mM sodium
identification of high-affinity pY peptide ligands for the SH2  phosphate. The mixture was shaken at room temperature for
domains of protein tyrosine phosphatase SHHAA—(98). 15 min and quickly washed with PBS buffer (20 mM sodium
phosphate, pH 7.4, 150 mM NaCl) containing 0.1% Tween
MATERIALS AND METHODS 20 (2 x 3 mL), 3 mL of PBS buffer, and 3 mL of TBS
Materials and General Method$-Bromo-4-chloro-in- buffer (20 mM Tris-HCI, pH 8.5, 150 mM NaCl). The resin
dolyl-phosphate (BCIP), biotin, and streptavidin-alkaline beads were suspended in 12 mL of the TBS buffer (pH 8.5)
phosphatase conjugate were purchased from Sigma Chemicahnd incubated in the presence of 1.4 mM 5-bromo-4-chloro-
Co. Gelatin was purchased from Bio-Rad. All peptide 3-indolyl-phosphate (BCIP). Typically, the staining reaction
synthesis reagents and resins were purchased from Advancedas allowed to proceed for 360 min at room temperature
ChemTech (Louisville, KY). Soluble peptides including before being quenched by incubatiom & M guanidine
biotinylated peptides were synthesized on Wang resin usinghydrochloride for 1520 min. The beads were washed
standard Fmoc chemistry on 0.048.2 mmol scale as exhaustively with water prior to sequence analysis. Positive
detailed previouslyX9). Phosphotyrosyl (pY) peptides were beads were readily identified by their intense turquoise color
synthesized using unprotectéFmoc-pY during the cou-  and were manually removed from the library with a mi-
pling reactions 20). Crude peptides o&80% purity (as cropipet under a low-power microscope. A control screening
judged by analytical HPLC) were used directly, whereas less was performed with biotinylated MBP (no SH2) under the
pure samples were purified by reversed-phase HPLC on asame conditions but resulted in no colored beads. Individually
semipreparative {g column prior to use. The identity of all ~ selected beads were each incubated withtP®f 20 mg/
peptides was confirmed by MALDI mass spectrometric mL CNBrin 70% formic acid for 26-24 h in the dark. The
analysis. SHP-1, its isolated N- and C-terminal SH2 domains, solvent and excess CNBr were removed under vacuum and
and their maltose-binding protein (MBP) or glutathione-S- the released peptides from each bead were dissolved in 3
transferase (GST) fusion proteins were expressed and purifieqeL of 0.1% TFA in water. Sequence analysis was carried
as previously describe®{—23). Biotinylation of proteins out on a Kratos Kompact MALDHII mass spectrometer
was carried out by treating MBPSH2(N), MBP, or the free  in the positive ion mode as described previously)(
SH2(C) protein (186:800uM in 50 mM sodium phosphate, SH2-pY Peptide Binding Assaysvo different assays were
pH 7.0, 150 mM NaCl) with 1.82.5 M equiv of N- performed to detect binding of SH2 domains to pY peptides
hydroxysuccinimidobiotin for 30 min at room temperature. selected from the library. In method A, pY peptides were
The samples were passed through a Pharmacia G-25 Fasassayed for their ability to stimulate SHP-1 activig2(23).
Desalting column equilibrated in 20 mM Tris-HCI, pH 7.5, The assay reaction (total volume of D) contained SHP-1
150 mM NaCl, 10 mM3-mercaptoethanol, and 1 mM EDTA (73 nM), 10 mMp-nitrophenyl phosphatglPP), 100 mM
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Hepes, pH 7.4, 1.0 mM-mercaptoethanol, 1.0 mM EDTA, invariant lle is placed at the-4 position because our earlier
150 mM NaCl, and 6600 uM pY peptide. The reaction  screening of a tetrapeptide library, Ac-LKpYXXXXBBRM-
was allowed to proceed for 31 min at room temperature resin, indicated that the SH2(N) of SHP-1 has very weak
before being quenched with 9%@ of 1 M NaOH, and the  selectivity for a hydrophobic residue at this position (un-
absorbance at 405 nm was measured on a-\u¥ spectro- published results). Methionine is excluded from the random-
photometer. Peptide concentrations were determined byized region to avoid internal cleavage during CNBr treatment
hydrolysis of pY to completion with alkaline phosphatase and is replaced by the isosteric norleucine residue. In all of
followed by the malachite green assay of the releasedour studies so far2@d, 32), we have found no significant
inorganic phosphate26). All reactions were carried out in  effect on either protein binding or enzyme catalysis when
triplicates. Nle is substituted for Met. The library was synthesized on
In method B, the Pharmacia BlAcore was employ2d.( TentaGel S NHresin (2.86x 10° beads/g) using the split-
pY peptides were biotinylated at their N-termini via solid- pool method 13, 14), with each bead carrying a unique
phase peptide synthesis and immobilized onto streptavidin-sequence~{100 pmol of peptide on each bead). This method
coated sensorchips by passing a pulse of ML peptide ensures equal representation of all possible sequences in the
solution in HBS buffer (10 mM Hepes, pH 7.4, 150 mM library. Partial chain termination was effected by the addition
NaCl, and 3.4 mM EDTA) over the surface of a chip. For of 10% N-acetylglycine and/oN-acetylalanine to the indi-
most peptides, 15 uL at a flow rate of 10uL/min was vidual coupling reactions during the construction of the
sufficient to result in 156350 response units (RU). The randomized region (see Experimental Procedures).
amount of immobilized pY peptide was determined by  The library (theoretical diversity: 1% or 2.5 x 10°) was
saturating the surface with GST-SH2{C) and measuring  screened for binding to both SH2 domains of SHP-1. For
the maximal response units. This low loading density of pY the N-terminal SH2 domain, a maltose binding protein fusion,
peptides drastically reduces the avidity effects due to GST MBP—SH2(N), was employed, whereas the free C-terminal
dimerization R8). Data for secondary plot analysis was SH2 domain was used. Both SH2 domains were biotinylated
generated by passing increasing concentratior®QQ«M) on a surface lysine residue(s) by treatment Wthydroxy-
of an SH2 protein in HBS buffer over the sensor chip at 10 succinimidobiotin. Screening was based on the assumption
uL/min for 3 min. A sham flow cell with no attached peptide that binding of the biotinylated SH2 domain to a bead that
was used to account for any signal generated due to thecarries a high-affinity pY peptide for the SH2 domain should
solvent bulk or any other effect not specific to the SH2- recruit a streptavidin-alkaline phosphatase conjugate to the
peptide interaction. Between runs, regeneration of the chip surface of that bead. Upon the addition of 5-bromo-4-chloro-
surface was facilitated by using the running buffer supple- 3-indolyl phosphate (BCIP), the bound alkaline phosphatase
mented with 0.025% SDS and 0.019% NP-40. Data analysiswould cleave BCIP into an indole, which should instanta-
was carried out by plotting the response at equilibrium, neously dimerize in air into indigo, resulting in a turquoise
obtained by subtracting the response of the sham flow cell precipitate deposited on the bead surface. As a result of this
from that of the pY peptide flow cell, against the SH2 domain reaction cascade, a bead carrying a specific SH2 ligand would

concentration. The data were fit to the equation become colored.
Analysis of Selected Sequenc@sreening of 1.0 g of resin
RU = RU,,,[SH2]/(K, + [SH2]) (~2.86 x 10f beads) each against the N- and C-terminal

) ] SH2 domains of SHP-1 resulted #1150 and~300 colored
where RU is the measured response and.RUs the beads, respectively. Peptide ladder sequen@dg25) was
maximum response. performed for all 150 beads selected against MEIPI2(N)
RESULTS to give 97 unambiguous sequences (Table 1). The rest of
the beads (total 53) produced mass spectra that missed one

Library Design, Construction, and Screenifighe majority or a few peaks in the peptide ladder and, therefore, complete
of SH2 domains recognize primarily the pY residue and the sequence assignment was not possible. Out of the 300 beads
three residues immediately C-terminal to @ §), although selected against the SH2(C) domairl. 75 of the brightest
it has been reported that, for a few SH2 domains including color were isolated from the library and individually
those of SHP-1, the-2 position (relative to pY) of a pY  sequenced to give 112 unambiguous sequences (Table 1).
peptide is also important for high-affinity interactio@9( Analysis of the selected sequences reveals that each SH2
30). Thus, we designed a pY library, acetyl-DEXXpYXXXI-  domain exhibits two different consensus sequences and the
BBRM:-resin, in which the two residues immediately N- two SH2 domains have overlapping but distinctive specifici-
terminal to the pY and the three C-terminal residues are ties (Table 1 and Figure 1). For the N-terminal SH2 domain,
randomized [X= norleucine (Nle) or any of the 18 natural the majority of the selected sequences (85 of 97) belong to
amino acids except for Met and Cys;=B S-alanine]. The class I, which has a consensus sequence of L(Y/H)pY(M/
C-terminal methionine permits the peptides to be releasedF)X(F/M). An earlier screening of the tetrapeptide library
from the resin by CNBr treatment prior to sequencing, Ac-LKpYXXXXBBRM yielded the same consensus, dem-
whereas the C-terminal arginine provides a fixed positive onstrating the reproducibility of the library method (data not
charge that will improve the solubility of the peptides and shown). A striking feature of this SH2 domain is that the
increase the sensitivity for sequencing by mass spectrometrystrongest selectivity is at the2 position, with a leucine
(25). Two acidic residues, Asp and Glu, were added at the being the most frequently observed residue; even norleucine
N-terminus to ensure reasonable solubility of all peptides. and isoleucine, which are structurally similar to leucine, are
The two S-alanines add some flexibility to the peptides, only found sparingly at this position. The SH2 domain also
making them more accessible to a protein tar@d).(An exhibits strong selectivity for residues C-terminal to the pY.
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residue (e.g., histidine, arginine, or glutamine) at position

Table 1: Sequences of Peptides Selected from the pY Library o - 4 .
—1, and a positively charged residue (e.g., arginine or lysine)

SH2(N) at position +2. The class Il peptides (total 68) have a
Class I  LepyMEM  LHpYMPM  MHpYMLF | ClassI consensus sequence of XXpYYM(K/R) (Table 1). In contrast
LYpYFAF  LHpYMFA  LQPYMTF  IRpYFSF | LNpYAFL to class | sequences, the most selective position is actually
i;gggi fﬁiiﬁﬁ? ;‘gggggf iggigéf iggg‘gi at position+2, where norleucine is exclusively selected. A
LLpYMFM  LHpYMVL  LNpYMLF  IHPYMVF | IYpYANL* tyrosine is strongly preferred at positial, with phenyl-
ggiﬁgg iggfgg iggggg ;gggiﬁ ggfggi alanine being the only acceptable substitution. A positively
LYpYMOL  LHpYFLM  LNpYMNF  TDpYNWV | LYpYADL charged residue, lysine or arginine, is highly preferred at
ggxgg ignggﬁ iggzgég Eﬁgggg i:gi:;i position+3. Essentially all of the selected sequences have
LYpYMNV  PRpYMAF  TQpYMFM  SYpYYLR | LWpYAQL the consensus sequence at the C-terminal side; they only
ggiggi iigiﬁiﬁ gggglfg Egg;‘@gi differ by their N-terminal sequences. Note that the class |
LYpYMFP  LKpYMAF  LNpYFAF sequences of the C-terminal SH2 domain closely resemble
gg&fg Eiiiﬁii igggiﬁg the class Il sequences of the N-terminal SH2 domain.
LYpYMND  MKpYMRF  ISpYFLF Affinity Measurements of Selected Sequen&ss/eral
iggfgg fﬁgig?; EE‘;?;E% representative peptides selected from the two libraries were
LYpYLAP  LKpYFMH  MHpYFVY re-synthesized individually and tested for binding to the SH2
LYpYLFF LRpYYMF MHpYFMF ; :
PYDYMEM  VKDYEME  MHDYEME domains of SHP-1 using the surface plasmon resonance
LHpYMDF  LKpYLMF  MHpYMYY technique (BlAcore) (Table 2). Immobilization of the pY
LHpYMYY LRpYIVM MHpYLYF H idin- h ff
LHOYMIM  TORYMLE  MHLYMIM peptides onto streptavidin-coated sensorchips was effected
by the addition of a biotin to the N-termini of these peptides

during solid-phase synthesis. To maximize the accessibility

SH2(C ; . . )
© of the surface bound peptides to an incoming SH2 domain,

Class I  IVpYAQM | ClassII  HGpYYMK  FVpYYMK a flexible Iinker of AIaﬂ-AIa-ﬁ—AIa-ﬁ-Ala (ABBB) is added
TTPYRRL ngigi gxpgﬁR iﬁpﬁﬁi ;gpggi between the biotin and the N-terminus of a pY peptide (e.g.,
VHpYARL* . . . .
IhvARL  HEoyavr | AHOYYMG  HKGYMK  ERaviMR biotin-ABBBIYPYANLI). Initially, we attempted to titrate
HRPYARL ~ SHPYAVL | YKpYYMQ  HSpPYYMK ngYYMR the surface directly with MBP-SH2(N) as carried out in our
VMpYARL YQpPYAIV YPpYYMQ NHpYYMK FpYYMR . K .
YRPYARL  YNpYAIV | NGpYYMQ  SSpYYMK  YYpYYMR previous work 22, 23). Although we obtained good-quality
QGPYARL  FRpYAIL | GSpYYMQ  AEpYYMR  KYPYYMR data for some of the pY peptides (data not shown),
TRpYARL YNpYALL FWpYYML TEpYYMR NYpYYMR f b d f MSP p I; h ( f b )
RWDYARL  FHpYATL | QOpYYML  MApYYMR  WGPYYMR nonspecific binding of MBP to the chip surface became a
VIPYARN  LWpYALL | LGpYYML  RHpYFMR  TGpYYMR problem, particularly at high concentrations (e.g.,.50).

YARI HHpYALL SDpYFMR KHpYFMR NpYYMR . . N .
INCYARY  VEOYALL | ThovvME  whoveME  oiavuim Therefore, we performed all of the binding experiments with
IHpYAKV ~ LYPYALL | VNPYYMK  NHpYEMR  VGpYYMR glutathioneStransferase fusion proteins (GST-SH2), which
IVpYAKL PVPYALL DIpYYMK TWpYFMR LPpYYMR e L .

LYPYAKL  HFpYAAV | NEpYYMK  KTpYFMR  VSpYYMR had much less r_19nspe0|f|c binding to t.he chip surfag:e under
RRpYAKV  VYpYRAL | QQpYYMK  YApYYMK  ETpYYMR our assay conditions. However, GST is known to dimerize,
PYpYAKV LWpYSLV EDpYYMK PApYYMK IEpYYMR r |t . th t f dt . t d f ff t
LYpYAHI  VHPYMKL | GDpYYMK  VSpYYMK  QWpYFMR esulling In the measurement or avidity instead of arnnity
IVpYAEL ~ IQpYMRL | REpYYMK  GSpYYMK  AWpYFMR (28). To minimize the avidity effect, we used the streptavidin-
IQPYAEL TEPYVEKV EHpYYMK PSpYYMK VSpYFMR* . . . .
VEpYAEL RKpYYMN  DGPYYMK  VSpYFMR coated _sensorchlp that avoids overlogdlng the surface with
VIpYADL RAPYYMK  SWpYYMK  DTpYFMK pY peptides. We also used two known ligands of SHP-1 SH2

P

domains for comparison: peptide LKpYLYLV of erythro-
poietin receptor (EpoR) known to bind to the N-terminal SH2
domain of SHP-1Kp = 1.8 uM for Ac-PHLKpYLYLV-
At position +1, norleucine is most preferred, followed by VSDK) (22, 33) and peptide ITpYSLLK of B cell Fc receptor
phenylalanine and leucine, whereas at positic®) phenyl- known to bind to the C-terminal SH2 domaiKd = 2.8
alanine is the most preferred residue followed by norleucine, uM for EAENTITpYSLLKH) (23, 34). Our data in Table 2
leucine, and tyrosine (Figure 1). Some specificity is also show a reasonable agreement between lkhe values
observed at position-1, where tyrosine and histidine are determined with GST-SH2 proteins in this work and the
frequently selected. There is little selectivity at tHe literature values obtained with MBFSH2 proteins 22, 23).
position. A small number of the selected sequences (12 of Figure 2A shows the BIAcore sensograms for the binding
97) clearly belong to a different class, with a consensus of GST-SH2(N) to immobilized peptide IYpYANLI, a class
sequence of LXpYAXL (class Il) (Table 1). Like in class | Il peptide selected against the N-terminal SH2 domain; flow
peptides, a leucine is the most frequently selected residue abf increasing concentrations of the SH2 protein {25 uM)
the —2 position. On the C-terminal side, alanine and leucine over the chip resulted in increasing and eventually saturating
are almost invariant at the1 and+3 positions, respectively.  equilibrium response units (R{= response at 12 s after
The C-terminal SH2 domain also selected two distinct the end of injection). Plot of the RiJvalues against SH2
classes of sequences (Table 1). Class | peptides (total 44)oncentration clearly showed saturation behavior and data
exhibit a consensus of (V/I/L)XpYAX(L/V), in which alanine  fitting gave an equilibrium dissociation constakip} of 0.60
is almost exclusively selected at thel position, whereas M (Figure 2B). This peptide also binds to the C-terminal
leucine is the most preferred amino acid at #he position SH2 domain, although with slightly lower affinityke =
(Figure 1). This SH2 domain also shows selectivity at other 1.4uM) (Table 2), consistent with the observed overlapping
positions. It prefers a hydrophobic residue (e.g., valine, specificity of the two SH2 domains. Likewise, another class
isoleucine, leucine, or tyrosine) at positier2, a hydrophilic Il peptide selected for the N-terminal SH2 domain, LYpY-

a (*) Peptides selected for testing. M, norleucine.
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Ficure 1: Specificity of the N- and C-terminal SH2 domains of SHP-1. Displayed are the amino acids identified at each positio8 from
to +3 relative to pY (position 0). Number of appearance onytlagis represents the number of selected sequences that contain a particular
amino acid at a certain position [out of a total of 97 for the N-SH2 domain and 44 (class I) for the C-SH2 domain]. M, norleucine.

Table 2: Dissociation Constant&d, «M) of Selected Peptides

peptidé GST-SH2(C) GST-SH2(N)

LKpYMQMF ND 24404
LKpYLYLV ND 2.7 £0.4
VHpYARLI 1.8+0.2 4.9+0.7
ITPYSLLK 1.240.2 ND
LYpYANLI 20+0.1 0.65+ 0.05
IYpYANLI 1.4 +0.1 0.60+ 0.06
VYPYANLI 1.9 +0.1 1.1+ 0.1
AYPYANLI >50 >50

aBiotin-ABBB (B = -Ala) was attached to the N-terminus of each

peptide. ND, not determined; M, methionine.

ANLI, binds to the N- and C-terminal SH2 domains with

Kp values of 0.65 and 2.QuM, respectively. Peptide

VHpYARLI, which was selected for the C-terminal SH2
domain, also binds both SH2 domains but with slightly higher

affinity for the C-terminal SH2 domairkp = 4.9 and 1.8
uM for the N- and C-terminal SH2 domains, respectively). enzymatic activity, thus providing a simple method to screen

A class | peptide of the N-terminal SH2 domain, LKpYM-
QMF (M, methionine) (which was selected from the initial

we have tested bind to SHP-1 SH2 domains with similar
affinity to the pY peptides derived from known SHP-1
partner proteins. We have not been able to demonstrate
specific binding of the C-terminal SH2 domain to the class
Il peptides (e.g., IQPYYMKI, IQpYY(NIe)KI, VSpYYMRI)

by this technique.

Stimulation of SHP-1 Actity by pY PeptidesTo further
characterize the selected pY sequences, we have examined
their ability to stimulate the catalytic activity of SHP-1. It
has previously been established that the N-terminal SH2
domain of SHP-1 autoinhibits its phosphatase domain by
forming a noncovalent intramolecular SHRTP complex
(22). Binding of a pY peptide to the N-terminal SH2 domain
disengages the intramolecular complex and stimulates the
enzymatic activity by~30-fold (22, 23). There is a general
correlation between the binding affinity of a pY peptide to
the N-terminal SH2 domain and its ability to stimulate the

pY peptides for binding to the N-terminal SH2 domain. For
fair comparison, we synthesized a shorter version of EpoR

tetrapeptide library), binds to the N-terminal SH2 domain pY429 peptide, LKpYLYLV, as our benchmark. As shown

with aKp value of 2.4uM. Thus, all of the selected peptides

in Figure 3A, all of the peptides selected against the
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Ficure 2: BlAcore analysis of the binding of GST-SH2(N) to - 021
peptide 1YpYANLI. (A) Overlaid sensograms at increasing con- 0.1
centrations (0.39, 0.78, 1.56, 3.12, 6.25, 12.5, andMbof GST- 0.0

SHP-1 Activity (OD405)

SH2(N). (B) Plot of resonance signal under the equilibrium binding

conditions (12 s after the end of injection) against SH2 concentra- 0.1 .

tion. Data were fitted to equation: RiJ= RUmax x [SH2)/(Kp + 0.1 1 10 100 1000
[SH2]). [pY Peptide], uM
N-terminal SH2 domain exhibited potent stimulation of C s

SHP-1 in a concentration-dependent manner. In fact, the 05| —* LKPYLYLVYSR
selected peptides are more potent than the EpoR peptide. = | —o— LKpYLYLV

These results again suggest that the selected pY peptides are S 04

capable of binding to the N-terminal SH2 domain. We have % 03

avoided making any quantitative comparison in the binding =

affinities of these peptides based on the stimulation data, < 024

the magnitude of which is complicated by the differential .

ability of these peptides to inhibit the phosphatase activity *

during the stimulation assays (through competition with the 0.0

assay substrate-nitrophenyl phosphate).

0.1 1 10 100 1000

Importance of the—2 and +5 Positions Since the :
[pY Peptide], uM

N-terminal SH2 domain strongly selects for a leucine at the
Ficure 3: Activation of SHP-1 by various pY peptides. (A)

._2 pos_ition, we examined th? importancc_a of the resid_ue . Comparison of several selected peptides with the EpoR pY429
in binding to ,the SHZ domam by_replacmg the leucine in peptide (LKpYLYLV). Peptides not shown in Table 1 were selected
LYPYANLI with an isoleucine, valine, or alanine. Among  from the tetrapeptide library LKpYXXXX. (B) Effect of the-2

the resulting peptides, IYpYANLI (which is one of the residue on SH2(N) binding. (C) Effect of residues beyohd
selected class Il peptides) has essentially the same bindingposition on SH2(N) binding. M, methionine.

affinity to the parent peptidekp = 0.60 vs 0.65«M) (Table

2). Substitution of a valine for the leucine residue resulted selected from the library), LKpYDHHR, resulted in no
in a 2-fold reduction in binding affinityKp = 1.1 uM for stimulation of SHP-1 at concentrations up to %00 (Figure

VYpYANLI). However, substitution of an alanine at the2 3B). This result suggests that the pY residue and a leucine
position drastically reduced the binding affiniti{q > 50 at position—2 are necessary but not sufficient for high-
uM for AYpYANLLI). Consistent with the BIAcore results,  affinity binding to the N-terminal SH2 domain of SHP-1.
peptides LYpYANLI, IYpYANLI, and VYpYANLI exhib- The contribution of the—2 residue for binding to the

ited similar potencies in stimulating SHP-1, whereas peptide C-terminal SH2 domain was also examined. While peptides
AYpYANLI was >10-fold less active (Figure 3B). The effect VHpYARLI, LYpYANLI, IYpYANLI, and VYpYANLI all

of a Leu—Ala mutation at the-2 position was even greater bind the SH2 domain with very simild¢, values 2 uM),

for the class | peptides. For example, peptide AYpYMRFI peptide AYpYANLI showed much weaker affinityKg >

was nearly 2 orders of magnitude less potent in stimulating 50 M) (Table 2). This demonstrates that the C-terminal SH2
SHP-1 than LYpYMRFI (Figure 3B). These results demon- domain also requires a hydrophobic residue at th2
strate the importance of the2 residue in binding to the  position for high-affinity binding, although the precise nature
N-terminal SH2 domain and validate the strong selection for of the side chain is less critical than for the N-terminal SH2
a leucine (or norleucine and isoleucine) during library domain. Note that 80% of the class | sequences selected
screening. It should be noted that a control peptide (not against the C-terminal SH2 domain contained valine, iso-
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leucine, leucine, tyrosine, threonine, proline, or phenylalanine distinct consensus sequences on the C-terminal side of pY
at the—2 position, whereas none of the sequences containedLXpY (M/F)X(F/M) vs LXpYAXL]. The selected peptides
alanine, aspartic acid, asparagine, glutamic acid, glycine, orfrom both classes bind to the N-terminal SH2 domain with
lysine at this position (Table 1 and Figure 1). similar affinity and effectively stimulate the catalytic activity
We have noted that the residues beyond-tifeposition of SHP-1. Presumably, the two types of sequences bind to
may also contribute to the overall binding affinity, at least the N-terminal SH2 domain in different modes. It is worth
for the binding of some peptides to the N-terminal SH2 do- noting that among the class | sequences, norleucine and
main of SHP-1. There was-a5-fold reduction in the stimu-  phenylalanine are interchangeable at-tHeand+3 positions
latory activity when the EpoR pY429 peptide Ac-LKpY- (i.e., pYMXF, pYMXM, pYFXM, and pYFXF were all
LYLVVSR was shortened to Ac-LKpYLYLV (Figure 3C).  selected by the SH2 domain), although there is slight
preference for norleucine at thel position and phenyl-
DISCUSSION alanine at the-3 position. We have previously found through
The dual SH2 domain-containing phosphatase SHP-1 andlibrary screening that for peptide deformylase, whose physi-
its close relative SHP-2 belong to an intriguing subfamily ological substrates aré-formylmethionyl peptides,N-
of nontransmembrane protein tyrosine phosphatases. BotHformylnorleucyl, andN-formylphenylalanyl peptides are the
SHP-1 and SHP-2 have been shown to actively participate only alternative substrates of significant deformylation reac-
in many signaling pathways, acting both as positive and tion (24). The X-ray crystal structure of a deformylase-
negative regulators (reviewed in 18%). Their SH2 domains  inhibitor complex showed that the-butyl side chain of
play essential roles in these signaling events by binding to norleucine adopts a bent conformation that effectively mimics
and thereby recruiting the catalytic activity to different tyrosyl the phenyl ring of a phenylalanin@?).
phosphorylated receptors. Although the pY motifs on the  The C-terminal SH2 domain also selected peptides of two
receptors that are responsible for SHP-1 and SHP-2 bindingdistinct consensus sequences, (V/I/L)XpYAX(L/V) (class I)
have been determined in many cases, the precise mode oind XXpY(Y/F)M(K/R) (class Il). Interestingly, the class |
interaction (e.g., which SH2 is responsible for binding?) is consensus sequence, (V/I/L)XpYAX(L/V), overlaps with the
less clear. In this work, we have carried out a systematic class Il consensus sequence of the N-terminal SH2 domain
evaluation of the binding specificity for both SH2 domains (LXpYAXL). However, due to its narrower specificity at
of SHP-1. Such information will greatly facilitate the positions—2 and+3, the N-terminal SH2 domain will likely
identification of the cognate binding site(s) on the known bind only a subset of the SH2(C)-binding sequences (see
receptors for each SH2 domain of SHP-1 as well as new below for more discussion). The reason for the selection of
target proteins of SHP-1. class Il sequences for SH2(C) is not yet clear. We have not
A surprising finding of this work is that, for the N-terminal  yet been able to demonstrate their specific binding to the
SH2 domain, the-2 position is most critical for high-affinity =~ C-terminal SH2 domain by surface plasmon resonance
binding. Of the 97 sequences determined, 65 (67%) contained SPR). However, they are unlikely a result of nonspecific
a leucine at position-2; the rest of the sequences contained binding, as they did not show up during library selection
the highly homologous norleucine, isoleucine, or valine at against the N-terminal SH2 domain or control selections (no
this position (Figure 1). Substitution of an alanine for the SH2 domain). Since free SH2(C) was used in selection, these
—2 leucine resulted in very poor binding sequendes ¥ sequences may have been selected against a population of
50 uM for AYpYMRFI and AYpYANLI) (Figure 3B and biotinylated SH2 domain whose pY peptide-binding site was
Table 2). On the basis of the screening results (Figure 1), perturbed by biotin modification. There is also a remote
the BlAcore binding data (Table 2), and literature data (vide possibility that the SH2 domain binds to these peptides in a
infra), we propose the following order of preference at the manner that does not trigger significant SPR signal change.
—2 position by the N-terminal SH2 domain of SHP-1: These possibilities are currently under investigation.
leucine, isoleucine, norleucirre valine> other amino acids. Our library results are in agreement with the literature data
The C-terminal SH2 domain also exhibits strong preference on the recognition motifs of SHP-1. Table 3 lists some of
for a hydrophobic residue at the2 position, although the  the pY motifs found in various receptors that have been
precise nature of the side chain is less critical than the N-ter-implicated in SHP-1 binding. These motifs clearly show a
minal SH2 domain. Data from this work as well as literature consensus sequence of (V/I/T/L)XpYAX(L/V) (Figure 4).
reports suggest the following order of preference: valine, At the +1 position, alanine is most frequently observed; the
isoleucine, leucine- norleucine, tyrosine, threonine, serine, sterically similar serine and, much less frequently, threonine
histidine, proline, phenylalanine- alanine or hydrophilic ~ and valine are the only allowed substitutions at this position,
amino acids. The importance of the? residue for binding in excellent agreement with the library selection results
to the SH2 domains of SHP-1 and SHP-2 has previously (Figure 1). For the majority of these pY motifs, it is not yet
been noted by others, through comparison of their recognition clear which of the SH2 domains of SHP-1 is responsible for
pY motifs on various receptors and mutagenesis stu@@s ( binding. On the basis of our library data, we predict that all
30, 36). Our current results are in excellent agreement with of the peptides in Table 3 should be capable of binding the
these literature data. Since most SH2 domains of known C-terminal SH2 domain, with the exception of the pY motifs
specificity show either no or little selectivity on the N- from EpoR (LKpYLYL) (33) and IL-3 receptor (LEpYLCL)
terminal side of pY %, 6), the SH2 domains of SHP-1 and (38), which belong to the class | sequences of the N-terminal
SHP-2 represent a novel class of SH2 domains whose bindingSH2 domain and are indeed known to bind to the N-terminal
specificity is governed by both N- and C-terminal residues. SH2 domain 22, 33). We further predict that the subset of
Another interesting finding is that the N-terminal SH2 sequences in Table 3 that contain a leucine or isoleucine at
domain of SHP-1 is capable of recognizing peptides of two the —2 position [e.g., ITpYSLL of FgRIIB, IHpYSEL of
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Table 3: Reported SHP-1 Binding Sites

Protein Recognition motif  Ref.

PIRB VTpYAQL 48
SVPYATL
SLpYASV

MAFA SIpYSTL? 49

FcYRIIB ITpYSLL*® 34

CD22 IHPYSELP 41,42
VSPYAIL
VDpYVTL

PECAM VQPYTEV 50
TVPYSEV

IL-3R LEpYLCL® 38

CD33 LHpYASL"® 40
TEpYSEV®

ILT2 VTpYAQL 51
SIPYATL

ILT3 VTpYAQL 52
SVPYATL
VTpYAKV

gp49B1 IVPYAQV 53
VTpYAQL

PILRa IVpYASL*P 39
TLpYSVL®

LAIR-1 VTpYAQL 54
ITpYAAV

SHPS-1 ITpYADL 55
LTpYADL
TEpPYASI
SEpYASV

C-CAM VAPYTVL 56
TVPYSEV

EpoR LKpYLYL? 33

RIR VTpYAQL®*'® 30,43

aSequences reported to bind the SH2(C) domaBequences
reported to bind to the SH2(N) domain.

CD22, LHpYASL of CD33, IVpYASL of PILRy, IVpYAQV

of gp49B1, ITpYAAV of LAIR-1, and (L/)TpYADL of
SHPS-1] and, perhaps with lower affinity, the motifs with a
valine at position—2 (e.g., VTpYAQL) should also be

Beebe et al.

25 . .
20 1 -2
15 !
10 .

5.
0 LARDNEQHGI KMFPSTWYV
25
20 | 1
15 4
t
10
5
0
LARDNEQHGIKMFPSTWYV
g 25
c
s 20 +1
3
% 15
© 10 |
u—
° 54
o]
pd 0
LARDNEQHGIKMFPSTWYYV
25
20 +2
15
10
5
0l
LARDNEQHGIKMFPSTWYV
25
20 + +3
15
10 4§
5
[

-
LARDNEQHGIKMFPSTWYYV

Ficure 4: Analysis of the pY motifs from receptors that are known
to bind SHP-1. Displayed are the amino acids identified at each
position from—2 to +3 relative to pY (position 0). Number of
appearance on the axis represents the number of known and
putative SHP-1 binding sequences that contain a particular amino
acid at a certain position (out of a total of 30 listed in Table 4).

capable of binding the N-terminal SH2 domain. Our predic-
tions have turned out to be correct in all cases for which
binding data are available. For example, peptides ITpYSLL
and IVpYASL, the only peptides whos&, values have been
determined, bind effectively to both SH2 domains of SHP-1
(23, 34, 39). Peptide LHpYASL of CD33 has also been
reported to bind to both SH2 domains of SHPAD)( Peptide
IHPYSEL of CD22 is known to bind the N-terminal SH2
and stimulate SHP-1 activity (no data yet available for its
interaction with the C-terminal SH2 domairgQ; 41, 42).
The killer cell inhibitor receptor (KIR) motif, VTpYAQL,
showed detectable binding with the isolated SH2(C) domain
but not with the SH2(N) domain under similar conditions
(43). However, this peptide exhibits potent stimulation of
SHP-1 activity in a concentration dependent mani3€y, (
indicating that it is capable of binding to the N-terminal SH2
domain at higher peptide concentrations. This is in keeping
with our prediction that pYAXL peptides containing a valine
at position—2 will bind the C-terminal SH2 domain more
effectively than the N-terminal SH2 domain of SHP-1.
Peptide TLpYSVL derived from PIL&, which does not have
Leu, lle, or Val at position—2, binds only the C-terminal
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but not the N-terminal SH2 domain of SHP-39, as we

have predicted. The excellent agreement between our library
results and the literature data clearly demonstrates the validity

of our library method.

Two other notable points have been borne out of this work.
First, some of the class | peptides selected against the N-ter-
minal SH2 domain (e.g., the pYMXM subset) bear close
resemblance to the recognition motifs for the SH2 domains

in the p85 subunit of phosphoinositide-3-kinagd)( How-
ever, upon examination of the pYMXM motifs on PDGF
receptor (DGGpY*™MDMSK) (44—46), insulin receptor sub-
strate-1 (NGDp¥2VMIPMSP, PNGp¥s8MIMMSP, TGDpY'2-
MNMSP, and SEEp¥MNMDL) (44, 46, 47), and mT
antigens (ENEp¥®MPMAP from hamster and EEEFY-
MPMED from mouse)44, 45), which are known to bind to

p85 SH2 domains but not to SHP-1, we found that none of

these motifs had a leucine or isoleucine at & position.

Presumably, these proteins have specifically avoided these

hydrophobic residues at positier2 to prevent recruitment

of SHP-1, which would prematurely terminate the signaling
cascade. It remains to be seen whether the (L/)XpYMXM
motif exists in any proteins, which would be predicted to
recruit both SHP-1 and phosphoinositide-3-kinase. Second, 12
our results have convincingly shown that the most frequently
selected sequences do not necessarily have the highest
binding affinity. For example, selection against the N-
terminal SH2 domain resulted in 7 times more class |
peptides (total 85) than class Il peptides (total 12) and yet,
our limited binding studies seem to suggest that the class Il
peptides are slightly tighter binders than class | peptides
(Table 2). Similarly, while out of the 12 class Il peptides
for the N-terminal SH2 domain, nine contain a leucine and

only one has isoleucine at positier2, peptides IYpYANLI
and LYpYANLI bind to the SH2 domain with equal affinity.

In summary, we have developed a new combinatorial
library methodology for rapid and systematic evaluation of
the binding specificity of protein modules such as SH2
domains. This method offers several advantages over the
previously reported methods. First, this method gives indi-
vidual sequences as well as a consensus sequence(s). Secon
because selection is based exclusively on affinity, any high- =
affinity sequence is identified, even if it is present in the
library at only minute amounts. This is not true for the

methods that employ pool sequencibgi0). Previous work

has predicted a consensus of pYFXF for the N-terminal SH2
domain of SHP-1, which resembles the class | consensus 24.

from this work, but failed to reveal the minor class I
sequencesd). Finally, our method is rapid and economical.

Microsequencing of a large number of beads was not possible 26,
in the past due to the prohibitive cost in resources and time

associated with the conventional Edman method. By using 27.
MALDI-TOF mass spectrometry, however, one can now
routinely sequence the peptide from a single resin bead in
less than one minute and at a cost of less than five US dollars. ,q
This method should be readily applicable to other protein

modules and the specificity data obtained will greatly 30.

facilitate the identification of the physiological partner
proteins of these modular domains.
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