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Abstract

Src homology 2 (SH2) domains mediate protein-protein interactions by recognizing short
phosphotyrosyl (pY) peptide motifs in their partner proteins. Protein tyrosine phosphatases (PTPs)
catalyze the dephosphorylation of pY proteins, counteracting the protein tyrosine kinases. Both types
of proteins exhibit primary sequence specificity, which plays at least a partial role in dictating their
physiological interacting partners or substrates. A combinatorial peptide library method has been
developed to systematically assess the sequence specificity of SH2 domains and PTPs. A “one-bead-
one-compound” pY peptide library is synthesized on 90-um TenteGel beads and screened against
an SH2 domain or PTP of interest for binding or catalysis. The beads that carry the tightest binding
sequences against the SH2 domain or the most efficient substrates of the PTP are selected by an
enzyme-linked assay and individually sequenced by a partial Edman degradation/mass spectrometry
technique. The combinatorial method has been applied to determine the sequence specificity of 8
SH2 domains from Src and Csk kinases, adaptor protein Grb2, and phosphatases SHP-1, SHP-2, and
SHIP1 and a prototypical PTP, PTP1B.
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1. Introduction

Reversible phosphorylation of proteins on tyrosyl residues is one of the key events that mediate
the execution and regulation of many cellular processes. For example, phosphorylation can
change the conformation and/or catalytic activity of a protein. It can also promote protein-
protein interactions by recruiting Src homology 2 (SH2) or phosphotyrosine-binding (PTB)
domain-containing proteins. A proper level of phosphorylation is critical for these processes
and is controlled by the opposing action of protein tyrosine kinases (PTKs) and protein tyrosine
phosphatases (PTPs).

SH2 domains are ~100-aa modules present in many signaling proteins. The human genome
encode 120 SH2 domains in 110 distinct proteins [1]. Numerous biochemical and structural
studies of different SH2 domains have shown that they all bind to their partner proteins by
recognition of short linear phosphotyrosyl (pY)-containing sequence motifs [2-5]. The pY
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peptide typically binds to the SH2 domain surface in an extended conformation [2]. A key
interaction, which provides the majority of the binding energy (AG) and is common to all SH2
domains, is the insertion of the pY side chain into a deep pocket in the SH2 domain, where an
invariant arginine residue (Arg pB5) forms a pair of hydrogen bonds with the pY phosphate
group. This ensures that the SH2 domain acts as a phosphorylation-dependent molecular
switch. The SH2-pY peptide interaction is sequence specific; each SH2 domain recognizes a
specific subset of pY peptide sequences [4]. The specificity is dictated by the interactions
between amino acids adjacent to pY and the less conserved regions of the SH2 domain surface.
Many SH2 domains contain a second, relatively deep pocket, which recognizes the side chain
of pY+3residue (relative to pY, which is defined as position 0). The rest of the peptide residues
(pY—2, pY—1, pY+2, pY+4, and pY+5) presumably make specific contacts with surface
residues on the SH2 domain. Thus, determination of the sequence specificity of these SH2
domains is an important first step towards identifying their in vivo binding partners and
understanding their physiological functions. Such information will also facilitate the
development of specific SH2 domain inhibitors as research tools and therapeutic agents [6].

PTPsare also abundant in eukaryotic cells; the human genome encode 107 PTPs [7]. All known
PTPs belong to the same family with a conserved catalytic domain of ~250 amino acid residues.
They all share a common catalytic mechanism, in which catalysis involves nucleophilic attack
on the tyrosyl phosphate by the thiolate of a conserved active-site cysteine, leading to the
formation of a covalent phosphocysteinyl intermediate [8]. Subsequent hydrolysis of the
phosphoenzyme intermediate by an activated water molecule regenerates the thiolate group,
thereby concluding the catalytic cycle. PTPs were initially thought as promiscuous
“housekeeping” enzymes that simply oppose the action of PTKs. Recent work indicates that
PTPs play active roles in a wide variety of cellular processes and that PTPs exhibit exquisite
substrate specificity in vivo [9]. However, in contrast to our advanced knowledge of PTP
catalytic mechanism, many questions remain regarding their precise mechanism of action in
vivo. How does a PTP recognize its specific substrate(s), given that many PTPs co-exist with
numerous pY proteins in a single cell? What is the physiological substrate(s) and function of
a PTP? How is the activity of PTPs regulated inside the cell? It is believed that the in vivo
substrate specificity of PTPs is controlled by two factors. The first is the presence of targeting
domains, which direct the phosphatase activity to their physiological substrates or proper
cellular locations [10,11]. Many PTPs (but not all) indeed contain other structural elements
(e.g., SH2 domains and ER localization signals) in addition to the catalytic domain. The second
is the intrinsic sequence specificity of the PTP domain. In vitro studies with a limited set of
synthetic pY peptides indicated that the kinetic constants (k.qt/Kn) toward the same PTP differ
by several orders of magnitude [12-18]. There is also in vivo evidence for the existence of
substrate specificity. For example, by using catalytically inactive mutants, Tonks and
coworkers were able to fish out the specific protein substrates of a few PTPs by “substrate
trapping” [19,20]. A chimeric protein containing the SH2 domains of SHP-1 but the catalytic
domain of SHP-2 failed to dephosphorylate EGF receptor in vivo, as did wild-type SHP-1
[21]. There is growing evidence that PTP activity and specificity are controlled by a
combination of both factors [9]. Thus, sequence specificity data of a PTP will help identify its
physiological substrates. It will facilitate the design of specific PTP inhibitors. Efficient
substrates would also facilitate the kinetic assays of these enzymes.

In recent years, considerable efforts have been made by many laboratories to define the
sequence specificity of SH2 domains and PTPs. Cantley and co-workers employed a GST-SH2
affinity column to enrich the SH2-binding sequences from a pY peptide library [4]. The
enriched peptides were then sequenced as a mixture by conventional Edman degradation. A
variation of this method involved screening resin-bound libraries against a fluorescently
labeled SH2 domain [22]. The positive beads with the bound SH2 were removed from the
library using a fluorescence-activated cell sorter and again sequenced as a pool by Edman
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degradation. Other methods included phage display [23,24] and blotting position-scanning
sublibraries on filter paper with SH2 domains of interest (OPAL) [25]. For PTPs, earlier studies
employed synthetic pY peptides derived from known phosphorylation sites in proteins to define
the substrate specificity of PTPs [12-18]. This method is inherently limited because the PTP
active site interacts with 3-5 residues on either the N- or C-terminal side of pY [26,27]. A
complete characterization of each PTP would require the synthesis and assay of a prohibitive
number of single peptides (205-2010). Therefore, more recent efforts have been focused on
various combinatorial approaches. However, due to the lack of stable association between an
active PTP and a pY peptide, some investigators have screened pY peptide libraries against a
catalytically impaired PTP mutant or employed a non-hydrolyzable pY analogue [28-31].
Other investigators have employed inverse alanine scanning [32], ECLPISE [33], or cleavage
of PTP product with a-chymotrypsin [34]. Each of these methods has its own limitations and
consequently, none of the previous studies have led to comprehensive specificity data on any
PTP.

We have recently developed a combinatorial library method that can be used to determine the
sequence specificity of modular domains (e.g., SH2 domain) and PTPs. In this method, pY
peptides are chemically synthesized on individual beads to give a “one-bead-one-compound”
library. The library is directly screened against an SH2 domain or PTP to identify the positive
beads that have undergone binding and/or catalysis. The peptides on the positive beads were
individually sequenced by partial Edman degradation/mass spectrometry (PED/MS), a high-
throughput peptide sequencing technique developed in our laboratory [35,36]. In the following
section, we will provide the detailed experimental procedures for the method and its application
to several SH2 domains and PTP1B.

2. Experimental procedures

2.1. Library synthesis on solid phase

2.1.1 Materials—TentaGel S NH> resin (90 um, 0.3 mmol/g) were from Advanced
ChemTech (Louisville, KY). 9-Fluorenylmethoxycarbonyl (Fmoc)-amino acids with standard
side-chain protecting groups, O-benzotriazole-N, N, N’, N'-tetramethyluronium
hexafluorophosphate (HBTU), and N-hydroxybenzotriazole (HOBt) were obtained from
Advanced ChemTech, Peptides International (Louisville, KY) or NovaBiochem (San Diego,
CA). All other chemical reagents were from Sigma-Aldrich (St Louis, MO).

2.1.2 Protocols—The “split-and-pool” synthesis method was employed to generate “one-
bead one-compound (OBOC)” peptide libraries [37,38]. In such libraries, each bead displays
multiple copies of a unique peptide sequence (~100 pmol of peptides on a 90-um bead). Since
SH2 domains typically make contact with pY and 2 to 3 residues flanking the pY residue [2—
6], they are usually first screened against a pY peptide library containing 5 randomized
positions, TAXXpYXXXLNBBRM-resin [where X represents any of the 18 proteinogenic
amino acids (except for Cys and Met) plus norleucine (Nle) and L-a-aminobutyric acid (Abu)
as Met and Cys surrogates, respectively; B is B-alanine]. The N-terminal dipeptide (TA) helps
reduce any potential bias caused by electrostatic interactions between an SH2 protein and the
positively charged N-terminus (which is required for peptide sequencing). The C-terminal
methionine permits the release of peptides from the resin by CNBr treatment prior to
sequencing, while the arginine increases peptide solubility and ionization efficiency during
PED/MS sequencing. The two B-alanines add flexibility to the peptides, making them more
accessible to a protein receptor. The dipeptide LN is added to increase the masses of the peptides
to >600 Da, so that the peptide peaks do not overlap with those from the MALDI matrix.
Methionine is excluded from the random positions to avoid internal peptide cleavage during
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CNBr treatment and is replaced by the isosteric Nle residue. The theoretical diversity of the
library is 20° or 3.2 x 106,

The library was typically synthesized on 5 g of TentaGel S NH,, resin using standard Fmoc
chemistry and HBTU/HOBt/4-methylmorpholine as the coupling reagents. The linker and
other invariant residues (LNBBRM, pY and TA) were synthesized in a 90-mL glass vessel,
with 4 equivalents of Fmoc-amino acids, HOBt and HBTU, and 8 equivalents of 4-
methylmorpholine. The vessel was clipped onto a rotary shaker (Figure 1) and shaken for ~1
h at room temperature. After the coupling reaction was complete (as judged by ninhydrin tests),
the vessel was removed from the shaker and attached to a vacuum manifold (Figure 1). The
reaction solution was drained by vacuum suction and the resin was washed with DMF.
Deprotection of the Fmoc group was performed using 20% piperidine in DMF (5 + 15 min).
The resin was washed with DMF and dichloromethane (DCM) and dried overnight in air. The
resin was split into 20 equal portions (by weight) and transferred into 20 5-mL glass vessels.
A different Fmoc-amino acid (5 equivalents) was added into each reaction vessel, together with
5 equivalents of HOBt and HBTU, 10 equivalents of 4-methylmorpholine, and 3 mL of DMF.
The reaction vessels were capped and clipped onto the rotary shaker and incubated at room
temperature for 1 h. The coupling reaction was repeated once using fresh reagents to ensure
complete reaction. To distinguish amino acids of degenerate masses during peptide sequencing
by PED/MS, 5% CD3CO,D (mol/mol) was added to the coupling reactions of leucine and
lysine, whereas 5% CH3CD>CO,D was added to the coupling reaction of norleucine. After the
coupling reactions were complete, the resin from 20 reaction vessels was combined, mixed,
and treated with 20% piperidine to remove the N-terminal Fmoc group. The resin was again
split into 20 portions for the addition of the next random residue. After the library synthesis
was complete and removal of the N-terminal Fmoc group, the resin was exhaustively washed
with DCM and the side-chain protecting groups were removed by treatment with a modified
reagent K (7.5% phenol, 5% ddH»0, 5% thioanisole, 2.5% ethanedithiol, and 1% anisole in
TFA) for 1 h at room temperature. The resin was washed with TFA and DCM, incubated for
10 min in 5% diisopropylethylamine in DCM, and washed again with DCM. The resin was
then dried in air and stored at —20 °C.

2.2 Purification and Labeling of SH2 domain and PTP

The SH2 domain used in library screening must be labeled by a fluorescent group or biotin.
We have employed two different labeling methods. In the first method, the SH2 domain (or
other modular domains) is expressed as a maltose-binding protein (MBP) fusion, which is
directly treated with 1.5-2 molar equivalents of N-hydroxysuccinimidobiotin or the N-
hydroxysuccinimidyl ester of a fluorescent probe. Because MBP contains 38 lysine residues
(compared to ~5 lysines in a typical SH2 domain), the label is predominantly added to the MBP
portion. While this method is experimentally straightforward, the labeled product is
heterogeneous in nature and any labeling in the SH2 domain region may change its binding
properties. In the second method, an SH2 domain is expressed with an 11-residue peptide called
the “ybbR tag” (DSLEFIASKLA) fused to its N- or C-terminus (Figure 2) [39]. A six-histidine
tag is usually also added to either terminus to facilitate its purification. The ybbR tag is
specifically recognized by Sfp phosphopantetheinyl transferase, which catalyzes the transfer
of a phosphopantetheinyl group from CoA to a serine in the ybbR tag (the underlined residue)
[39]. The Sfp enzyme readily accepts CoA analogues that are modified at the thiol group as
substrates, thereby providing a powerful method for specific and quantitative labeling of the
SH2 domain at a single site with a wide variety of probes (e.g., biotin, fluorescein, and Texas
Red).

2.2.1 Materials—The Marathon-Ready™ human cDNA library and Talon resin were
purchased from Clontech (Mountain View, CA). The pMAL-c2 vector, all DNA modifying
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enzymes, and amylose resin were from New England Biolabs (Ipswich, MA). Prokaryotic
expression vector pET-28a was purchased from Novagen (San Diego, CA). The expression
vector for the addition of the ybbR tag (pET22-ybbR) and the Sfp-overproducing plasmid
(pET29-Sfp) were generous gifts from Dr. C. T. Walsh (Harvard Medical School) [39].
Antibiotics, N-hydroxysuccinimido-biotin, Sephadex G-25 resin, and other reagents were
obtained from Sigma-Aldrich.

2.2.2 Protocols

2.2.2.1 Cloning and protein expression The SH2 domains were constructed as three different
fusion proteins: MBP fusion, ybbR tagged, and six-histidine tagged. The coding sequences of
the SH2 domains were amplified from the Marathon-Ready™ cDNA library by polymerase
chain reaction using primers containing appropriate restriction sites on their 5’ and 3’ termini.
For MBP-SH2 fusions, the PCR product was digested with EcoRI and HindIll and cloned into
the corresponding site of pMAL-c2. The same restriction sites were used for cloning into
plasmid pET-28a, which produces proteins with an N-terminal six-histidine tag. For cloning
into plasmid pET22-ybbR [39], Hindlll and Xhol restriction sites were utilized. The
authenticity of all DNA constructs was confirmed by dideoxy sequencing.

Escherichia coli DH5a cells harboring the proper pMAL-c2-SH2 plasmid or E. coli BL21
(DE3J) cells harboring the proper pET22-SH2-ybbR or pET28a-SH2 plasmid were grown in
LB medium to the mid-log phase and induced by the addition of 0.2 mM isopropy! -D-
thiogalactoside (IPTG) for 3 h at 30 °C. The cells were harvested by centrifugation and lysed
in the presence of protease inhibitors by passing through a French pressure cell. The MBP-
SH2 protein and the histidine-tagged SH2 domains were purified from the crude lysate on
amylose and Talon cobalt affinity columns, respectively, according to the manufacturer’s
instructions. The histidine-tagged SH2 proteins were concentrated in an Amicon concentrator,
before being passed through a Sephadex G-25 column. The elution buffer contained 10 mM
HEPES (pH 7.4), 150 mM NaCl, 3 mM EDTA, and 1 mM tris(carboxyethyl)phosphine
(TCEP). The protein was flash frozen in liquid nitrogen and stored at —80 °C.

2.2.2.2 Protein labeling The MBP-SH2 protein was concentrated in an Amicon concentrator
to approximately 4 mg/mL (in 20 mM HEPES, pH 8.0, 150 mM NaCl, 2 mM 2-
mercaptoethanol, and 10 mM maltose) and treated with 2 molar equivalents of N-
hydroxysuccinimido-biotin at room temperature for 30 min (total volume of 1 mL). The
reaction was quenched by the addition of 10 puL of a 2 M Tris-HCI solution (pH 8.0). The
biotinylated MBP-SH2 protein was passed through a Sephadex G-25 column to remove any
free biotin and concentrated again. Glycerol was added to a final concentration of 40% and the
protein was quickly frozen in liquid nitrogen or a dry ice/isopropanol bath, before being stored
at —80 °C. Biotinylated MBP was similarly prepared as a negative control.

The Sfp protein was expressed and purified from E. coli BL21 (DE3) Rosetta cells using a
Talon cobalt affinity column as previously described [39]. Texas Red-CoA conjugate was
prepared following a modified procedure of Yin et al [39]. Briefly, 10 umol of CoA lithium
salt (Sigma) was dissolved in 1 mL of 100 mM sodium phosphate buffer (pH 7.0), whereas
Texas Red C2 maleimide (Molecular Probes; 11 umol) was dissolved in 0.2 mL of DMSO.
The two solutions were mixed and stirred in the dark and at room temperature for 2 h. After
that, 11 umol of 2-mercaptoethanol was added to quench the reaction and the solution was
stirred for 10 additional min. The mixture was divided into 20-uL aliquots and stored at —80 °
C. Other CoA-small molecule conjugates were prepared by the same procedure.

Protein labeling reaction followed the procedure of Yin et al [39]. The reaction mixture (total
volume of 10 mL) contained 50 mM HEPES (pH 7.5), 10 mM MgCly, 0.5 uM Sfp, 10 pM
CoA-small molecule conjugate, and 5 uM ybbR-tagged protein and was incubated at 37 °C for
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15 min. The resulting labeled protein was purified on a Talon cobalt affinity column to remove
any remaining free dye molecules (or biotin). The protein was quickly frozen in a dry ice/
isopropanol bath and stored at —80 °C.

2.3 Library screening

2.3.1 Materials—Micro-BioSpin columns (0.8 mL) were obtained from BioRad (Hercules,
CA). Streptavidin-alkaline phosphatase conjugate (SA-AP) was from Prozyme (San Leandro,
CA). 5-Bromo-4-chloro-3-indolyl phosphate (BCIP) was from Sigma-Aldrich.

2.3.2 Protocols

2.3.2.1 Colorimetric screening In a typical screening experiment (Figure 3), 30-50 mg of the
peptide library was placed in a micro-BioSpin column (0.8 mL) and washed exhaustively with
dichloromethane, methanol, ddH,0, and HBST buffer (30 mM HEPES, pH 7.4, 150 mM NacCl,
and 0.01% Tween 20). The resin was blocked for 1 h using HBST buffer containing 0.1% (w/
v) gelatin. After blocking, the solution was drained and the library was resuspended in fresh
HBST buffer containing 0.1% gelatin and varying concentrations of the biotinylated MBP-
SH2 protein (typically 10-50 nM). The solution was incubated at 4 °C for 4-16 h with gentle
mixing, during which the MBP-SH2 protein is recruited to beads that carry peptides of high
affinity to the SH2 domain. Next, the protein solution was drained, and 0.8 mL of SA-AP buffer
(30 mM Tris, pH 7.6, 1 M NaCl, and 20 mM K/PQOy,) containing 1 puL of SA-AP (1 mg/mL)
was added to the column. The mixture was incubated for 10 min at 4 °C with gentle mixing.
This allowed SA-AP to bind to the resin-bound biotinylated SH2 domain (Figure 3). The
solution was again drained and the resin was quickly washed with 400 uL of SA-AP buffer,
400 pL of HBST buffer, and 400 uL of staining buffer (30 mM Tris, pH 8.5, 100 mM NacCl,
5 mM MgCly,, and 20 uM ZnCl,). The washing steps are necessary to remove any excess or
nonspecifically bound protein. Finally, the resin was transferred into a 35-mm Petri dish with
3 % 300 pL of the staining buffer and 100 pL of BCIP (5 mg/mL in the staining buffer) was
added. The resin-bound alkaline phosphatase hydrolyzes BCIP into an indole, which
instantaneously dimerizes in air into indigo, resulting in a turquoise colored precipitate
deposited on the bead surface. Therefore, as a result of the reaction cascade, a bead that carries
a high-affinity ligand for the SH2 domain becomes intensely colored in 30-45 min, while the
rest of the beads remain colorless (Figure 3). The staining reaction was quenched by the
addition of 2 mL of 0.1 M HCI. The resin was transferred back into the Bio-Spin column and
washed extensively with water. The beads were replaced in a Petri dish, from which positive
beads (turquoise colored) were manually picked with a micropipette under a dissecting
microscope. The number of colored beads depends on the affinity and specificity of the protein
domain as well as the stringency of screening conditions (e.g., SH2 domain concentration,
number of washings, and length of staining time). The screening reactions are controlled so
that typically 10-100 colored beads are obtained from 100 mg of resin (~286,000 beads). The
number of positive beads is generally very reproducible when multiple screenings are
performed against the same SH2 domain. Control experiments conducted with biotinylated
MBP produced no colored beads under identical conditions.

2.3.2.2 Fluorescent screening The fluorescent screening assay employed a slightly modified
procedure. Briefly, 30-50 mg of the peptide library was placed in a micro-BioSpin column
(0.8 mL), washed with solvents, and blocked with 0.1% gelatin as described above. The
blocking solution was drained and the resin was resuspended in HBST buffer containing 0.1%
gelatin and 0.1-0.5 puM fluorescently labeled SH2 domain and transferred into a 35 mm Petri
dish. The dish was gently shaken at 4 °C for 4-16 h. The dish was then viewed under a
fluorescent microscope (Olympus, SZX12) and the most fluorescent beads were removed using
a micropipette. It should be noted that some TentaGel beads exhibit strong background
fluorescence in the green and shorter wavelength regions. We found that by labeling the protein
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with dyes of longer excitation and emission wavelengths (e.g., Texas Red), one can eliminate
most of the interference from background fluorescence. Also, we routinely wash the colored
beads (from either calorimetric or fluorescent screening) with aqueous as well as organic
solvents to remove the bound proteins and dyes, and subject the beads to further rounds of
screening, to eliminate any false positive beads.

2.4 Sequence determination of positive beads

Screening against an SH2 domain typically results in ~100 colored beads, which must be
sequenced individually. The availability of a relatively large number of individual binding
sequences is critical for statistical analysis in order to draw definitive conclusions about the
specificity of a given domain, especially when the domain recognizes multiple consensus
sequences. Peptide sequencing on this scale used to be an insurmountable challenge, as the
Edman method is both expensive and time consuming. The advent of tandem MS techniques
has not adequately addressed this problem either. Therefore, we have developed an
inexpensive, high-throughput peptide sequencing technique, termed “PED/MS”, which is
ideally suited for sequencing resin-bound peptides. This technique was initially developed in
2001 [40] and has subsequently been improved [35,36]. The latest version (Version 2006) is
described here. Briefly, the selected beads (1 to 10° beads) are treated with a 10-30:1 (mol/
mol) mixture of phenyl isothiocyanate (PITC) and N-(9-fluorenylmethoxycarbonyloxy)
succinimide (Fmoc-OSU), followed by TFA (Figure 4a). This cleaves the N-terminal amino
acid from 90-95% of the peptides (Edman degradation); for the other 5-10% peptides on each
bead, reaction with Fmoc-OSU causes N-terminal blocking and retention of the N-terminal
residue. Repetition of the above procedure for n-1 cycles (n = No. of residues to be sequenced)
produces a peptide ladder. After removal of the N-terminal Fmoc group by piperidine, the
treated beads are individually picked, placed in separate microcentrifuge tubes (one bead/tube),
and treated with CNBr. The sample from each tube is then mixed with matrix material and
spotted on 96-well sample plates and analyzed by MALDI-TOF MS in an automated format.
Figure 4b shows the mass spectrum of the degradation products derived from a single 90-um
bead carrying the sequence TAFIpYDNVLNBBRM. The peptide sequence is read from the
mass spectrum by inspecting the mass differences between adjacent peaks. For example, the
mass difference of 101 between peaks of the largest (m/z 1735.0) and second largest m/z values
(m/z 1633.8) indicates a Thr at the N-terminus. Mass degenerate amino acids (e.g., Nle, Leu,
and lle) are unambiguously resolved in the spectra by the addition of a small amount (5%) of
a capping agent to peptide coupling reactions during library synthesis. We chose CD3CO,D
(for Leu and Lys) and CH3CD,CO,D (for Nle) as the capping agents [36]. Thus, a singlet peak
113 mass units from the preceding peak indicates an lle residue; a set of doublet peaks 45 (m/
z+ CD3CO) and 113 mass units (m/z + Leu) from the preceding peak indicates a Leu; whereas
doublet peaks 58 (m/z + CH3CD,CO) and 113 mass units (m/z + Nle) from the preceding peak
indicate a Nle residue. Lysine and glutamine, which have the same nominal residue mass (128),
are similarly differentiated. The PED/MS method is sensitive, reliable, inexpensive, and high-
throughput. On a Bruker Reflex 111 MALDI-TOF instrument, 20-30 beads can be processed
in an hour at a cost of $0.5 per bead (reagents and instrument time). Only 10% of the sample
from a single 90-um bead is needed for each MS experiment. This permits re-runs (if necessary)
to ensure correct sequence determination. The success rate is typically ~95%.

2.4.1 Materials—Fmoc-OSU was from Advanced ChemTech. PITC was purchased in 1 mL
sealed ampoules from Sigma-Aldrich. 4-Hydroxy-a-cyanocinnamic acid and other organic
solvents were also from Sigma-Aldrich.

2.4.2 Protocols—~Positive beads (typically 10-150 beads) from the same category (i.e.,

screened against the same protein receptor and having similar color intensity) were placed in
a custom-designed glass vessel (12-mm i.d., 20-mm height) fitted with a Luer tip (1-mm i.d.)
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at one end and a fine-porosity frit (10-20-pum pore size) just above the Luer tip. The beads
were exhaustively washed with water, pyridine, and a 2:1 (v/v) pyridine/water solution
containing 0.1% triethylamine. The solutions were removed by vacuum suction, with the Luer
tip attached to a vacuum manifold (Figure 1). The Luer tip was then capped with a plastic cap,
and the beads were suspended in 160 pL of 2:1 (v/v) pyridine/water solution containing 0.1%
triethylamine. A stock solution of Fmoc-OSU (31 mM) was freshly prepared in pyridine. An
aliquot of this solution (160 pL) was mixed with PITC (6-18 pL, 0.05-0.15 mmol) to give a
degradation reagent mixture containing 290-870 mM PITC and 29 mM Fmoc-OSU (PITC/
Fmoc-OSU ratio of 10-30:1). An equal volume of this reagent mixture (160 pL) was added to
the suspended beads and the degradation was allowed to proceed at room temperature for 6
min (with gentle shaking on a rotary mixer). The solution was drained, and the beads were
washed with pyridine (1.5 mL), dichloromethane (3 x 1.5 mL), and dried by suction. The beads
were washed with 1 mL of anhydrous TFA and treated twice with 1 mL of anhydrous TFA at
room temperature (6 min each time). The beads were washed with dichloromethane (3 x 1.5
mL), dried by suction, washed again with 1.5 mL of pyridine, and ready for the next reaction
cycle. After the final round of PED, the beads were treated twice with 1 mL of 20% piperidine
in DMF at room temperature (5 min each time), to remove the Fmoc group from the N-terminus
and any capped amino acid side chains. The beads were suspended in 1 mL of TFA containing
20 pL (0.27 mmol) of dimethyl sulfide and 25 mg (0.18 mmol) of ammonium iodide and
incubated on ice for 30 min to reduce any oxidized methionine. The beads were washed
exhaustively with water and transferred to a Petri dish, where they were picked under a
microscope and placed into separate microcentrifuge tubes.

Individual beads in microcentrifuge tubes were spun under vacuum in a SpeedVac concentrator
to evaporate any residual water. Each bead was treated overnight in the dark with 20uL of 70%
TFA containing CNBr (40 mg/mL), to cleave the peptides from the bead. The excess CNBr
and TFA were removed under vacuum in a SpeedVac concentrator. The released peptides were
dissolved in 10 pL of 0.1% TFA in ddH,0. The tube was vortexed and centrifuged three times
to dissolve any peptides that may be on the walls of the tube. For MS analysis, a matrix solution
was prepared by saturating a 50:50:0.1 (v/v) acetonitrile/water/TFA solution with 4-hydroxy-
a-cyanocinnamic acid. One uL of the peptide solution was mixed with 2-5 pL of the matrix
solution, and 1 pL of this mixture was spotted onto a 96-well sample plate. Mass spectrometry
analysis was performed on a Bruker Reflex 11l MALDI-TOF instrument in an automated
manner. Sequence determination from the mass spectra was performed manually.

2.5 Individual peptides synthesis

2.5.1 Materials—CLEAR-amide resin (0.46 mmol/g) and Fmoc-8-amino-3,6-dioxooctanoic
acid (miniPEG) were from Peptides International. Benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) were from NovaBiochem.

2.5.2 Protocols—Peptides were synthesized on 50-100 mg of CLEAR-amide resin, using
standard Fmoc/HBTU/HOBLt chemistry. Fmoc-8-amino-3,6-dioxooctanoic acid (miniPEG)
was added to the N-terminus of the peptides to provide a flexible linker, before the addition of
biotin. D-Biotin was coupled with 4 equivalents of biotin and PyBOP and 8 equivalents of
DIPEA. The reaction was allowed to proceed for 2 h at room temperature. A ninhydrin test
confirmed the completion of the reaction. Peptide cleavage from the resin and side-chain
deprotection were carried out with modified reagent K as previously described. The crude
peptides were precipitated in cold diethyl ether, washed with diethyl ether, dried under vacuum,
and purified by reversed-phase HPLC on a C1g column (Varian Dynamax 300 A, 250 x 10
mm). The identity of each peptide was confirmed by MALDI-TOF mass analysis.
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2.6 Determination of dissociation constants by surface plasmon resonance (SPR)

2.6.1 Materials—SPR analysis was performed on a BIAcore 3000 instrument. Streptavidin-
coated SA biosensor chips and HBS-EP buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM
EDTA, 0.005% polysorbate 20) were purchased from BlAcore (Piscataway, NJ).

2.6.2 Protocols—The binding affinity of the selected peptides to an SH2 domain of interest
was determined by SPR analysis, using N-terminally histidine-tagged domain (not MBP
fusion) to validate the screening results. Assays were performed in HBS-EP buffer at room
temperature. The sensorchip was conditioned using a solution of 1 M NaCl and 50 mM NaOH
(aqueous) according to the manufacturer’s instructions. Each biotinylated peptide (~0.05 nmol)
was injected at a flow rate of 15 uL/min until a constant level of response unit (400-500 RU)
was obtained. Varying concentrations of the SH2 domain (0.05-5.0 uM) were passed over the
chip for 2 min at a flow rate of 15 puL/min. A blank flow cell (no immobilized peptide) was
used as a control. In between two runs, the sensorchip was regenerated by injecting a strip
buffer (10 mM NaOH, 200 mM NacCl, 0.05% SDS) for 5-10 s at a flow rate of 100 uL/min.
The equilibrium response unit (RUgq) at a given protein concentration was obtained by
subtracting the response of the blank flow cell from the flow cells containing the peptide. The
dissociation constant (Kp) was obtained by nonlinear regression fitting of the data to the
equation:

RUgq = RUpay < [SH2]/(KD +[SH2])
where RUgq is the measured response unit at a given domain concentration and RUpy is the
maximum response unit.

3. Applications

Over the past few years, the Pei laboratory has applied the above method to successfully
determine the sequence specificity of a dozen different SH2 domains [40—-44, unpublished
results], 3 BIR domains [45], and several chromodomains and WW domains) [unpublished
results]. Below we describe our results on Src, Grb2, Csk, SHP-1, SHP-2, and SHIP1 SH2
domains and compare them with those reported earlier by Cantley and coworkers. One example
is given on its application to the determination of PTP substrate specificity [46].

3.1. SHP-1, SHP-2, and SHIP1 SH2 domains

The four SH2 domains of SHP-1 and SHP-2 and the single SH2 domain of SHIP1 exhibit
overlapping specificities, as these proteins often compete for binding to the same pY protein
receptors [47]. This has generated much confusion with regard to which phosphatase is the
physiologically relevant regulator in various signaling pathways. To help alleviate this
problem, we determined the sequence specificity of all 5 SH2 domains [40-42]. Several
important findings resulted from this study. First, we found that a single modular domain can
recognize more than one type of peptide motifs. For example, the N-terminal SH2 domain of
SHP-2 binds with high affinity to four different classes of ligands of the consensus sequences
(LIVIM)XpY (TIVIA)X(I/VILIF) (class 1), W(M/TNV)pY (y/r)(1/L) X (class IT), (I/V)XpY (L/M/
T)Y(A/P/T/SIg) (class 1), and (I/V/IL)XpY (F/IM)XP (class 1V) [41], where the lower case
letters represent less frequently selected residues and X is any amino acid. The class | ligands
correspond to the pITIM maotifs found on many cell surface receptors, which are well known
ligands of SHP-1, SHP-2, and SHIP1 SH2 domains in vivo [47]. Several proteins have also
been reported to bind SHP-1/2 through class 111 and 1V motifs, including c-Kit (YVpYIDP as
binding motif), CTLA-4 (QPpYFIP), E-selectin (GSpYQKP), prolactin receptor (LDpYLDP),
and STAT3 (putatively LVpYLYP) [48-52]. Interestingly, previous investigators proposed
that these receptors might bind to SHP-1/2 indirectly [49]. Our data show for the first time that
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these motifs bind directly to the N-SH2 domain of SHP-1/2. No class Il motif has so far been
found to mediate SHP-2 binding in vivo. This property is not unique to SHP-2 SH2 domain,
as tensin SH2 domain [44] and XIAP BIR3 domain [45] have been reported to bind to three
and two different types of ligands, respectively. This emphasizes the importance of obtaining
individual binding sequences from library screening. In fact, when we intentionally mixed all
four classes of SHP-2-binding sequences and examined the amino acids enriched at each
position, the pattern was dominated by the class I sequences and we were not able to tease out
the class 111 or 1V sequences [41]. Another observation was that the most frequently selected
sequences do not necessarily bind to the target protein with the highest affinity, especially when
comparing two different classes of peptides. In fact, the opposite trend is often true. For
example, the class | sequences for SHP-2 N-SH2 domain were most frequently selected (84
out of 150 total sequences), whereas only 12 class IV sequences were selected from the library
[41]. Yet, the class IV peptides tested bound to SHP-2 N-SH2 domain with an order of
magnitude higher affinity than class | peptides (Kp = 0.044-0.11 uM for class IV peptides vs
1.4-9.7 uM for class | peptides). Presumably, a high-affinity interaction requires a better fit
between the protein and peptide structures, necessarily limiting the number of possible choices
in the library.

SHP-2 C-SH2 domain has a single consensus sequence (T/V/Iy)XpY (A/sithv)X(IIv/1) [41].
The C-terminal SH2 domain of SHP-1 also recognizes a single class of peptides with a very
similar consensus sequence, (T/v/i)XpY (Abu/A/t)X(L/m/v) [40,41], whereas SHIP1 SH2
domain recognizes the consensus of pY (Y/S/T/V)(L/y/nle/f)(L/Nle/i/v) [41]. Thus, the five
SH2 domains have overlapping sequence specificities but also significant differences. SHP-1/2
SH2 domains all require a hydrophobic residue at pY-2 position (L, I, V, or T), whereas SHIP1
SH2 domain does not. On the other hand, SHIP1 SH2 domain requires a hydrophobic residue
(especially L or Y) at pY+2 position but SHP SH2 domains do not. There are also differences
between the SH2 domains of SHP-1 and SHP-2 [detailed in ref 41]. For example, SHP-1 SH2
domains prefer Leu at pY+3 position, whereas SHP-2 SH2 domains favor lle. The high-
resolution specificity data can now rationalize many of the previously observed cellular
phenomena on a molecular basis and predict new protein-protein interactions [41,42].

3.2. ¢-Src SH2 domain

A total of ~200 mg of the pY peptide library was screened against Src SH2 domain, resulting
in 130 complete sequences (Table 1). Analysis of these sequences reveals that Src SH2
recognizes a single consensus motif, pY (T/A/sle/n)X(I/M/I/v) (Figure 5). The most critical
specificity determinant is the pY+3 position, where isoleucine and norleucine (methionine) are
most preferred, although valine and leucine are also tolerated. In addition, there is relatively
strong preference for a small residue (e.g., Thr, Ala, and Ser) at the pY+1 position. A wide
variety of residues were found at pY—2, pY—1, and pY+2 positions, although there is a
significant overrepresentation of histidine at the pY—2 position. To confirm the screening
results, 8 representative peptides were individually synthesized and their dissociation constants
toward Src SH2 domain were determined by SPR (Table 2). The pYEEI peptide, a known Src
SH2 domain ligand [4], was used as a positive control. All of the pY peptides bound to the
SH2 domain with submicromolar Kp values (0.11-0.71 pM). Consistent with the selection for
His at position pY—2, mutation of this histidine of peptide HYpYEMM into an alanine resulted
in a small (1.3-fold) but reproducible decrease in affinity (compare peptides 1 and 2 in Table
2). Note that substitution of norleucine for methionine has minimal effect on the binding affinity
(compare peptides 1 vs 4 and 3 vs 5 in Table 2). Cantley and coworkers previously determined
the binding sequences of Src SH2 domain by pooled sequencing and reported a consensus of
pY (E/d/t)(E/n/d)(1/v/m/l) [4].
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3.3. Grb2 SH2 domain

The selected sequences (Table 1) indicate that Grb2 SH2 also recognizes a single consensus
motif: pY (Q/V/e/m)N(V/M/I) (Figure 5). It shows little selectivity on the N-terminal side of
pY. The most striking feature is that each of the 76 selected sequences has an asparagine at the
pY+2 position, confirming the absolute requirement for an asparagine at pY+2 that had
previously been reported by others [4,22,23,53]. Selectivity at pY+3 positions is less stringent,
preferring hydrophobic amino acids such as valine and methionine. Still less stringent
selectivity was found at pY+1, where both hydrophobic (Val and Met) and hydrophilic residues
(GIn and Glu, and Arg) were selected. Interestingly, the selected sequences exhibit significant
sequence covariance. When the pY+3 residue is Val, the pY+1 residue is predominantly
hydrophilic; however, when Met is at pY+3 the majority of the selected sequences contain a
hydrophobic residue at pY+1 (Table 1). Overall, our results are in good agreement with the
previous library screening data [4,22,23,53] as well as the identified pY motifs in Grb2-binding
proteins, including Shc (binding motif: pYVNV) [54], Ber-Abl (pYVNV) [55], HGFR/SF
(pYVNV) [56], and FAK (pYENV) [57]. The requirement for an asparagine residue at pY+2
has been explained by the crystal structure of this domain complexed with pY peptides [58,
59]. The pY peptide assumes a B turn conformation, in contrast to other SH2-pY peptide
structures where the pY peptide adopts an extended conformation. At position pY+2, the
asparagine residue defines the specificity pocket because its carboxamide side chain forms
three critical hydrogen bonds with the protein. At position pY+3, the peptide side chain makes
contacts with an extended hydrophobic surface of the protein, justifying the preference for a
hydrophobic amino acid at this position.

3.4. Csk SH2 domain

For Csk SH2 domain, library screening was carried out by the fluorescent method, using Texas
Red-labeled SH2 domain. A total of 24 sequences were obtained (Table 1) and suggest a
consensus sequence of pY (R/A/SIT)(R/X)(V/1/P) (Figure 5). Cantley and coworkers reported
a consensus sequence of pY (T/A/s)(K/R/Q/N)(M/I/VIR) for Csk SH2 domain [60]. Because
positively charged amino acids especially Arg can sometimes cause nonspecific binding to
proteins during library screening, one of the selecetd Arg-containing peptide, R(Abu)
pYRSILN, was synthesized and tested for binding to Csk SH2 domain by SPR. A Kp value of
4.1 uM was obtained (Table 2 peptide 10). Thus, preference for positively charged residues is
a genuine feature of Csk SH2 domain.

3.5 Substrate specificity of PTP1B

The above library method cannot be directly applied to determine the substrate specificity of
PTPs, because there is no stable association between a resin-bound pY peptide and the PTP
during a catalytic process. Previous library screening experiments employed catalytically
inactive PTP mutants or non-hydrolyzable pY analogues [28-31]. However, a high-affinity
binding sequence may not act as a good substrate for the active enzyme. In order to apply our
library method to PTPs, one must first find a reliable method to selectively derivatize the PTP
reaction product (i.e., tyrosine) with a specific probe such as biotin or a fluorescent group,
without affecting any of the other functional groups in the library. We have recently developed
such a methodology, which takes advantage of the exquisite substrate specificity of tyrosinase
to selectively oxidize the tyrosine side chain into dopaquinone in the presence of O, (Figure
6) [46]. The orthoquinone is then derivatized with a nucleophilic probe. To test this strategy,
apY library containing five random residues N-terminal to pY, Fmoc-
XXXXXpYAALNBBRM-resin (where X is norleucine or any of the 17 proteinogenic amino
acids except for Met, Cys, and Tyr; B = p-alanine; theoretical diversity = 1.89 x 106), was
synthesized on 90-um TentaGel resin as described above. Limited treatment of the library with
a small amount of PTP1B resulted in dephosphorylation of beads that carry the best substrates
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of PTP1B. The exposed Tyr side chain was oxidized into orthoquinone by treatment with an
excess amount of mushroom tyrosinase in the presence of atmospheric O, (Note that Tyr is
excluded from the randomized region). The resulting orthoquinone was selectively derivatized
with biotin hydrazide. Subsequently, the library was incubated with SA-AP and BCIP and the
dephosphorylated (and thus biotinylated) beads became turquoise colored. After removal of
the N-terminal Fmoc group with piperidine, the positive beads were sequenced by PED/MS
[35,36].

A preliminary screening of ~10 mg of the above pY peptide library against PTP1B resulted in
13 intensely colored beads and their peptide sequences are listed in Table 3. These pY peptides
can be classified into at least 3 classes. The most abundant class (peptides 11-17) has a
consensus sequence of (K/R)(A/s/t)(I/V/I/m)XXpYAA, where X is any amino acid. Peptides
in the second class (peptides 18-21) all contain a glutamate at pY—2 position and frequently a
tryptophan at pY—1 position. The class Il substrates have previously been reported by other
investigators [28-34]. The third class (peptides 22 and 23) contains an acidic residue at pY—5
position. Four representative peptides were individually synthesized and assayed against
PTP1B in the solution phase. All of them are excellent substrates of PTP1B, having keat/Km
values in the range of 3-7 x 10° M1 s71 (Table 3). Although additional work is needed to
completely define the substrate specificity of PTP1B (in progress), the preliminary data clearly
demonstrate that our combinatorial library method is readily applicable to PTPs.

4. Concluding remarks

The combinatorial library method described above is ideally suited for identifying peptide
ligands for protein or non-protein receptors. Compared to the previously reported methods, our
method has many advantages. First, our method identifies individual binding sequences; this
feature is crucial for receptors that recognize multiple consensus sequences. Second, our
method allows for “fair” competition among all library peptides, as each bead contains roughly
the same amount of peptide molecules (~100 pmol). This ensures that library screening is based
on affinity only, so that an underrepresented high-affinity ligand is identified. Third, because
our method employs chemically synthesized libraries, modified (e.g., pY) and/or unnatural
amino acids (e.g., D-amino acids) can be easily incorporated into the libraries. Fourth, our
method is high-throughput, cost effective, and highly reproducible. A typical pY peptide library
(5 g) can be synthesized in a week and is sufficient for screening against 20 different SH2
domains. For each SH2 domain, library screening and peptide sequencing can be easily
completed in another week (assume that ~100 positive beads are identified for each SH2
domain). As demonstrated with PTP1B, the library method can also be adapted to screen for
optimal substrates of enzymes. Finally, the sequence motifs identified from combinatorial
libraries can be used to search protein and genomic databases for potential protein partners of
SH2 domain-containing proteins [41,42]. For example, two novel tensin-binding pY proteins
have been discovered by this chemical approach [44]. The library method can also employed
to identify potent and specific peptidyl inhibitors against modular domains and PTPs.
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Fig 1.

Apparatus for peptide library synthesis. It consists of a dry-ice cold trap connected to house
vacuum (part A), a vacuum manifold with a solvent reservoir (part B), and a rotary shaker (part
C).
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Fig 2.

Specific labeling of a ybbR-tagged protein by Sfp-mediated transfer of an S-alkylated
phosphopantetheinyl group from CoA-SR to the ybbR tag. CoA-SR, S-alkylated coenzyme A
where R is biotin or a fluorescent group.
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a
_TAXXYXXXxLNBBRM~) MBP-SHZ . rAXXYXXXLNBBRM

1) SA-AP conjugate S _biotin
Tuagxxwasm—. <2\ BCIP

Fig 3.

Screening of the pY peptide library against an SH2 domain. (a) Scheme showing the steps
involved in colorimetric screening of the pY peptide library against a biotinylated MBP-SH2
domain. Key: MBP, maltose binding protein; SA, streptavidin; AP, alkaline phosphatase. (b)
A photograph of a portion of the screened library (~50x magnification). A positive bead
(turquoise colored) is shown.
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Fig 4.

Peptide sequencing by PED/MS. (a) Scheme showing the reactions involved in partial Edman
degradation. Reagents and conditions: (a) 10-30:1 PITC:Fmoc-OSU; (b) TFA; (c) Repeat steps
aand b 7 times; (d) 20% piperidine in DMF; and (e) CNBr in 70% TFA. (b) The MALDI mass
spectrum of peptide TAFIpYDNVLNBBRM and its degradation products (from a single 90

um bead). Key: M*, homoserine lactone.
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Sequence specificity of c-Src, Grb2 and Csk SH2 domains. Displayed are the amino acids

identified at each position from —2 to +3 relative to pY (position 0). Number of occurrence on
the y axis represents the number of selected sequences that contain a particular amino acid at
a certain position. Key: M, norleucine; C, a-aminobutyric acid. The pY library screened against
¢-Src and Grb2 SH2 domains did not contain a-aminobutyric acid.
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Fig 6.

Reactions involved in pY library screening against a PTP.
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Table 2
Dissociation constants (Kp) of selected pY peptides toward Src and Csk SH2 domains?®
Peptide] Peptide sequence Kp (1M)

Src SH2 Csk SH2
1 HYpYEMM 0.26 +0.03 ND
2 AYPYEMM 0.34+0.03 ND
3 HYpYTTM 0.71+0.05 ND
4 HypYE(NIe)(Nle)LN 0.19+0.03 ND
5 HYpYTT(NIe)LN 044 +0.04 ND
6 HYDYEEILN 0.11+0.01 ND
7 SVDPYAYILN 0.67 £ 0.07, ND
8 HHpYTIILN 0.50 +0.05 ND
9 ALDYHOQILN 0.47 £0.05 ND
10 RCDPYRSILN ND 41+0.2

Page 22

&l peptides (except for peptide 10) contained an N-terminally acetyl group and a C-terminal BK-NH2 linker. The lysine side chain was modified with
a (PEG)4-biotin moiety for immobilization. Peptide 10 contained biotin, an 8-atom linker (miniPEG), and two B-alanine residues added at its N-terminus.
M, methionine; C, a-aminobutyric acid; ND, not determined.
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