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ABSTRACT: SH2 domain-containing inositol 5-phosphatases 1 (SHIP1) and 2 (SHIP2) are structurally similar
proteins that catalyze the degradation of lipid secondary messenger phosphatidylinositol 3,4,5-triphosphate
to produce phosphatidylinositol 3,4-diphosphate. Despite their high sequence identity (51%), SHIP1 and
SHIP2 share little overlap in their in vivo functions. In this work, the sequence specificity of the SHIP2 SH2
domain was systematically defined through the screening of a combinatorial pY peptide library. Comparison
of its specificity profile with that of the SHIP1 SH2 domain showed that the two SH2 domains have similar
specificities, both recognizing pY peptides of the consensus sequence pY[S/Y][L/Y/M][L/M/I/V], although
there are also subtle differences such as the tolerance of an arginine at the pY þ 1 position by the SHIP2 but
not SHIP1 SH2 domain. Surface plasmon resonance analysis of their interaction with various pY peptides
suggested that the two domains have similar binding affinities but dramatically different binding kinetics, with
the SHIP1 SH2 domain having fast association and dissociation rates while the SHIP2 domain showing
apparent slow-binding behavior. Site-directed mutagenesis and kinetic studies indicated that the SHIP2 SH2
domain exists as a mixture of two conformational isomers. The major, inactive isomer apparently contains
two cis peptidyl-prolyl bonds at positions 88 and 105, whereas the minor, active isomer has both proline
residues in their trans configuration. Cis-trans isomerization of the peptidyl-prolyl bonds may provide a
potential mechanism for regulating the interaction between SHIP2 and pY proteins. These data suggest that a
combination of tissue distribution, specificity, and kinetic differences is likely responsible for their in vivo
functional differences.

Phosphoinositides are components of the cell membrane and
act as important signaling molecules that regulate cell prolifera-
tion and survival, cytoskeletal reorganization, and vesicular
trafficking by recruiting effector proteins to cellular mem-
branes (1). For example, activated cell-surface receptors recruit
and activate phosphoinositide 3-kinases (PI3K),1 which phos-
phorylate phosphatidylinositol 4,5-diphosphate [PtdIns(4,5)P2]
to produce phosphatidylinositol 3,4,5-triphosphate [PtdIns-
(3,4,5)P3]. PtdIns(3,4,5)P3 in turn recruits pleckstrin homology
(PH) domain-containing proteins such as the serine/threonine
kinase Akt to the plasma membrane for further downstream
signaling events (2). To regulate the cellular levels of lipid
secondary messengers such as PtdIns(3,4,5)P3, cells utilize two
major types of phosphoinositide phosphatases. The inositol

polyphosphate 3-phosphatase PTENhydrolyzes the 3-phosphate
group of PtdIns(3,4,5)P3 to form PtdIns(4,5)P2 (3). PtdIns-
(3,4,5)P3 is also degraded at the 5-phosphate position by a family
of inositol polyphosphate 5-phosphatases (5-ptases) to form
PtdIns(3,4)P2, which can undergo further hydrolysis to form
PtdIns3P (4). Among the 10 mammalian 5-ptases, two contain a
Src homology 2 (SH2) domain, SH2 domain-containing inositol
5-phosphatases 1 (SHIP1) and 2 (SHIP2). SHIP1 is a 145 kDa
protein containing anN-terminal SH2 domain, a central catalytic
5-ptase domain, two NPXY motifs capable of interacting with
phosphotyrosine-binding (PTB) domains, and a C-terminal pro-
line-rich region. SHIP2 (142 kDa) contains an N-terminal SH2
domain, a catalytic domain, a singleNPXYsite, and aC-terminal
sterile R motif (SAM) domain. Despite their high sequence
homology (51% identity) and similar domain architecture,
SHIP1 and SHIP2 have little overlap in their in vivo functions (4).
SHIP1 plays a major role in mediating the inhibitory signaling in
B cells and mast cells and is a negative regulator of cell
growth (5-7). SHIP2 acts as an inhibitor of the insulin signaling
pathway (8-10). One reason for their distinct functions is
undoubtedly their different expression patterns: SHIP1 is pre-
dominantly expressed in hematopoietic cells, whereas SHIP2 is
more ubiquitously expressed, most prominently in skeletal
muscle, heart, and brain (11-14). However, even in cells that
express both SHIP1 and SHIP2 (e.g., platelets and macro-
phages), the two enzymes play nonredundant roles (15, 16).
Thus, the noncatalytic structural elements in SHIP1 and SHIP2
must play a role in dictating their in vivo functions, likely through
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binding to different partner proteins. The SH2 domains of SHIP1
and SHIP2, which share 54% sequence identity, may recognize
different phosphotyrosyl (pY) proteins. Previous studies have
shown that the SH2 domain of SHIP1 binds tyrosine-phosphory-
lated Shc (17), the Gabs (Grb2-associated binders) (18, 19), the
Doks (downstream of tyrosine kinases) (20-22), protein tyrosine
phosphatase SHP-2 (23, 24), c-Cbl (25), and LAT (linker for
activation of T-cells) (26). The SHIP2 SH2 domain has been
shown to bind to p130Cas (27). In addition, both SHIP1 and
SHIP2 can bind via their SH2 domains to the immunoreceptor
tyrosine-based activation motifs (ITAMs) and immunoreceptor
tyrosine-based inhibitionmotifs (ITIMs) of cell-surface receptors
such as those of FcγRIIB and FcεRI (28-33). These observa-
tions suggest that the SH2 domains of SHIP1 and SHIP2 may
have overlapping and yet distinct binding specificities. The
detailed specificity profile of the SHIP1 SH2 domain has
previously been defined by screening a pY peptide library (34),
but similar data for the SHIP2 SH2 domain are not yet available.
In this work, we subjected the SHIP2 SH2 domain to the same
library screening procedure and determined its detailed specificity
profile. A comparison of the two domains reveals that they have
similar but not identical binding specificities. Interestingly, our
studies show that the two domains bind to their pY targets with
dramatically different kinetic behaviors, which likely contribute
to their different in vivo functions.

MATERIALS AND METHODS

Materials. The pMAL-c2 vector, all DNA modifying en-
zymes, and amylose resin were purchased from New England
Biolabs (Ipswich,MA). The pET-28a vector was purchased from
Novagen (Gibbstown, NJ). All oligonucleotides were purchased
from Integrated DNA Technologies (Coralville, IA). 5-Bromo-
4-chloro-3-indolyl phosphate (BCIP), antibiotics,N-hydroxysucci-
nimido-biotin, Sephadex G-25 resin, 4-hydroxy-R-cyanocinnamic
acid, and organic solvents were obtained from Sigma-Aldrich
(St. Louis, MO). Talon resin for IMAC purification was
purchased from Clontech (Mountain View, CA). Reagents for
peptide synthesis were from Advanced ChemTech (Louisville,
KY), Peptides International (Louisville, KY), andNovaBiochem
(La Jolla, CA). The SHIP1 SH2 domain was prepared as
previously described (34). Protein concentration was determined
by OD280 and the Bradford method using bovine serum albumin
as standard.
Expression, Purification, and Biotinylation of SHIP2

SH2Domain.TheDNAcoding for SHIP2 SH2domain (amino
acids 1-121) was subcloned from pcDNA3-SHIP2 (kindly
provided by Dr. S. Tridandapani of The Ohio State University)
by the polymerase chain reaction (PCR) with the following
primers: 50-GGAATTCATGGCCTCAGTGTGTGGGACA-30

and 50-CCCAAGCCTTTATCTCTCCCCCTCTACA-30. The
PCR product was digested with restriction endonucleases EcoRI
andHindIII and ligated into the corresponding sites in pMAL-c2
or pET-28a vectors. The resulting constructs expressed SHIP2
SH2 domain as fusion proteins containing an N-terminal mal-
tose-binding protein (MBP) or a six-histidine tag. SHIP2 SH2
domain mutants were generated in the pET construct using the
QuikChange mutagenesis kit (Stratagene) and the following
primers: P88S, 50-GACCTCACAGGGTGTTTCTGTGCGTC-
GCTTCCAGAC-30 and 50-GTCTGGAAGCGACGCACA-
GAAACACCCTGTGAGGTC-30; P105E, 50-GGCCTATA-
TGCCCAGGAGAACCAGGGTCTTGTTTGTGCC-30 and

50-GGCACAAACAAGACCCTGGTTCTCCTGGGCATATA-
GGCC-30. The authenticity of eachDNAconstruct was confirmed
by DNA sequencing of the entire coding region.

For protein expression, Escherichia coliDH5R cells harboring
plasmid pMAL-c2-SHIP2 SH2 or BL21(DE3) cells harboring
plasmid pET28a-SHIP2 SH2 were grown at 37 �C in LBmedium
to OD600∼0.6. The cells were induced by the addition of 0.1 mM
isopropyl β-D-thiogalactoside (IPTG) and allowed to grow for
4 h at 30 �C. The cells were harvested by centrifugation and lysed
in a French pressure cell in the presence of protease inhibitors.
MBP-SH2 and His-tagged SH2 domains were purified by
amylose and Talon cobalt affinity columns, respectively, follow-
ing the manufacturer’s instructions. The histidine-tagged SH2
protein was further passed through a Sephadex G-25 column to
exchange the Talon column elution buffer into a buffer suitable
for surface plasmon resonance (SPR) analysis (10 mM Hepes,
150 mM NaCl, 3 mM EDTA, pH 7.4). The MBP-SH2 protein
(5 mg) was concentrated to∼4mg/mL and treated with 2.5 equiv
of N-hydroxysuccinimido-biotin for 30 min at 4 �C, followed by
the addition of 10 μL of 1MTris, pH 8.0. After 10min of incuba-
tion, the biotinylated MBP-SH2 protein was passed through a
Sephadex G-25 column to remove any excess biotin, flash frozen
in the presence of 33% (v/v) glycerol, and stored at -80 �C.
Library Screening. The pY peptide library was synthesized

as previously described (34). Typically, 30-50 mg of the pY-
containing library was placed in a micro Bio-Spin column
(0.8 mL; Bio-Rad), washed exhaustively with DCM and DMF,
and incubated in a blocking buffer (30 mM HEPES, pH 7.4,
150 mM NaCl, 0.1% gelatin, and 0.05% Tween 20) for 1 h. The
resin was drained and resuspended in 800 μL of fresh blocking
buffer containing 20 nM biotinylated MBP-SH2 protein. After
overnight incubation at 4 �C with gentle mixing, the resin was
drained and resuspended in 800 μL of SA-AP buffer (30 mM
Tris, pH 7.4, 250 mM NaCl, 10 mM MgCl2, 70 μM ZnCl2, and
20 mM K2HPO4) containing 1 μg of streptavidin-alkaline
phosphatase (SA-AP). The mixture was incubated for 10 min
at 4 �C.The resinwas then drained andquicklywashed twicewith
300 μL of SA-AP high salt buffer (30 mM Tris, pH 7.4, 500 mM
NaCl, 10 mM MgCl2, 70 μM ZnCl2), twice with 300 μL of the
blocking buffer, and twice with 300 μL of SA-AP reaction buffer
(30 mM Tris, pH 8.5, 100 mM NaCl, 5 mM MgCl2, 20 μM
ZnCl2). The resin was transferred to a Petri dish with 900 μL of
the SA-AP reaction buffer, and 100 μL of a fresh BCIP solution
(5 mg/mL in SA-AP reaction buffer) was added. Turquoise color
developed on positive beads at ∼30 min, when the staining
reaction was quenched with the addition of ∼1 mL of 2 M HCl
for 5 min. The resin was transferred back into the Bio-Spin
column andwashed extensivelywith a 0.1%Tween 20 solution to
remove any unreacted BCIP substrate. Positive beads were
manually removed from the library with a micropipet under a
dissecting microscope and individually sequenced by partial
Edman degradation-mass spectrometry (PED-MS) as pre-
viously described (35, 36). Control experiments with biotinylated
MBP produced no colored beads under identical conditions.
Synthesis of Biotinylated pY Peptides. Each peptide was

synthesized on 50 mg of Clear-amide resin (0.46 mmol/g) using
standard Fmoc/HBTU/HOBt chemistry. D-Biotin was coupled
to theN-terminus of each peptide via a miniPEG-Asn-Asn linker
or to the side chain of a C-terminal lysine. Ninhydrin test was
used to monitor the completion after each coupling reaction.
After cleavage and deprotection with a modified reagent K
(6.5% phenol, 5% water, 5% thioanisole, 2.5% ethanedithiol,
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1%anisole inTFA), the crude peptides were purified by reversed-
phaseHPLConaC18 column (Varian 120 Å�, 4.6� 250mm). The
identity of the peptides was confirmed by MALDI-TOF mass
spectrometric analyses.
SPR Analysis. All measurements were made at room tem-

perature on aBIAcore 3000 instrument. Biotinylated pYpeptides
were immobilized onto a streptavidin-coated sensorchip. A
sensorchip with reduced pY peptide loading was generated by
passing a 1:10 (mol/mol) mixture of biotinylated pYSYL peptide
(10 nM) and free biotin (100 nM) over a streptavidin-coated chip
to give an increase of 10 response units (RU). Comparison of
RUmax values at saturating protein concentrations indicated that
the actual pY peptide loading was reduced by∼20-fold. Increas-
ing concentrations of anN-terminal histidine-tagged SH2 protein
(0-6.4 μM) inHBS-EP buffer (10mMHEPES, pH 7.4, 150 mM
NaCl, 3 mM EDTA, and 0.005% polysorbate 20) were passed
over the sensorchip for 120-600 s at a flow rate of 15-
30 μL/min. A blank flow cell (no immobilized pY peptide) was
used as control to correct for any signal due to the solvent bulk
and/or nonspecific binding interactions. In between two runs, the
sensorchip surface was regenerated by flowing a strip solution
(10 mM NaCl, 2 mM NaOH, and 0.025% SDS in H2O) for
5-10 s at a flow rate of 100 μL/min. The RUeq at a given SH2
protein concentrationwas obtained by subtracting the response of
the blank flow cell from that of the sample flow cell. The
dissociation constant (KD) was obtained by nonlinear regression
fitting of the data to the equation, RUeq = RUmax[SH2]/(KD þ
[SH2]), whereRUeq is themeasured response unit at a certain SH2
protein concentration and RUmax is the maximum response unit.
Kinetic data were obtained by globally fitting the sensorgrams
(after subtraction of background from blank flow cell) to pre-
defined models using BIAevaluation software (version 4.1) ac-
cording to the manufacturer’s instructions. The models employed
in this work were based on “1:1 binding with mass transfer” to
include different bulk refractive index changes at the beginning
and end of injections. Mass transport constant (kt) and χ2 values
were constantly monitored to ensure the quality of the fitting.

RESULTS

Sequence Specificity of SHIP2 SH2 Domain. We
screened the SHIP2 SH2 domain against a one-bead-one-com-
pound (OBOC) pY peptide library previously employed for the
SHIP1 SH2 domain, H2N-TAXXpYXXXLNBBRM-resin
[where B is β-alanine and X represents any of the 18 proteino-
genic amino acids except for Cys andMet plus 2-L-aminobutyric
acid (Abu or U) and norleucine (Nle or M) as Cys and Met
surrogates] (34). The N-terminal dipeptide (TA) reduces any
potential bias caused by the free N-terminus (which is required
for peptide sequencing). The linker sequence (LNBBRM) was
included to facilitate peptide release (CNBr cleavage after Met)
and MALDI MS analysis (Arg provides a fixed positive charge,
whereas Leu-Asn shifts the peptide mass to >600 Da to avoid
overlapping with matrix signals). The two β-alanine residues
provide a flexible linker to facilitate the binding of a target
protein to the immobilized peptides. The theoretical diversity of
the library is 205 or 3.2 � 106. The library was synthesized on
TentaGel microbeads (90 μm) and screened against the biotiny-
lated MBP-SHIP2 SH2 domain. Beads containing high-affinity
ligands for the SH2 domain recruited the biotinylatedMBP-SH2
protein to their surface, which in turn recruited the streptavi-
din-alkaline phosphatase (SA-AP) conjugate to the beads.
Upon the addition of BCIP, the alkaline phosphatase hydrolyzed

BCIP to generate a turquoise precipitate deposited on the bead
surface.

A total of 100 mg of the pY peptide library (∼3 � 105 beads)
was screened against the SHIP2 SH2 domain, and 93 intensely
colored beads were isolated from the library and sequenced by
the PED-MS method (35, 36) to give 85 binding sequences
(Table 1). Inspection of the selected sequences reveals that the
SHIP2 SH2 domain has very broad specificity on the N-terminal
side of pYbut is highly selective on theC-terminal side (Figure 1).
At the pYþ3 position, Abu (which was used as a Cys surrogate),
is most preferred, although other aliphatic hydrophobic amino
acids including Leu, Ile, and Val were also selected. SHIP2 SH2
domain also strongly prefers a hydrophobic residue at the pYþ2
position, with Tyr being most frequently selected, followed by
Leu, Phe, and Nle. Interestingly, the SH2 domain recognizes two
completely different classes of residues at the pYþ1 position: the
first class possesses small residues Ser, Ala, andAbu, whereas the
second class includes Arg and Tyr, both of which contain
amphipathic side chains. A few peptides that do not fall into
the above consensus sequences (pYVRH, pYWFQ, pYMTR,
pYYTR, and pYRWY) are likely false positives caused by
nonspecific interactions and not further pursued.
Comparison of the Sequence Specificities of SHIP1 and

SHIP2 SH2 Domains. A comparison of the above data with
the sequences previously selected against the SHIP1 SH2 do-
main (34) reveals that the two SH2domains have overlapping but
not identical sequence specificities (Figure 1). On the N-terminal
side of pY, both SH2 domains have broad specificities, though
there are some subtle differences. The SHIP1 domain selected a
proline at position pY-2 among 18% of all sequences, but the
SHIP2 domain did not select proline at all at the same position.
On the other hand, the SHIP2 domain selected a significant
number of arginines at position pY-2 (11%) while SHIP1 did
not. The two domains also prefer the same set of amino acids at
the pYþ2 position (Leu, Tyr, Nle, and Phe), although the
ranking order of these four amino acids are different. For the
SHIP1 SH2 domain, the most frequently selected residue was
leucine, while Tyr was themost dominant residue for SHIP2 SH2
domain. The main difference between the two domains is at the
pYþ1 position, where SHIP1 SH2 domain showed a strong

Table 1: pY Sequences Selected against SHIP2 SH2 Domain (85 Total)a

VRpYALU XXpYDLU UYpYRYU YApYSMU UQpYYYA

XDpYALU XMpYDPM WUpYRHI AKpYSMU XXpYYKU

IQpYALUb NApYFLU XXpYRMI RQpYSMU FDpYYLU

RSpYALU XXpYFLV UWpYRYI AGpYSVU NGpYYLU

RIpYAYU UUpYKLU XXpYRVL VApYSYUb YGpYYLU

RNpYAYU XQpYKLU YSpYRYL VApYSYU SGpYYRU

GRpYAYU AApYLFU STpYRYL AUpYSYU TTpYYYU

UPpYAYU AGpYLIU AYpYRTM UHpYSYU XXpYYYU

TPpYAYU XEpYPYU EEpYRTV ANpYSYU

VKpYUFU UVpYRYA FGpYSYA VQpYSYU WYpYVRH

GDpYUFU IApYRFU FApYSFU LVpYSYU RGpYWFQ

UApYULU XLpYRLU AMpYSFU DGpYSYI XXpYYTR

VApYULU SMpYRLU XQpYSFU GGpYSYI XXpYMTR

XXpYULU ULpYRLU RYpYSFU XVpYSYL XXpYRWY

YRpYUYU VTpYRLU IApYSLU SMpYTYU

SUpYUFU XWpYRMU XGpYSLU XXpYTLV

AApYUFL XFpYRYU QRpYSLU XXpYVLU

GGpYULV FTpYRYUb GApYSMU XXpYXLU

aSequences were obtained from two screening experiments performed at
20 nM SHIP2 SH2 domain. bPeptides selected for further binding analysis:
U, R-L-aminobutyric acid; M, norleucine; X, amino acids whose identity
could not be unambiguously determined.
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preference for Tyr, followed by Ser, Thr, and Val. The most
preferred residues for the SHIP2 SH2 domain are small amino
acids Ser, Ala, and Abu. Tyr is also selected, but at a much lower
frequency as compared to SHIP1 domain (11% vs 42%). The
most striking difference, however, is the recognition of Arg at the
pYþ1 position by the SHIP2 domain, which was completely
absent among the SHIP1-binding sequences. At the pYþ3
position, both SH2 domains require a hydrophobic, aliphatic
residue. The SHIP2 SH2 has a strong preference for Abu. Since
our previous screening of the SHIP1 SH2 domainwas carried out
with a pY library that did not contain Abu at the random region,
we rescreened the new library against the SHIP1 SH2domain and
found that the SHIP1 domain strongly prefers Leu and Nle over
Abu, Val, and Ile (data not shown).
Binding Affinities of Selected Peptides. To confirm

the library screening results, three representative sequences,

VApYSYC, IQpYALC, and FTpYRYC (Table 2, peptides 1,
4, and 5), were individually synthesized and tested for binding to
SHIP1/2 SH2 domains by SPR analysis. To determine the
effectiveness of Abu as the Cys surrogate, we also synthesized
peptides 2 and 3, which are identical to peptide 1 except that the
Cys at the pYþ3 position is replaced with Leu and Abu,
respectively (Table 2). Peptide 5 was chosen because it contains
an Arg at the pYþ1 position, which was not selected by the
SHIP1 SH2 domain. Peptide 6 (PFpYSLL) is a high-affinity
ligand of the SHIP1 SH2 domain, identified from our previous
library screening (34). Peptides 7-9 correspond to the ITIM/
ITAM motifs in immunoglobulin G receptor proteins FcγRIIB
(ITpYSLL) and FcγRIIA (GGpYMTL and NIpYLTLG),
which are known to bind to SHIP1/2 SH2 domains in vivo (37).
They are employed here as the benchmarks for comparison.
Peptide 3 (VApYSYU), which was the actual sequence selected
from the peptide library, bound to the SHIP2 SH2 domain with
high affinity (KD = 0.64 μM) and slightly less tightly to the
SHIP1 SH2 domain (KD=0.89 μM). Substitution of Leu for the
Abu residue had little effect on the binding affinities. In contrast,
substitution of Cys for Abu reduced the affinities to both SH2
domains by 7.5-fold (Table 2, compare peptides 1 and 3). These
results indicate that the SHIP1/2 SH2 domains do not prefer
but may be able to tolerate a Cys at the pYþ3 position.
Peptides 1, 4, and 5 had similar KD values to the SHIP2 SH2
domain (4.8, 2.9, and 5.2 μM, respectively), indicating that Ser,
Ala, and Arg are similarly preferred at the pYþ1 position, as
the screening data have suggested (Figure 1). On the other
hand, peptide 5 (pYRYC) has ∼3-fold lower affinity than
peptide 1 (pYSYC) toward the SHIP1 SH2 domain (KD values
of 17 and 6.6 μM), again in agreement with our previous library
screening data (i.e., the SHIP1 SH2 domain does not prefer an
Arg at the pYþ1 position) (34). Peptide 6 (pYSLL), an optimal
ligand selected against the SHIP1 SH2 domain (34), binds to
the SHIP1 SH2 domain 14-fold more tightly than the SHIP2
domain (KD values of 0.23 and 3.2 μM, respectively). In
comparison, peptide 2 (pYSYL) bound the SHIP2 SH2 domain
5-fold better than peptide 6, again in agreement with the
screening results (i.e., SHIP1 prefers a Leu whereas SHIP2
prefers a Tyr at the pYþ2 position). Peptide 7, which
also contains the pYSLL motif, binds to SHIP1 with ∼4-fold

FIGURE 1: Sequence specificities of SHIP1 and SHIP2 SH2 domains.
The histograms represent the amino acids identified at each position
frompY-2 topYþ3.Percentile of occurrence on the yaxis represents
the percentage of selected sequences that contain a particular amino
acid at a certain position. Key: open bar, SHIP1 SH2 domain; closed
bar, SHIP2 SH2 domain; M, norleucine; U, 2-L-aminobutyrate.

Table 2: Dissociation Constants (KD, μM) of SHIP1 and SHIP2 SH2

Domains against pY Peptides

peptide peptide sequencea SHIP1b SHIP2b

1 VApYSYC 6.6 ( 0.5 4.8( 0.6

2 VApYSYL 0.87 ( 0.09 0.61( 0.05

3 VApYSYU 0.89 ( 0.09 0.64( 0.09

4 IQpYALC 2.3 ( 0.2 2.9( 0.3

5 FTpYRYC 17 ( 4 5.2( 0.7

6 PFpYSLL 0.23 ( 0.03 3.2( 0.4

7 ITpYSLL 0.40 ( 0.05 1.5( 0.2

8 GGpYMTL 0.84 ( 0.07 1.0( 0.1

9 NIpYLTLG 1.6 ( 0.1 2.9( 0.9

aPeptides 1-5 each contained biotin-miniPEG-NN at the N-terminus
and LNR-NH2 at the C-terminus. Peptide 6was acetylated at theN-terminus
and contained aC-terminal linker, LNBK(PEG-biotin)R-NH2 (B,β-alanine).
Peptides 7-9were biotinylated at theirN-termini and contained the following
sequences: peptide 7, biotin-EAENTITpYSLLKH; peptide 8, biotin-ETA-
DGGpYMTLNPRAPTDDDKNIYLTLG; peptide 9, biotin-ETADGGY-
MTLNPRAPTDDDKNIpYLTLG. bSPR conditions: SHIP1 SH2 domain
was flowed over the surface for 120 s at 15 μL/min, while SHIP2 SH2 domain
was flowed for 600 s at 20 μL/min.
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higher affinity than SHIP2. Comparison of peptides 6 and 7
suggests that residues on the N-terminal side of pY or beyond
the pYþ3 position may also have some (though relatively
minor) influence on the overall binding affinity (34, 38, 39).
Finally, the two ITAMmotifs bound to SHIP1/2 domains with
similar affinities (Table 2). In summary, the quantitative
binding studies are in excellent agreement with the library
screening results.
Differential Binding Kinetics of SHIP1 and SHIP2 SH2

Domains. During our initial SPR studies, we noticed that the
SHIP1 and SHIP2 SH2 domains exhibited drastically different
binding kinetics. The SHIP1 SH2 domain bound to the immo-
bilized ligands with fast “on” and “off” rates, and the binding
equilibriumwas reached very quickly (<30 s) even at low protein
concentrations (Figure 2a). In contrast, the SHIP2 domain
showed both very slow association and dissociation rates; at
lower protein concentrations (e.g., 200-400 nM), the binding
equilibrium was not reached even after passing the protein
solution for 10min at a higher flow rate (20 μL/min, as compared
to 15 μL/min for SHIP1) (Figure 2b). This slow-binding behavior
made it difficult to accurately determine the equilibrium dis-
sociation constants (KD) because failure to reach binding equi-
librium at low protein concentrations underestimates their
equilibrium response units (RUeq), which in turn results in
artificially high apparent KD values (or an underestimate of the
binding affinity). We therefore attempted to determine the
association (kon) and dissociation rates (koff) of the binding
interactions and calculate the dissociation constants (kD) from
the corresponding kinetic constants (kD = koff/kon). Six pY
peptides (peptides 2, 3, 6, and 7-9) were selected for the detailed
kinetic investigation by SPR, and their kon and koff values were
obtained by global fitting of SPR sensorgrams obtained at several
different SH2 domain concentrations (200-6400 nM) against a

predefined binding model. We initially explored a simple binding
model for a bimolecular interaction as described in eq 1 (model I).

Pbulkh
kt

k-t
Psensor

Psensor þLh
kon

koff
PL

ð1Þ

In this model, P is the SH2 domain and L is the immobilized pY
peptide. This model includes a transport step for diffusion of the
SH2 domain from the bulk solution to the sensor surface, to
correct for any effect of mass transport limitation (40). At high
association rates and/or high binding capacity, diffusion of the
protein from the bulk to the sensor surface becomes rate-limiting.
As shown in Table 3, the interaction between the SHIP1 SH2
domain and the six pY peptides is well described by this model,
and the kD values derived from the kinetic studies are very similar
to the respective KD values obtained from equilibrium binding
experiments. The rates of association (kon) are typically on the
order of 105 M-1 s-1, while the dissociation rates (koff) are
0.23-0.85 s-1, corresponding to half-lives (t1/2) of 0.82-3.1 s for
the SH2 domain-pY peptide complexes (except for peptide 6,
which for yet unknown reasons gave poor fitting in all experi-
ments). The fitting produced mass transport rates (kt) in the
range of (1-2) � 10-5 m s-1, in excellent agreement with the kt
values reported for other SH2 domains (40). Global fitting of the
SHIP2 data to the above model gave kon and koff values that are
2 orders of magnitude lower than the corresponding values of the
SHIP1 SH2 domain, consistent with a slow-binding mechanism
(Table 4). However, the kt values obtained were in the range of
0.021-0.042� 10-5 m s-1, which are∼40-fold lower than that of
SHIP1 or other SH2 domains. Since the rate of diffusion of a
protein is independent of its binding properties, this large
deviation in the kt value indicates that the above model is
inadequate to describe the binding behavior of the SHIP2 SH2
domain.
Effect of P88S and P105E Mutations on SHIP2 SH2

Domain Binding Properties. We theorized that a time-depen-
dent conformational change in the SHIP2 SH2 domain structure
may be responsible for the observed “slow-binding” behavior. A
possible mechanismmay involve the cis-trans isomerization of a
peptidyl-prolyl bond. It has previously been reported that
isomerization of a peptidyl-prolyl bond in the SH2 domain of
interleukin-2 tyrosine kinase (Itk) alters its binding affinity to pY
peptides (41), although its effect on the binding kinetics has not
yet been investigated. Sequence alignment of the SHIP1/2 SH2
domains revealed the SHIP2 domain contains two extra prolyl

FIGURE 2: SPR sensorgrams for the binding of SHIP1 (a) and SHIP2
SH2 domains (b) to immobilized peptide 2 (VApYSYL). Varying
concentrations of the SH2domains (200-6400nM)were flowedover
the sensorchip for 120 s (SHIP1) or 600 s (SHIP2).

Table 3: Kinetic Properties of SHIP1 SH2 Domaina

peptide

kt
(�10-5 m s-1)

kon
(�105 M-1 s-1)

koff
(s-1)

kD
(μM)

KD

(μM)

t1/2
(s)

2 1.6 10.9 0.85 0.78 0.87( 0.09 0.82

3 1.4 3.1 0.29 0.95 0.89( 0.09 2.4

6 3.0 3.0 0.048 0.16 0.23 ( 0.03 14

7 2.0 10.5 0.29 0.28 0.40( 0.05 2.4

8 1.0 2.9 0.23 0.79 0.84( 0.07 3.1

9 1.1 5.9 0.80 1.4 1.6( 0.1 0.87

akt is the diffusion rate constant. KD is the equilibrium dissociation
constant derived from nonlinear regression fitting of the data to the
equation RUeq = RUmax[SH2]/(KD þ [SH2]). kD is the dissociation
constant calculated from the association and dissociation rate constants
(kD = koff/kon). t1/2 (half-life of the protein-peptide complex) is derived
from t1/2 = ln 2/koff.
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residues at positions 88 and 105 that are absent in the SHIP1 SH2
domain (Figure 3). We mutated the two prolyl residues to the
corresponding amino acids in SHIP1 (Ser and Glu, respectively)
and assessed the binding properties of the mutant SH2 domains
against peptides 2 and 7 by SPR. To our gratification, both P88S
and P105E mutants exhibit faster association kinetics than the
wild-type protein, while the dissociation rates are relatively
unchanged (Figure 4a-c). Curve fitting against model I gave
apparent kon values of 14000, 88000, and 21500M-1 s-1 and koff
values of 0.0026, 0.0020, and 0.0028 s-1 for WT, P88S, and
P105Eproteins, respectively (Table 5). Thus, the P88S andP105E
mutants bind to peptide 2 with 7.8- and 1.4-fold higher affinities
than the WT SHIP2 protein. The apparent KD values derived
from equilibrium binding studies also suggested that the P88S
mutant has ∼3-fold higher affinity than the WT protein. Similar
tends were observed with peptide 7 (data not shown).
Reanalysis of SHIP2 SH2 Domain Kinetics Using Im-

proved Binding Model. While the simple binding model
described above was inadequate for the SHIP2 domain, we found
that all of the experimental results can be rationalized by a
modified model as described in eq 2 (model II).

Ph
K
P�

P�bulkh
kt

k-t

P�sensor
P�sensor þLh

kon

koff
P�L

ð2Þ

Inmodel II, P represents the SHIP2SH2 domainwith Pro-88 and
Pro-105 in the cis configuration, whereas P* is the active form of
protein with the prolines in the trans configuration. We assume
that P is incapable of binding or binds only weakly to the pY
ligands. K is the equilibrium constant between Pand P* in the
absence of pY ligands, kon is the association rate constant for P*
and pY ligand, and koff is the dissociation rate constant of the
P*L complex. We also assume that interconversion between P
and P* is slow and negligible under the SPR conditions. This
assumption is reasonable since cis-trans isomerization of
a peptidyl-prolyl bond involves an activation barrier of ∼20
kcal/mol (42) and the interconversion between P and P* requires

the isomerization of two such bonds. Our data suggest that the
SHIP2 SH2 domain exists predominantly in its inactive form (P)
with only a minor component in the active form (P*). During
SPR analysis, because the concentration of P* is low, the
association phase is at least partially limited by mass transport.
The apparent kon value derived from curve fitting (against
model I) in Table 4 is likely a function of both the intrinsic kon
value of P*-pY interaction and the rate of P* delivery to the
surface. After an extended mass transport period (which corre-
sponds to the initial linear region of the sensorgrams), a sufficient
amount of P* is bound to the immobilized ligands, and an
equilibrium is reached between free P* and P*L (as indicated by
the plateau region of the sensorgram). This model is consistent
with our observation that higher flow rates (30 vs 15 μL/min)
increase the apparent association rate and shorten the mass
transport phase during SPR analysis (data not shown).

To estimate the K value for WT SHIP2 SH2 domain, we
compared the apparent association rates of WT and P88S
proteins, as reflected by the slopes of the initial linear region of
the sensorgrams (Figure 4a,b). The apparent association rates
of the P88S protein were consistently∼40-fold higher than those
of theWTprotein under the same experimental conditions. If one
assumes that the two proteins (in their P* forms) have the same
intrinsic kon value (which is not unreasonable since they have
similar koff values suggesting that Pro-88 is not directly involved
in ligand binding), the different rates suggest that the P88S
mutant has ∼40-fold more protein in the P* form than the WT
SH2 domain. If one further assumes that the P88S protein is all in
the P* form (which is clearly an overestimate), it would suggest
that∼2.5% of the WT SHIP2 SH2 domain exists in the P* form
(orK∼0.025).Wenext performed curve fitting of the SHIP2SH2
sensorgrams against model II with a K value of 0.025, and the
results are summarized in Table 4. The quality of the fitting is
reflected by the kt values obtained, which are in the range of
1.4-2.8 � 10-5 m s-1 and similar to those of SHIP1 and other
SH2 domains (40). Fitting against the modified model gave the
same dissociation rates (koff = 0.0011-0.0041 s-1) and half-lives
for the P*L complexes (170-630 s) as didwithmodel I (except for
peptide 6). On the other hand, the new model gave much higher

Table 4: Kinetic Properties of SHIP2 SH2 Domaina

model I model II

peptide

KD

(μM)

kt
(�10-5 m s-1)

kon
(�105 M-1 s-1)

koff
(s-1)

kD
(μM)

t1/2
(s)

kt
(�10-5 m s-1)

kon
(�105 M-1 s-1)

koff
(s-1)

kD
(μM)

t1/2
(s)

2 0.61( 0.05 0.042 0.14 0.0026 0.18 270 1.7 5.7 0.0026 0.0046 270

3 0.64( 0.09 0.042 0.090 0.0011 0.12 630 1.7 3.6 0.0011 0.0029 630

6 3.2( 0.4 617 0.007 0.0012 1.8 580 440 1.4 0.0051 0.037 140

7 1.5( 0.2 0.032 0.060 0.0017 0.29 410 1.2 2.4 0.0017 0.0072 410

8 1.0( 0.1 0.028 0.067 0.0022 0.33 320 1.1 2.7 0.0022 0.0083 320

9 2.9( 0.9 0.021 0.22 0.0041 0.18 170 0.84 9.0 0.0041 0.0045 170

akt is the diffusion rate constant. KD is the equilibrium dissociation constant derived from nonlinear regression fitting of the data to the equation RUeq =
RUmax[SH2]/(KD þ [SH2]). kD is the dissociation constant calculated from the association and dissociation rate constants (kD = koff/kon). t1/2 (half-life of the
protein-peptide complex) is derived from t1/2 = ln 2/koff.

FIGURE 3: Sequence alignment of human SHIP1 and SHIP2 SH2 domains using ClustalW2 (47). The two extra proline residues in SHIP2 are
shaded in gray.
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kon values (2.4-9.0� 105M-1 s-1), which are similar to those of
the SHIP1 SH2 domain (Table 3). Thus, the active form of
SHIP2 SH2 domain (P*) is an exceptionally tight binder of pY
ligands, with kD values of 2.9-8.2 nM for peptides 2, 3, 7, 8,
and 9. The apparent slow-binding behavior observed by SPRwas
caused by mass transport limitation (40). The higher apparent
KD values derived from equilibrium binding analysis were caused
by overestimation of the active protein concentration (by
∼40-fold) and failure to reach equilibrium at lower protein
concentrations and should be corrected according to the equation

kD=KD
app/K. This model provides a simple explanation for the

higher apparent binding affinities of the P88S andP105Emutants
relative to the WT protein, because the Ser and Glu residues in
themutants should exist in the trans configuration, increasing the
population of the P* form proteins (larger K value).

Finally, to provide additional support for model II, we
generated a sensorchip with 20-fold reduced pY ligand loading
and used it examine the binding kinetics of the WT SHIP2 SH2
domain. We anticipated a shorter mass transport phase on this
sensorchip (as compared to those in Figures 2 and 4a), because
less protein is needed to reach binding equilibrium. This is indeed
the case; in fact, the slow mass transport phase essentially
disappeared (Figure 4d). Unfortunately, the poor signal/noise
ratio caused by the low ligand loadingmade it difficult to perform
any quantitative analysis.

DISCUSSION

In order to gain insight into the molecular basis for the
functional difference between SHIP1 and SHIP2, we employed
a combinatorial peptide library approach to systematically define
the sequence specificity of the SHIP2 SH2 domain and compared
it with that of the SHIP1 SH2 domain. Our results show that the
two SH2 domains have overlapping (though nonidentical)
specificities, both capable of binding to pY peptides of the
consensus sequence pY[S/Y][L/Y/M][L/M/I/V] (Figure 1). This
is consistent with the previous reports that SHIP1 and SHIP2
bound to the same ITAM, ITIM, and ITAM-like motifs on
cell-surface receptors, which have the general consensus of
pYXX(L/I) (28-33, 43). Their requirement for a hydrophobic
residue at the pYþ2 position (e.g., Leu and Tyr) makes SHIP1/2
SH2 domains rather unique among the SH2 domain family, as
most of them have little selectivity or prefer hydrophilic residues
at this position. Our study also revealed some notable differences
between the SHIP1/2 SH2 domains. For example, the SHIP2
SH2 domain accepts Arg at the pYþ1 position, whereas the
SHIP1 SH2 domain does not (Figure 1 and Table 2). At the
pYþ2 position, the SHIP1 domain prefers Leu over Tyr, while
the SHIP2 domain has the opposite preference (Figure 1 and
Table 2). At the pYþ3 position, SHIP1 has a slight preference for
the larger hydrophobic, aliphatic amino acids such as Leu and
Nle, whereas the SHIP2 domain prefers a smaller residue such as
Abu and Val. The most striking difference between the two SH2
domains, however, is their binding kinetics. For all six pY
peptides tested in this work, which were derived from either
library screening or known SHIP1/2 SH2domain-binding sites in
various receptor proteins, the SHIP1 SH2 domain showed

FIGURE 4: SPR sensorgrams for the binding of WT and mutant
SHIP2 SH2 domains to immobilized peptide 2 (VApYSYL): (a)
WT SH2 domain; (b) P88S mutant; (c) P105E mutant; (d) WT SH2
domain. Sensorgrams in (a)-(c) were obtained on a chip loadedwith
a normal amount of pY peptide, whereas the sensorgram in (d) was
from a chip containing 20-fold reduced pY peptide loading. Varying
concentrations of proteins (50-6400 nM) were flowed over the
surface at 30 μL/min.

Table 5: Binding of WT and Mutant SHIP2 SH2 Domains to Peptide 2

(pYSYL)a

protein

kt
(�10-5 m s-1)

kon
(�105 M-1 s-1)

koff
(s-1)

kD
(μM)

KD

(μM)

WT (model I) 0.042 0.14 0.0026 0.18 0.61( 0.05

WT (model II) 1.7 5.7 0.0026 0.0046 0.61( 0.05

P88S 0.90 0.88 0.0020 0.023 0.19( 0.02

P105E 0.22 0.22 0.0028 0.13 0.59( 0.04

akt is the diffusion rate constant. KD is the equilibrium dissociation
constant derived from nonlinear regression fitting of the data to the
equation RUeq = RUmax[SH2]/(KD þ [SH2]). kD is the dissociation
constant calculated from the association and dissociation rate constants
(kD= koff/kon). Data for P88S andP105Emutants were derived from fitting
against model I because their K values were not available.
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“normal” fast-on/fast-off kinetics, with half-lives of 1-3 s for the
SH2-pYpeptide complex. The SHIP2 SH2domain, on the other
hand, had 2 orders of magnitude slower association and dis-
sociation rates against the six peptides andmuch longer half-lives
(2-10min) for the SH2-pY complex, as revealed by SPR analysis
(Tables 3 and 4). More careful analysis suggested that the SHIP2
SH2 domain exists as a mixture of a small amount of exception-
ally active P* form (∼2.5%) and a large amount of inactive
(or poorly active) P form (∼97%). The observed “slow-binding”
behavior is apparently a result of mass transport limitation.
Presumably, the P form structure contains two cis peptidyl-
prolyl imide bonds at Pro-88 and Pro-105, whereas the P* form
has both bonds in the trans configuration. Pro-88 and Pro-105
are located in the EF and BG loops, respectively (44, 45). These
two loops form two walls of the binding pocket for the pYþ3
residue. It is thus conceivable that a cis-prolyl residue(s) could
disrupt this binding pocket and greatly reduce the binding
affinity. Upon binding to a pY ligand, depletion of the free P*
form would generate a driving force for converting more P form
to the P* form.Apparently, the interconversion between P and P*
is slow (if any) under the in vitro conditions employed for the SPR
studies. In vivo, however, the interconversion may be catalyzed by
a peptidyl-prolyl isomerase (e.g., cyclophilin), as has been shown
for the Itk SH2 domain (40), and therefore the interaction
between the SHIP2 SH2 domain and pY proteins may follow
genuine slow-binding kinetics. Our preliminary studies showed
that the interaction between full-length SHIP2 and several pY
proteins in vivo indeed occurred more slowly than for SHIP1
(A.-S. Wavreille and S. Tridandapani, unpublished results).

Some of the functional differences between SHIP1 and SHIP2
can be attributed to their different expression patterns (11-14).
This, however, cannot possibly explain their nonredundant roles
in hematopoietic cells, where both enzymes are present. Other
factors that may contribute to their different functions include
the different substrate specificities of their phosphatase do-
mains (4) and the presence of a SAM domain in SHIP2 (but
not in SHIP1), which mediates protein-protein interaction via
the formation of homo- and heterotypic oligomers (46). The
present study reveals two additional factors that can potentially
affect the biological functions of SHIP1 and SHIP2. First, the
subtle specificity differences between the two SH2 domains may
allow SHIP1 and SHIP2 to bind to different pY partner proteins
or to bind to the same protein target with different affinities, both
of which could result in different signaling outcomes. Second, the
difference in binding kinetics may have important functional
consequences. The fast association rates of SHIP1 SH2 domain
suggests that, upon phosphorylation of the ITIM(s) or ITAM(s)
of a receptor protein, SHIP1 would be immediately recruited to
the receptor. At the same time, its fast dissociation would allow
rapid exposure of the pYmotif for dephosphorylation or binding
to other proteins. In contrast, it would take a longer time for
SHIP2 to bind to these receptors; once bound, however, SHIP2
would stay bound to the pY proteins for much longer periods of
time, preventing their dephosphorylation or exchange with other
protein partners. It is tempting to suggest that SHIP1 may
function in signaling pathways that require fast- and short-lasting
responses, whereas SHIP2may function in processes that require
prolonged signal duration. The requirement of cis-trans isomer-
ization of a peptidyl-prolyl imide bond(s) may provide an
interesting regulatory mechanism to modulate the interaction
between SHIP2 and pY proteins. These possibilities are currently
under investigation in our laboratory.

In conclusion, our study has shown that the two SH2 domains
of SHIP1 and SHIP2 have similar binding specificities (though
nonidentical) and the major difference is in their binding kinetics.
Along with their differential tissue distribution, the differences in
binding specificity and kinetics likely dictate the different biolo-
gical functions of the two phosphatases.Our findings suggest that
the kinetic difference may play a significant role in other
protein-protein interactions and the isomerization of peptidyl-
prolyl bonds may be a common mechanism for regulating the
binding affinity and kinetics. Certainly, more attention should
be paid to the kinetic properties of protein-protein and protein-
ligand interactions.
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