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Abstract

The SH3-SH2-kinase domain arrangement in nonreceptor tyrosine kinases has been conserved
throughout evolution. For Src family kinases, the relative positions of the domains are important for
enzyme regulation; they permit the assembly of Src kinases into autoinhibited conformations. The
SH3 and SH2 domains of Src family kinases have an additional role in determining the substrate
specificity of the kinase. We addressed the question of whether the domain arrangement of Src family
kinases has a role in substrate specificity by producing mutants with alternative arrangements. Our
results suggest that changes in the positions of domains can lead to specific changes in the
phosphorylation of Sam68 and Cas by Src. Phosphorylation of Cas by several mutants triggers
downstream signaling leading to cell migration. The placement of the SH2 domain with respect to
the catalytic domain of Src appears to be especially important for proper substrate recognition, while
the placement of the SH3 domain is more flexible. The results suggest that the involvement of the
SH3 and SH2 domains in substrate recognition is one reason for the strict conservation of the SH3-
SH2-kinase architecture.
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Nonreceptor tyrosine kinases consist of kinase domains flanked by various modulatory
domains. Src family kinases (SFKs)l have a conserved domain architecture consisting of (from
the N- to C-terminus) unique, SH3, SH2, and catalytic domains (1,2). The SH3-SH2—kinase
domain arrangement is conserved in other families of nonreceptor tyrosine kinases as well
(3-5). In fact, across all species, whenever the three domains are present together they have
the same arrangement (6). Recent genome analyses show that the SH3-SH2—kinase
arrangement is also conserved in unicellular choanoflagellates, the most primitive organisms
possessing SFKs; thus, this arrangement evolved before the origin of animals (7,8). New
signaling proteins arise by domain recombination, but clearly, selective pressure to maintain
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this arrangement of domains in nonreceptor TKSs exists. The importance of this conserved
domain arrangement has not been explicitly addressed by previous studies.

The SH3 and SH2 domains of SFKs play major roles in kinase regulation. The SH3 domain
interacts intramolecularly with a polyproline type Il helix in the SH2—kinase linker region,
while the SH2 domain interacts with the C-terminal pTyr527 (9,10). These two interactions
occur on the face opposite the kinase active site, and they keep the kinase in an inhibited state
until an activating signal is received (11-13). Thus, one purpose of the conserved SH3-SH2-
kinase arrangement is to permit the assembly of SFKs into an autoinhibited conformation.

SH3 and SH2 domains also play important roles in targeting SFKs to cellular substrates (2,
14-18). Some SFK substrates, such as the EGF and PDGF receptors and RACKL1, possess
phosphorylation sites that bind the SH2 domain (19-22). Many Src substrates contain ligands
for both the SH3 and SH2 domains (23-27). One such substrate is the adaptor protein p130Cas,
which contains 15 potential tyrosine phosphorylation sites and C-terminal ligands for the SH3
and SH2 domains of Src (24,28). Src binding to the C-terminus triggers processive
phosphorylation of Cas (29,30), followed by binding of the SH2 domains of the Crk adaptor
protein (28,31). Formation of the Cas—Crk complex leads to downstream Rac and Cdc42
activation and an increased level of cell migration (32-34).

Another SFK substrate that depends on SH3-SH2 interactions is the mitotic Src substrate
Sam68 (26,35). The SH3 binding site of Sam68 resides in the N-terminus, while the SH2
binding ligand and phosphorylation sites are in the C-terminus (35,36). For both Cas and
Sam68, SFK phosphorylation is driven primarily by SH3-SH2 interactions (30,36). Because
the intrinsic specificity of tyrosine kinase catalytic domains is not sufficiently high to explain
selective signaling, it has been proposed that substrate specificity is governed by the flanking
domains (2,14,37). Evidence for this hypothesis comes from studies on the Abl nonreceptor
tyrosine kinase, where it was shown that replacing the SH2 domain with exogenous SH2
domains leads to alterations in substrate specificity (38).

In this study, we address the question of whether the evolutionarily conserved domain
arrangement of SFKSs plays a role in determining substrate specificity. We produced a series
of Src mutants in which the positions of the domains were rearranged. We reasoned that these
changes might create new substrate interactions or alter existing interactions. As expected,
most of the mutants were more active than wild-type Src due to a loss of autoinhibition. In
addition, we observed that rearranging the domains led to specific changes in substrate
specificity. Furthermore, the relative positions of the domains and the positions of ligand
sequences in potential substrates can modulate phosphorylation efficiency. Our results suggest
that the ability of SFKs to recognize key cellular substrates is one explanation for the strict
conservation of the SH3-SH2-kinase architecture.

MATERIALS AND METHODS

Reagents and Antibodies

DMEM, trypsin-EDTA, SF90011-SFM, penicillin, streptomycin, and amphotericin B were
from Invitrogen. FBS, Polybrene, nocodazole, NADH, PEP, ATP, PK/LDH, anti-FlagHRP,
and anti-tubulin antibodies were from Sigma. Cas C-20 and Sam68 antibodies were from Santa
Cruz Biotechnology (Santa Cruz, CA). Crk antibody was purchased from BD Biosciences (San
Jose, CA). Anti-phosphotyrosine 4G10 mouse monoclonal antibody was from Millipore, and
anti-pY416 antibody was from Biosource. HRP-conjugated secondary anti-mouse and anti-
rabbit antibodies and ECL and ECL* kits were from Amersham.
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Plasmid Construction

The domain-rearranged mutants were designed on the basis of a previously described strategy
(38). Plasmid pUSEamp-cSrc (Upstate) was used as the parental template to generate PCR
fragments of all the domains of Src. Each domain was flanked by unique restriction sites. The
domains were ligated together in various combinations to generate the mutants. A spacer of
four amino acids (similar to wild-type Src) was used whenever the SH3 and SH2 domains were
adjacent in the proteins. The linker sequence (present in wild-type Src between the SH2 and
kinase domains) was N-terminal to the catalytic domain in all mutants. In mutant UC32, the
C-terminal tail (containing Y527) was maintained at the C-terminus of the protein. The mutants
were cloned into the Notl and BamHI sites of p3XFLAG-CMV-7.1 (Sigma). Site-directed
mutagenesis was performed on wild-type Src cloned into p3XFLAG-CMV-7.1 to generate the
R175L/W118A mutant. Mutants 2UC3 and 3UC2 were also subcloned into the Notl and
BamHlI sites of pFastBacHTbM to generate baculovirus constructs. pFastBacHtbM was
derived from pFastBacHtb (Gibco) by site-directed mutagenesis to create a BamHI site after
Notl in the multiple cloning sequence. For retroviral expression, the mutants were subcloned
into the EcoRI and Xhol sites of pMSCV-IRES-GFP (akind gift from N. Carpino, Stony Brook
University). All the constructs were confirmed by restriction digestion and sequencing.

Cell Culture and Transient Transfection

SYF cells were purchased from American Type Culture Collection (Manassas, VA) and
gradually adapted for maintenance in DMEM containing 10% FBS and a 1x antibiotic/
antimycotic solution at 37 °C in a humidified 5% CO, incubator. Cells were transiently
transfected using TransIT LT1 transfection reagent (Mirus) following the manufacturer’s
recommendations. Typically, 0.5-1 g of DNA was transfected using a DNA: TransIT ratio
of 1:2.

Western Blotting and Immunoprecipitation

Cells were transiently transfected and harvested 40 h post-transfection in EB** buffer (39).
For Crk immunoprecipitations, cells were harvested in NP40 buffer (40). Protein
concentrations were estimated using the Bradford assay (Bio-Rad). For analysis of whole cell
lysates, lysates (10-50 ) were separated via 10% SDS-PAGE and transferred onto a PVDF
membrane. The membranes were probed with anti-Flag, anti-pY416, and 4G10 antibodies. For
immunoprecipitation, lysates (500 «g) were precleared for 1 h at 4 °C, followed by incubation
with antibody (1-5 wg) for 2 h or overnight at 4 °C on a rotator. Immunoprecipitates were
washed three times with buffer, and proteins were eluted in 2.5x Laemmli buffer, separated
via SDS-PAGE, transferred to PVDF, and analyzed by Western blotting. For Samé8
immunoprecipitations, 24 h post-transfection cells were serum-starved for 12-16 h, and then
the medium was changed to serum containing DMEM and nocodazole (5 xg/100 cm plate) to
arrest cells in mitosis (41). Cells were harvested ~16 h later with EB** buffer.

IP Kinase Assays

The kinases were expressed in SYF cells and immunoprecipitated with Flag-agarose beads
(Sigma) by incubation with lysates (0.5-1 mg of protein) overnight at 4 °C on a rotator. The
IP samples were washed twice with RIPA buffer and once with PBS containing 0.1 mM sodium
orthovanadate. The beads were then washed with kinase assay buffer [L00 mM Tris (pH 7.5),
10 mM MgCls,, and 0.5 mM NazVO,] and divided into three equal parts. Two samples were
used for duplicate kinase reactions (4 min at 30 °C). The reaction mixtures consisted of enzyme
bound to the beads, kinase assay buffer, 500 uM ATP, 0.1 zM [y-32P]JATP, and 600 M peptide
substrate (AEEEIYGEFEAKKKKG). The reactions were stopped with 0.1% trifluoroacetic
acid (TFA) and the mixtures spotted onto P-81 Whatman filter circles. The filters were washed
with 0.1% H3PO, three times for 10 min each. The filters were rinsed with acetone and air-
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dried. Radioactivity was determined in a scintillation counter. The remaining sample was used
to analyze the levels of kinases by anti-Flag Western blotting.

Retrovirus Generation and Infection

Retroviruses were derived as described previously (42,43). Phoenix cell producer cell lines
were obtained from N. Carpino and were maintained in DMEM containing 10% FBS and a 1x
antibiotic/antimycotic solution. Cells were transiently transfected with 10 g of the retroviral
constructs along with 10 xg of helper plasmid. Retroviruses were collected at 32 °C for 2 days
at 12 h intervals. Aliquots were frozen at —80 °C. For infection, 2x 10° SYF cells were plated
per six-well plate and spin-infected with the retroviruses along with Polybrene (4 xg/mL). Two
days postinfection, >90% of the cells were GFP positive. The cells were harvested and used
for wound healing assays.

Wound Healing Assay

Wound healing assays were performed essentially as described previously (44). Retrovirally
infected SYF cells were plated on 60 mm dishes and grown to confluency. The plates were
washed with 1x PBS, and multiple wounds were scratched using a P200 pipet tip across the
plate. Phase contrast images of eight separate wounds were imaged at 10 min intervals for 10—
12 h using a Carl Zeiss inverted microscope with a 20x objective. The width of the wound was
measured at 30 min to 1 h intervals. Rates for all eight positions were determined.

Protein Purification and Kinase Assay

Hck was expressed in Sf9 cells and purified as described previously (45). Mutants 2UC3 and
3UC2 were expressed using the Bac-to-Bac baculovirus expression system using the
manufacturer’s guidelines (Invitrogen). Sf9 cells (1 L) were infected with the viruses at a
multiplicity of infection of 10. Cells were harvested 48 h postinfection. For purification, all
steps were carried out at 4 °C. Cell pellets were lysed in buffer A [20 mM Tris (pH 8.0), 10%
(v/v) glycerol, 5 mM g-mercaptoethanol (8-ME), 0.5 M NaCl, and 20 mM imidazole] with
protease inhibitors using a French pressure cell at 750 psi. The lysate was centrifuged at 18000
rpm for 30 minat4 °C. The lysate was then applied to a 2-3 mL column of nickel-nitrilotriacetic
acid resin (Qiagen) pre-equilibrated in 3 column volumes of buffer A, and the column was
washed with 10 column volumes of buffer A. The column was further washed with 2 column
volumes of buffer B [20 mM Tris (pH 8.0), 10% (v/v) glycerol, 5 mM g-ME, 1 M NaCl, and
20 mM imidazole]. Before elution, the column was given a final wash with buffer C [20 mM
Tris (pH 8.0), 10% (v/v) glycerol, and 5 mM p-ME]. The protein was eluted in 3 column
volumes of buffer D [20 mM Tris (pH 8.0), 10% (v/v) glycerol, 5 mM g-ME, and 100 mM
imidazole] and analyzed by 10% SDS-PAGE. The peak fractions were pooled and
concentrated using an Amicon concentrator (15 mL), and buffer was exchanged with buffer
C. The pure proteins were stored at =20 °C in 40% (v/v) glycerol. Protein concentrations were
estimated using the Bradford assay. The proteins were >90% pure.

Kinase activity was measured using a continuous spec-trophotometric assay (46). In this assay,
the production of ADP is coupled to the oxidation of NADH and measured as a reduction in
absorbance at 340 nm. Reactions were carried out at 30 °C in a final volume of 50 uL. The
SH3-binding and SH2-binding peptide substrates have been described previously (47,48). The
peptides were HPLC-purified and their identities confirmed by mass spectrometry. The kinase
reaction mixtures contained 100 mM Tris (pH 7.5), 10 mM MgCl,, 500 uM ATP, 1 mM
phosphoenolpyruvate (PEP), 2.5 mg/mL NADH, 89 units/mL pyruvate kinase, and 124 units/
mL lactate dehydrogenase. The enzymes were used at a concentration ranging from 10 to 30
nM, and peptides were used at a concentration of 50 M.
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RESULTS

Generation of Mutants

To study the role of Src domain arrangement in determining substrate specificity, we generated
a panel of mutants in which the positions of the domains were altered. We introduced unique
restriction sites into the sequences flanking the domains, to preserve the folded structures of
the individual domains. We also maintained the natural four-amino acid distance found
between the SH3 and SH2 domains of Src. The constructs were Flag-tagged at the amino
terminus; thus, the N-terminal myristoylation signal was removed in all proteins analyzed. We
made three groups of mutants. In the first group, the position of the unique domain was
maintained at the N-terminus but other domains were rearranged. Thus, in mutant U23C, the
position of the SH3 and SH2 domains is reversed with respect to wild-type Src, and in mutant
UC32, the SH3 and SH2 domains are C-terminal to the kinase domain (Figure 1). [The mutants
were named according to the positions of their domains from the N- to C-terminus, with unique
(U), SH2 (2), SH3 (3), and catalytic (C). Thus, wild-type Src is U32C.] UC32 therefore
resembles Ack family kinases, the only naturally occurring group of kinases in which the SH3
domain is immediately C-terminal to the kinase domain (4,5). In the second group of mutants,
we changed the position of the unique domain. The unique domain (residues 1-82) was
positioned between the SH3 and SH2 domains (mutant 3U2C), N-terminal to the kinase domain
(mutant 32UC) or C-terminal to the kinase domain (mutant 32CU) (Figure 1). In the third group
of mutants, we placed the SH3 and SH2 domains on opposite ends of the protein (mutants
2UC3 and 3UC2). The SH3 and SH2 domains often cooperate to recognize substrates, so these
mutants were designed to test the importance of proximity between the SH3 and SH2 domains.
We also tested two control constructs. First, the mutant R175L/W118A has point mutations in
the SH2 domain (R175L) and SH3 domain (W118A) of wild-type Src; these mutations have
been previously reported to abrogate SH2 and SH3 domain-mediated interactions (48-50). We
also used the catalytic domain alone with no flanking domains as a control. The amino acid
sequences of all proteins used in these studies are given in Figure 1 of the Supporting
Information.

Mutants Are Activated Relative to Wild-Type Src

We expressed the mutants and wild-type c-Src in Src/Yes/Fyn triple knockout (SYF) cells,
which lack all Src family kinases (39). We carried out anti-pY416 immunaoblotting of cell
lysates as a measure of kinase autophosphorylation. We observed an increased level of kinase
autophosphorylation in several mutants, particularly those in which the position of the unique
domain was altered (Figure 2A). Kinase autophosphorylation is presumably due to the
disruption of the autoinhibitory contacts in Src. Consistent with this, the isolated catalytic
domain exhibited high levels of Y416 phosphorylation (Figure 2A). The loss of autoinhibition
was most pronounced when the distance between the SH3 and SH2 domains was altered or
when they were not directly adjacent to the catalytic domain (Figure 2A). We examined
phosphorylation of the mutants at the Y527 tail sequence that is normally present at the C-
terminus of wild-type Src (Figure 2B). With one exception (mutant 32UC), mutants containing
the catalytic domain and Y527 sequence at the C-terminus were phosphorylated, while mutants
with the Y527 sequence between domains were not, presumably because Csk was unable to
access Y527 in these contexts.

We also evaluated the kinase activity of the mutants by immunoprecipitating them from SYF
cells and incubating the immunoprecipitates with a substrate peptide and [y-32P]JATP. All of

the mutants were active in this assay (Figure 3A). The 3UC2, 32UC, 32CU, 2UC3, and 3UC2
mutants all displayed higher activity than wild-type Src in this assay, as did the isolated catalytic
domain. We used a similar assay to compare the activity of wild-type Src and the 3U2C mutant
with that of the previously studied activated Y527F Src mutant (Figure 3B). In this experiment,
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carried out with transiently transfected SYF cells, the activity of 3U2C was much higher than
that of WT Src, and higher than that of Y527F. The autophosphorylation and IP Kinase results
are summarized in Table 1, together with all of the data on the mutants. Mutants U23C and
UC32 exhibited levels of autophosphorylation and kinase activity similar to those of wild-type
c-Src (Figures 2 and 3). The common feature of these mutants is that the unique domain is
presentin its proper position, raising the possibility that the unique domain directly or indirectly
(via SH3 or SH2 domains) modulates kinase activity. In general, our results suggest that domain
rearrangement leads to loss of autoregulation of the kinase. Our data also support previous
findings that the SH3 and SH2 domains of Src act as a unit to repress the kinase (51, 52).

Mutants Display No Global Changes in Substrate Specificity

To examine phosphorylation of cellular proteins by the mutants, we expressed them in SYF
cells and assessed overall tyrosine phosphorylation by anti-phosphotyrosine Western blotting
of lysates. We observed that the overall tyrosine phosphorylation pattern of the mutants was
very similar to that of wild-type c-Src (Figure 4). Some unique phosphoproteins were present,
such as the low-molecular weight band observed for mutant 2UC3. Consistent with the results
in Figures 2 and 3, most of the mutants showed enhanced phosphorylation as compared to c-
Src (Figure 4). The R175L/W118A mutant was defective in recognition of several proteins,
consistent with an earlier study in which the R175L mutant was unable to promote malignant
transformation of SYF cells (53). The overexpressed catalytic domain was highly active,
suggesting that many of the phosphoproteins visible in this experiment can be phosphorylated
by SH3- and SH2-independent mechanisms. Because the patterns were not radically altered
with rearrangement of the domains, the data suggested that for many proteins, the positions of
the domains did not play a dominant role in determining substrate specificity.

Domain Rearrangement Leads to Changes in Substrate Specificity toward Cas

To test for any specific changes in phosphorylation that might not be visible in the overall
analysis of whole cell lysates, we studied the Src substrate Cas. We expressed the mutants and
c-Src in SYF cells and immunoprecipitated Cas and examined its phosphorylation using anti-
pTyr Western blotting. SH3 and SH2 interactions are crucial for Src recognition of Cas (24,
30). Consistent with this, the R175L/W118A mutant and the isolated catalytic domains were
unable to phosphorylate Cas (Figure 5A). We observed that altering the positions of the
domains led to specific changes in Cas phosphorylation (Figure 5A). The U23C and UC32
mutants phosphorylated Cas to a level similar to that of wild-type Src (Figure 5A). We observed
an increased level of phosphorylation of Cas by the three mutants in which the unique domain
was repositioned (3U2C, 32UC, and 32CU) (Figure 5). Enhanced Cas phosphorylation could
be due to an enhanced rate of phosphorylation of previously described sites, or alternatively
to the phosphorylation of additional sites by the mutants. To distinguish between these
possibilities, we carried out experiments with a Cas mutant (F17-Cas) in which all 17 known
Src phosphorylation sites were changed to Phe (29). Src (WT or 3U2C) was
immunoprecipitated from SYF cells and incubated with purified WT Cas or the F17-Cas
mutant. Mutant 3U2C exhibited enhanced phosphorylation of WT Cas (Figure 5B) but not
appreciable phosphorylation of the F17-Cas mutant, suggesting that 3U2C did not target
additional sites.

The enhanced phosphorylation of Cas by mutants 3U2C, 32UC, and 32CU could be due to the
increased overall activity of the mutants (Figures 2 and 3) or to a specific enhancement of Cas
phosphorylation. On the other hand, while the 2UC3 and 3UC2 mutants had higher overall
activity than wild-type Src (Figures 2 and 3), they exhibited less activity toward Cas (Figure
5A). This suggests that separation of the SH3 and SH2 domains resulted in a decreased level
of Cas recognition.
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Mutants Restore the Migration Defect of SYF Cells

Since Cas was phosphorylated by the mutants, we tested for activation of downstream
signaling. SYF cells show low levels of Cas phosphorylation and are deficient in cell migration
(39). We carried out retroviral expression of the mutants in SYF cells and tested whether they
could restore functional migration signaling by wound healing assays. Mutants that were able
to phosphorylate Cas (Figure 5A) were active in these assays (Figure 6). Two of the mutants
in which the unique domain was repositioned (3U2C and 32CU) were more active than wild-
type c-Src, consistent with their high levels of Cas phosphorylation (Figure 5A). Mutants 2UC3
and 3UC2, which phosphorylated Cas poorly compared to c-Src (Figure 5A), were also not as
efficient as wild-type Src in wound healing (Figure 6). Thus, the mutants exhibited changes in
Cas phosphorylation, and there were corresponding changes in their function in this cell
signaling pathway.

Specific Changes in Substrate Specificity toward Sam68

Next, we tested for specific changes in recognition of another protein, the mitotic Src substrate
Sam68. We expressed mutant or wild-type forms of c-Src in SYF cells and arrested them in
mitosis with nocodazole. We immunoprecipitated Sam68 from the mitotic cells and examined
tyrosine phosphorylation using anti-pTyr Western blotting. The R175L/W118A mutant and
isolated catalytic domain were deficient in Sam68 phosphorylation. Rearrangement of the
domains led to changes in phosphorylation of Sam68 as compared to that of c-Src (Figure 7).
The U23C and UC32 mutants were comparable to c-Src in their ability to phosphorylate Sam68.
Mutants in which the unique domain was shifted (3U2C, 32UC, and 32CU) showed enhanced
phosphorylation of Sam68 compared to c-Src (Figure 7). Since these three mutants also showed
an increased level of phosphorylation of Cas (Figure 5A), the enhanced phosphorylation of
Sam68 by this group of mutants is probably due to their increased activity rather than any
change in specificity. On the other hand, although mutant 2UC3 phosphorylated Sam68 more
strongly than c-Src, mutant 3UC2 showed very weak activity (Figure 7). This contrasts with
results for Cas, in which both 2UC3 and 3UC2 had lower activity than wild-type c-Src (Figure
5A). The enhancement of Sam68 phosphorylation by 2UC3 points to a change in substrate
specificity, suggesting that the arrangement of domains can influence Src substrate recognition.

In Vitro Kinase Assays with Mutants

We tested whether the changes we observed in Sam68 phosphorylation by 2UC3 and 3UC2
could be observed in vitro. We expressed mutants 2UC3 and 3UC2 in Sf9 insect cells using
baculovirus expression vectors. We purified the proteins and compared their properties to those
of the Src family kinase Hck. Our initial studies showed that the Kinetic parameters kqot and
Km(ATP) were similar for the mutants and Hck (data not shown). Next, we compared
phosphorylation of a synthetic peptide containing a Src phosphorylation site and the SH3
binding sequence from Sam68 (substrate-PXXP; the sequences of the peptides used are
presented in Table 2). Consistent with our previous findings (54), Hck phosphorylated this
peptide 3 times more efficiently than a control peptide with amino acid substitutions in the
SH3-binding sequence (Figure 8). Mutant 2UC3 exhibited a more pronounced effect: it
phosphorylated the SH3 substrate 6 times better than the control peptide. Mutant 3UC2
phosphorylated the SH3 substrate 2 times better than the control, a slightly smaller effect than
Hck (Figure 8). This trend is consistent with Sam68 phosphorylation in SYF cells (Figure 7).
We also tested a peptide containing a Src phosphorylation site and the SH3 binding sequence
in the reverse orientation (PXXP-substrate). Wild-type Hck and mutants 2UC3 and 3UC3 all
phosphorylated this peptide more efficiently than the control.

Next, we carried out similar studies on a synthetic Src substrate containing the pYEEI
recognition sequence for the SH2 domain. As reported previously (47), the activity of Hck was
higher toward the SH2-binding substrate (substrate-pYEEI) than a control substrate lacking p-
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Tyr (substrate-FEEI) (Figure 9). In contrast, 2UC3 and 3UC2 showed no difference between
the SH2-binding and control substrates. We tested a peptide in which the SH2 ligand was N-
terminal to the substrate sequence (pYEEI-substrate). Hck, 2UC3, and 3UC2 all
phosphorylated this peptide more strongly than a control (FEEI-substrate); for Hck, the rate
was 3-fold higher, while for the mutants, the rate was 1.5-2-fold higher (Figure 9). Thus, for
Hck, SH2-mediated targeting occurs regardless of the orientation, while the mutants displayed
targeting only for a peptide with an N-terminal pTyr. This suggests that the positioning of the
SH2 domain relative to the kinase domain is especially important for proper substrate
recognition.

DISCUSSION

Our results suggest that the SH3-SH2-kinase architecture of nonreceptor tyrosine kinases has
been maintained through evolution in part because this position of domains is important in
dictating specificity. Thus, we postulate that the adjacent placement of domains in the correct
orientation can lead to simultaneous interactions with potential substrates and enhance
phosphorylation. These findings are consistent with earlier studies on the Src kinase Fyn, in
which it was demonstrated that the presence of the N-terminal region and SH3 domain
enhanced the binding of cellular phosphoproteins to the SH2 domain (55). In another study,
repositioning the domains of Abl led to changes in transformation potential without changes
in activity, which might be explained by a change in the specificity of the kinase (38).

In our study, repositioning the domains of Src led to differential effects in recognition of Src
substrates. For example, the mutants 2UC3 and 3UC2 exhibited very little phosphorylation of
Cas (Figure 5A). These two mutants were also less effective than c-Src at promoting cell
migration, a downstream effect of Cas (Figure 6). In contrast, 2UC3 phosphorylated Sam68
more effectively than c-Src, while 3UC2 had decreased activity toward Sam68 (Figure 7). This
may be due to the different placement of the Src SH3 and SH2 binding sequences in Cas and
Sam68. In Cas, the SH3 and SH2 ligands are clustered in the C-terminus while the substrate
region is in the central portion of the molecule. Because the SH3 and SH2 domains are distant
from each other in the 2UC3 and 3UC2 mutants, these proteins might not be able to benefit
from the cooperative binding to Cas seen in wild-type c-Src (24, 56). In contrast, Sam68
possesses an N-terminal SH3 ligand, and the substrate and SH2-binding sites are in the C-
terminus of the protein. It has previously been shown that SH3—polyproline interactions are
the major determinant of Src phosphorylation for Samé8 (36). Phosphorylation of Sam68 by
2UC3 suggests that the SH3 domain can still target the kinase domain, even when present on
the C-terminal side of the kinase domain. The lower activity of 3UC2 could be due to the fact
that the SH3 and kinase domains are separated by the unique domain in that construct.

Our in vitro kinase assay data (Figure 8) support the results from cellular assays. Mutant 2UC3
exhibited strong phosphorylation of Sam68 (Figure 7), and 2UC3 had the highest activity
toward peptide substrates containing a Sam68-derived polyproline sequence (Figure 8).
Neither 2UC3 nor 3UC2 phosphorylated Cas significantly (Figure 5A). In Cas, the SH2-
binding sequence is C-terminal to the phosphorylation sites. This is the same orientation as the
substrate-pY EEI peptide, which was not phosphorylated better than controls by 2UC3 or 3UC2
(Figure 9). In contrast, a substrate with the reverse orientation (pYEEI-substrate) showed
enhanced phosphorylation by both 2UC3 and 3UC2 relative to a control (Figure 9). Thus, the
placement of the SH2-binding sequence relative to the phosphorylation sites seems to be
particularly important for targeting. The reason that both 2UC3 and 3UC2 displayed this
tendency is not clear at present. In natural NRTKs, SH2 domains are invariably found
immediately N-terminal to the kinase domain, and the two domains appear to have coevolved
(6). There is a correlation between the substrate specificity of NRTKSs and the specificity of
the associated SH2 domains (57); this correlation may be crucial for the SH2-mediated

Biochemistry. Author manuscript; available in PMC 2010 March 18.
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processive multisite phosphorylation of proteins. In the case of the 3UC2 and 2UC3 mutants,
the presence of a C-terminal SH2-binding sequence may make bound proteins inaccessible to
the kinase domain. Such proteins might also be more readily dephosphorylated by cellular
phosphatases (37).

The structures of nonreceptor tyrosine kinases make it clear that the positions of the domains
are critical for enzyme regulation. Our studies point to the importance of domain arrangement
in determining substrate specificity. This may also be relevant to the aberrant signaling
observed in some cancers that express mutant forms of tyrosine kinases. Many insertions,
mutations, or deletions lead to constitutively active kinases. These alterations could also
produce changes in substrate specificity. For example, fusion of the BCR segment to Abl in
chronic myelogenous leukemia leads to phosphorylation of Tyrl77 in BCR. This
phosphotyrosine residue binds to the Grb2 SH2 domain; mutation of Tyrl77 decreases the
transforming potential of BCR-AbI (58). It will be important to understand how the proper
positioning of domains in tyrosine kinases confers the ability to recognize key cellular
substrates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Domain arrangements in c-Src and mutants. The mutants are named according to the position
of the domains from the N- to C-terminus. The unique domain is colored white, the SH3 domain
yellow, the SH2 domain green, and the catalytic domain blue. The position of the Tyr527
sequence (normally present in the C-terminal tail of wild-type Src) is indicated. The R175L/
W118A construct contains point mutations that block ligand binding to the SH2 and SH3
domains. The amino acid sequences of the constructs are given in Figure 1 of the Supporting

Information.
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Figure 2.

Phosphorylation of c-Src and the mutants. (A) SYF cells were transiently transfected with wild-
type c-Src or the mutants. The names of the constructs are given in Figure 1: the unique domain
is denoted by U, the SH3 domain by 3, the SH2 domain by 2, and the kinase catalytic domain
by C. The cells were harvested 40 h post-transfection, and whole cell lysates (10 ug) were
separated via 10% SDS-PAGE and transferred onto PVDF membranes. The membranes were
probed with anti-pY416 antibody. To assess expression, membranes were probed with anti-
Flag antibody. Anti-tubulin antibody was included as a loading control. Vector represents SYF
cells transfected with empty vector alone. The figure is representative of three separate
experiments; a comparison of results from three different transfected cell lysates is shown in
Figure 2 of the Supporting Information. (B) Transfected SYF cells were lysed and subjected
to an immunoprecipitation reaction with anti-Flag antibody. The immunoprecipitates were
separated by 10% SDS-PAGE, transferred to a PVDF membrane, and analyzed by anti-pY527
Western blotting.

Biochemistry. Author manuscript; available in PMC 2010 March 18.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yadav and Miller

Page 15
A
- 40
(0]
©
8
s 30
(&)
£
o
© 20
o
n
(@]
s
= 10
=
(o
0
5 O & O O N O 4 &
\0§%%w00000’2’
& NI SRS U P VN
s
S KX OLOD P
A D Q% (@)
CLY IR TIPS &
=== === _ | IPBIot: Flag
6
B

pmol phosphate incorporated

vector WT 3U2C Y527F

Figure 3.

Kinase activity of immunoprecipitated proteins. (A) SYF cells expressing wild-type Src or the
mutants were lysed in RIPA buffer. Kinases were isolated by immunoprecipitation with Flag-
agarose beads, and the samples were divided into three equal parts. Two samples were used in
duplicate kinase assays with [y-32PJATP and the substrate peptide AEEEIYGEFEAKKKKG
(top). One sample was analyzed by anti-Flag Western blotting to compare the amounts of
kinases (bottom). (B) SYF cells were transiently transfected with the indicated constructs.
Kinases were isolated by immunoprecipitation with Flag-agarose beads and assayed as
described for panel A. The inset shows IP samples were analyzed by anti-Flag Western blotting.
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Figure 4.

Global tyrosine phosphorylation analysis of Src and mutants. SYF cells were transiently
transfected with c-Src or mutants. Cells were harvested 40 h post-transfection, and lysates (50
19) were separated via 10% SDS-PAGE and transferred onto a PVDF membrane. The
membrane was probed with anti-pTyr antibody and reprobed with anti-Flag antibody to check
expression. The membrane was probed with anti-tubulin antibody as a loading control. Vector
represents SYF cells transfected with empty vector alone. The figure is representative of three
separate experiments.
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Figure 5.

Phosphorylation of Cas by Src and the mutants. (A) SYF cells were transiently transfected with
wild-type Src or the mutants. The cells were harvested 40 h post-transfection, and lysates were
subjected to immunoprecipitation using anti-Cas antibody. The immunoprecipitates were
separated via 7.5% SDS-PAGE, and Western blotting was carried out with anti-pTyr antibody.
The membrane was stripped and reprobed with anti-Cas antibody to ensure equivalent Cas
immunoprecipitation. The figure is representative of three separate experiments; a comparison
of results from three different transfected cell lysates is shown in Figure 3 of the Supporting
Information. (B) SYF cells expressing WT Src, mutant 3U2C, or vector control were lysed and
subjected to immunoprecipitation reactions using anti-Flag antibody. Purified Cas (WT or F17-
Cas) was added to the immunoprecipitates, and kinase reactions proceeded for 30 min at 30 °
C. Reactions were stopped with SDS sample buffer, and mixtures were analyzed by anti-
phosphotyrosine Western blotting. The membranes were stripped and reprobed with anti-Cas
and anti-Flag antibodies.
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Wound healing assays. In the top panel, SYF cells were infected with retroviruses expressing
c-Src or the domain-rearranged mutants. The cells were more than 90% infected as measured
by GFP fluorescence (data not shown). Multiple wounds were scratched on the 60 mm dishes,
and eight positions were photographed for 10-12 h. The rate of wound closure was calculated
by plotting the width of the wound vs time. The rate of closure shown above is the average of
eight separate positions. The standard errors are those for all eight positions. In the bottom
panel, expression of the constructs in SYF cells was tested by anti-Flag Western blotting.
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Figure 7.

Phosphorylation of Sam68 by Src and the mutants. SYF cells were transiently transfected with
wild-type Src or the mutants and arrested in mitosis using nocodazole 24 h after transfection.
The mitotic cells were harvested 40 h post-transfection, and lysates were subjected to
immunoprecipitation using anti-Sam68 antibody. The immunoprecipitates were separated by
10% SDS-PAGE, and Western blotting was carried out with anti-pTyr antibody. The
membranes were stripped and reprobed with anti-Sam68 antibody to ensure equivalent Sam68
immunoprecipitation. The figure is a representative of three separate experiments; a
comparison of results from three different transfected cell lysates is shown in Figure 4 of the
Supporting Information.

IP: Sam68
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In vitro Kinase assays using substrates with SH3 ligands. Kinase assays were performed using
purified proteins and the indicated peptides at 50 xM (sequences given in Table 2). Initial rates
were measured in triplicate, and they are plotted relative to the control substrate + the standard

deviation.
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Figure 9.

In vitro kinase assays using substrates with SH2 ligands. Kinase assays were performed using
purified proteins and the indicated peptides at 50 uM (sequences given in Table 2). Initial rates
were measured in triplicate. The rates of phosphorylation of substrate-pYEEI and pYEEI-
substrate are presented relative to the appropriate control peptide.
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Table 2

Peptides Used for in Vitro Kinase Assays?

name

sequence

control substrate
substrate-PXXP
PXXP-substrate
substrate-FEEI

substrate-pYEEI
FEEI-substrate

pYEEI-substrate

AEEEIYGEFGGRGAAAAAAAVARGRG
AEEEIYGEFGGRGAAPPPPPVPRGRG
KKRPLPSPPKF(G)sEEEIYGEFG
RRLEDAIYAAGGGGGEPPQFEEIG
RRLEDAIYAAGGGGGEPPQPYEEIG
EPQFEEIGGGGGEDAIYARRG
EPQpPYEEIGGGGGEDAIYARRG
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&I'he top three peptides were used to study SH3-dependent targeting, and the bottom four peptides were used to study SH2-dependent targeting. The
phosphorylation sites are underlined, and the SH3 and SH2 ligand sequences are in bold type.
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