JOURNAL OF VIROLOGY, Jan. 1997, p. 199-206
0022-538X/97/$04.00+0
Copyright © 1997, American Society for Microbiology

Vol. 71, No. 1

Functional Interaction between the SH2 Domain of Fyn and
Tyrosine 324 of Hamster Polyomavirus Middle-T Antigen

NICOLAS M. DUNANT, ANJA S. MESSERSCHMITT, ano KURT BALLMER-HOFER*
Friedrich Miescher Institute, CH-4002 Basel, Switzerland

Received 4 June 1996/Accepted 1 October 1996

Middle-T antigen of mouse polyomavirus (MomT) associates with the cellular tyrosine kinases c-Src, c-Yes,
and Fyn, while middle-T antigen of hamster polyomavirus (HamT) exclusively binds Fyn. This interaction is
essential for polyomavirus-mediated transformation of cells in culture and tumor formation in animals. Here
we show that the kinase domain of Fyn is sufficient for association with MomT but not for binding of HamT.
We further demonstrate that a Fyn mutant lacking the SH2 domain is able to bind MomT but fails to associate
with HamT, indicating that the SH2 domain of Fyn is essential for stable association with HamT. HamT, but
not MomT, contains a tyrosine residue, Tyr-324, in the sequence context YEEI. Mutation of Tyr-324 to
phenylalanine led to a drastic reduction of associated Fyn and abolished the oncogenicity of HamT. This
suggests that Tyr-324 is the major phosphotyrosine residue mediating the binding of HamT to the SH2 domain
of Fyn. These findings show that mouse and hamster polyomaviruses use different strategies to target Src-

related tyrosine Kkinases.

Polyomaviruses are oncogenic DNA viruses of the papova-
virus family. Two polyomaviruses, one from the mouse and
another from the hamster, are known. While mouse polyoma-
virus causes a wide variety of tumors (carcinomas, epithelio-
mas, and hemangiomas but never lymphomas and leukemias)
in newborn mice (22), hamster polyomavirus was originally
isolated from hair follicle tumors of hamsters and then shown
to induce lymphomas and leukemias upon infection of new-
born hamsters (17). Polyomaviruses encode three proteins in
the early region of their genome, the so-called tumor antigens
(T antigens), large-, middle-, and small-T antigens, which are
translated from alternatively spliced forms of the primary tran-
script. Mouse and hamster polyomaviruses are the only two
papovaviruses known to encode a middle-T protein. The T
antigens are responsible for the oncogenic properties of these
viruses (11, 44). While large-T antigen is able to immortalize
primary rodent fibroblasts, both middle-T and large-T antigens
are necessary for induction of a fully transformed phenotype
and small-T antigen potentiates the efficiency of transforma-
tion (reviewed in reference 10). Middle-T antigen of mouse
polyomavirus (MomT) is sufficient for transformation of estab-
lished cells (45), while middle-T antigen of hamster polyoma-
virus (HamT) (8) was shown to transform established F111 rat
cells only in the presence of small-T antigen (16).

The middle-T proteins of mouse and hamster polyomavi-
ruses have an overall sequence identity of 41% (8). Regions of
higher homology are clustered along the sequence. The first 79
amino acids of middle-T antigen are shared by all three T
antigens. This region shows 48% identity between MomT and
HamT. Amino acids 80 to 192 are common to middle-T and
small-T antigens and show 59% identity between the two spe-
cies, while the rest of the sequence, which is unique to mid-
dle-T antigen, shows only 22% identity. The homologies in the
unique region are located in two sequence stretches: (i) the
sequence surrounding tyrosine 315 (MomT numbering), the
phosphatidylinositol (PI) 3-kinase binding site; and (ii) the

* Corresponding author. Mailing address: Friedrich Miescher Insti-
tute, P.O. Box 2543, CH-4002 Basel, Switzerland. Phone: 61 697 6689.
Fax: 61 697 3976. E-mail: ballmer# @fmi.ch.

199

carboxy-terminal 30 amino acids, which contain a putative
transmembrane sequence.

Middle-T proteins of both polyomaviruses have been shown
to associate with and thereby change the activities of several
cellular proteins that play a key role in the growth regulation of
cells, including phosphatase 2A (8, 31, 47), Src-related tyrosine
kinases (reviewed in reference 12), PI 3-kinase (8, 48), phos-
pholipase C-y1 (2, 42), and 14-3-3 proteins (30). MomT was
also shown to bind the adapter protein SHC (3, 13), thus
activating the Ras pathway (46). It is not clear whether HamT
also binds SHC, since it lacks the corresponding binding site
present in MomT (NPTY motif). The transforming potential
of MomT was shown to strictly depend on its associated ty-
rosine kinase activity (reviewed in reference 12). The tyrosine
kinases binding to MomT are c-Src (9) and c-Yes (23), and, to
a lesser extent, Fyn (6, 24). While c-Src and c-Yes are dramat-
ically activated upon association with MomT, Fyn activity is not
increased. In contrast to MomT, HamT has been shown to
bind exclusively Fyn, which is activated about twofold (8). It
has been proposed that the tumor profile of hamster polyoma-
virus could, at least in part, be dictated by the specific activa-
tion of Fyn, since this kinase is expressed at high levels in
lymphocytes and is involved in signal transduction from the
T-cell receptor (8).

Src-related tyrosine kinases carry acylation signals close to
the amino terminus (reviewed in reference 35) followed by a
unique domain which is not conserved among Src family ki-
nases and SH3 and SH2 domains, regions of homology for all
Src-related tyrosine kinases (Fig. 1). The carboxy-terminal half
comprises the catalytic or kinase (SH1) domain, which is highly
conserved within the family, as well as a carboxy-terminal reg-
ulatory sequence, the kinase tail, which contains a conserved
tyrosine residue, Tyr-527 in c-Src, that represses kinase activity
(7) upon phosphorylation by a regulatory tyrosine kinase, Csk
(29). Negative regulation of kinase activity by the tail is
thought to result from intramolecular association of phosphor-
ylated Tyr-527 with the SH2 domain (25, 37). The SH3 domain
seems to cooperate with the SH2 domain in repressing kinase
activity (43). SH2 and SH3 domains were also reported to
mediate intermolecular interactions of tyrosine kinases with
various proteins such as growth factor receptors or effectors
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FIG. 1. Domain structures of Fyn constructs and middle-T antigens. (A) Fyn
deletion mutants. The approximate epitopes for the antibodies (anti-FYN3,
MADb 12CAS5, and anti-SRC2) are indicated. +, association; —, no association;
wt, wild type. (B) Middle-T antigens of mouse and hamster polyomaviruses.
Conserved regions (amino-terminal half and membrane anchor) are shaded. The
amino acid sequence around tyrosine 324 is indicated in one-letter code.

involved in downstream signalling (reviewed in reference 32).
While SH2 domains recognize specific peptide sequences con-
taining a phosphorylated tyrosine residue (40), SH3 domains
bind to proline-rich sequences (34).

We have shown previously that the kinase domain of Src-
related tyrosine kinases was sufficient for both association with
and phosphorylation of MomT (15). Here we show that the
SH2 domain of Fyn is required for association with HamT.
This protein carries a binding motif specific for Src family SH2
domains that is not present in MomT. This demonstrates that
MomT and HamT target Src-related tyrosine kinases differ-
ently.

MATERIALS AND METHODS

Plasmid constructs. Construction of the various plasmids was carried out by
using standard molecular cloning techniques. The fyn cDNA (38) was subcloned
as an EcoRI fragment into a pSP72 vector (Promega). The pSP72fyn plasmid was
used as template for PCRs. The constructs encoding ASH2Fyn, ASH3Fyn, and
AUFyn were generated by the method of splicing by overlap extension-PCR (18,
19). The sequence encoding K-Fyn (starting at codon 262 of fyn cDNA) was
amplified from pSP72fyn by PCR. The primer used introduced a HindIII site and
a novel start codon and fused a nucleotide sequence specifying the 9-amino-acid
peptide YPYDVPDYA derived from the influenza virus hemagglutinin (HA)
protein (HA tag) together with a sequence encoding an 11-amino-acid linker
peptide KLMGLVVMNIT in frame to the 5" end of the truncated fyn coding
sequence. PCR products were ligated as HindIII/Clal fragments into a pSV
expression vector (28), yielding the plasmids pSVASH2fyn, pSVASH3fyn,
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pSVAUfyn, and pSVk-fyn. The vector pSVfyn carries the wild-type fyn cDNA.
pSVsT is an expression vector for mouse polyomavirus small-T antigen under the
control of the simian virus 40 early promoter. pcDNAmT is an expression vector
derived from pcDNA1Neo (Invitrogen) carrying the cDNA sequence of MomT.
pGHamT (obtained from J. Feunteun) is an expression vector for HamT under
the control of the simian virus 40 early promoter (16). The mutant
pGHamTY324F was constructed by splicing by overlap extension-PCR using
primers changing the codon for Tyr-324 to a phenylalanine codon. All mutations
were confirmed by restriction enzyme analysis and DNA sequencing.

Antibodies. Wild-type Fyn, ASH2Fyn, and ASH3Fyn were immunoprecipi-
tated with anti-FYN3, a rabbit polyclonal antiserum raised against a peptide
corresponding to residues 29 to 48 in the unique domain of human Fyn (Santa
Cruz Biotechnology). AUFyn was immunoprecipitated with anti-SRC2 (Santa
Cruz Biotechnology), a rabbit polyclonal antibody raised against a peptide cor-
responding to residues 509 to 533, i.e., the carboxy terminus, of c-Src. Anti-SRC2
also recognizes the carboxy terminus of Fyn. The HA-tagged K-Fyn protein was
detected with monoclonal antibody (MAb) 12CAS (Boehringer).

MomT was immunoprecipitated with monoclonal papovavirus protein anti-
body (PAD) 762 (27). HamT was immunoprecipitated with TBH serum, obtained
from tumor-bearing hamsters infected with hamster polyomavirus (provided by
J. Feunteun) (8), or with anti-GST/HamT, a rabbit serum raised against the
fusion protein glutathione S-transferase (GST)-HamT (2), a gift from S. Court-
neidge.

Cell lines and DNA transfection. NIH 3T3 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% calf serum at 37°C
in a 10% CO, incubator. Src fibroblasts (provided by P. Soriano), a cell line
derived from transgenic mice lacking both fyn alleles and expressing only an
inactive fragment of c-Yes (41), were maintained in DMEM with 10% fetal calf
serum.

Transient transfections were performed by the Lipofectamine method. Twenty
micrograms of plasmid DNA together with 60 ul of Lipofectamine (GIBCO) in
4 ml of Optimem 1 medium (GIBCO) was added to 10® NIH 3T3 cells or
Src-fibroblasts plated on 10-cm-diameter dishes and incubated for 5 h. Four
milliliters of DMEM containing 20% serum was added to the transfection mix-
ture. Eighteen hours after transfection, cells were lysed for immunoprecipitation
or used for metabolic labeling.

Focus formation on F111 rat fibroblasts was performed as previously described
(33).

Metabolic labeling with Tran3*S-Label. In vivo labeling with Tran3>S-Label
([**S]methionine-[**S]cysteine; ICN Pharmaceuticals) was performed as follows.
Eighteen hours after transfection, cells were washed with DMEM without me-
thionine and cysteine followed by incubation for 6 h with 250 p.Ci of Tran®S-
Label in 2.5 ml of DMEM lacking methionine and cysteine and supplemented
with 1% serum.

Immunoprecipitations and in vitro kinase assays. Cell lysis with buffer con-
taining Nonidet P-40, immunoprecipitations using protein A-Sepharose CL-4B
(Pharmacia Biotech), and in vitro kinase assays with [y->*P]ATP were performed
as described previously (20). Immunoprecipitates were analyzed by sodium do-
decyl sulfate (SDS)-polyacrylamide gel electrophoresis. Gels from kinase assays
were treated with 1 M NaOH at 65°C for 30 min prior to autoradiography. For
reprecipitation, immunoprecipitates were boiled for 10 min in 2% SDS-5%
2-mercaptoethanol to disrupt the antibodies and centrifuged briefly. The super-
natant was vacuum concentrated, dissolved in 20 times the original volume with
Nonidet P-40 lysis buffer, and incubated overnight with the appropriate antisera.
Immune complexes were harvested with protein A-Sepharose CL-4B and washed
as described previously (20).

RESULTS

Fyn associates with MomT and HamT. We tested the ability
of wild-type Fyn to bind and phosphorylate MomT and HamT
after transient transfection of expression vectors coding for
Fyn, MomT, or HamT into Src fibroblasts, cells derived from a
knockout mouse lacking Fyn and expressing only a truncated,
inactive form of c-Yes (36). Lysates of cells expressing Fyn
without or with MomT or HamT were used for immunopre-
cipitations with anti-FYN3 serum. Immunoprecipitates were
phosphorylated in vitro and analyzed by SDS-polyacrylamide
gel electrophoresis followed by autoradiography. Anti-FYN3
immunoprecipitates from cells expressing Fyn gave rise to a
phosphorylated protein with a molecular mass of 60 kDa (Fig.
2, lanes 2), while anti-FYN3 immunoprecipitates from cells
expressing Fyn together with MomT gave rise to labeled bands
corresponding to molecular masses of 56, 60, and 85 kDa (Fig.
2A, lane 3). The 56-, 60-, and 85-kDa bands were analyzed by
V8 protease mapping and were identified as MomT, Fyn, and
the phosphorylated form of the p85 subunit of PI 3-kinase,



VoL. 71, 1997

A

HAMSTER POLYOMAVIRUS MIDDLE-T ASSOCIATION WITH Fyn 201

1st anti-FYN3 2nd PAb762
MomT —
Fyn ASH2 Fyn ASH3 Fyn Fyn ASH2 Fyn ASH3 Fyn
— MomT — MomT — MomT — MomT — MomT —  MomT
5 - i . et
1 23 4 5 7 8 9 10 11 12 13
B 1t anti-FYN3 2nd anti-GST/HamT
HamT Fyn ASH2 Fyn ASH3 Fyn Fyn  ASH2 Fyn ASH3 Fyn
— HamT — HamT — HamT — HamT — HamT

__ HamT
- S—

4

12 3 4 5

6 7

;- |

8 9 1011 12 13

FIG. 2. The SH2 domain of Fyn is required for coprecipitation of HamT but not of MomT. Immunoprecipitations were performed with lysates from control (—),
MomT-, and HamT-expressing Src fibroblasts transfected with expression vectors for Fyn, ASH2Fyn, and ASH3Fyn. (A) Complex formation of Fyn mutants with
MomT. Immunoprecipitates prepared with anti-FYN3 from control cells (lane 1) or cells expressing Fyn (lane 2), ASH2-Fyn (lane 4), or ASH3-Fyn (lane 6) alone or
together with MomT (lanes 3, 5, and 7) were phosphorylated in vitro with [y-*>P]JATP and analyzed on SDS-10% polyacrylamide gels. Phosphorylated proteins were
detected by autoradiography. Anti-FYN3 immunoprecipitates were also used for reprecipitation of MomT with PAb 762 (lanes 8 to 13). (B) Complex formation of Fyn
mutants with HamT. Immunoprecipitates prepared with anti-FYN3 from control cells (lane 1) or cells expressing Fyn (lane 2), ASH2-Fyn (lane 4), or ASH3-Fyn (lane
6) alone or together with HamT (lanes 3, 5, and 7) were analyzed by the same procedure used for panel A. HamT was reprecipitated with anti-GST/HamT (lanes 8
to 13). Bars, bands corresponding to the respective kinase variants; arrows, bands corresponding to MomT or HamT; asterisks, the position of the p85 subunit of PI

3-kinase.

respectively, by comparison with published maps (4, 15, 21)
(data not shown). MomT was reprecipitated with PAb 762
from anti-FYN3 immunoprecipitates prepared from cells ex-
pressing both Fyn and MomT (Fig. 2A, lane 9) but not from
cells expressing only Fyn (Fig. 2A, lane 8). This finding is in
agreement with the published observation that MomT is able
to form a complex with Fyn (6, 24).

Anti-FYN3 immunoprecipitates from cells expressing both
Fyn and HamT gave rise to labeled bands corresponding to
apparent molecular masses of about 60 and 85 kDa and to a
weaker band corresponding to an apparent molecular mass of
about 55 kDa (Fig. 2B, lane 3). The 85-kDa band was identified
by V8 mapping as the p85 subunit of PI 3-kinase (data not
shown). Coprecipitation of p85 with Fyn in cells expressing
HamT has been shown previously to be indicative of complex
formation between Fyn and HamT (8). The band correspond-
ing to a molecular mass of about 55 kDa was identified as
HamT by reprecipitation with anti-GST/HamT (Fig. 2B, lane
9). HamT was also directly immunoprecipitated with TBH
serum, a serum obtained from tumor-bearing hamsters in-
fected with hamster polyomavirus (8), or with anti-GST/HamT
serum (2). Neither serum cross-reacts with Fyn, therefore al-

lowing the monitoring of complex formation of Fyn with
HamT. Immunoprecipitates prepared with TBH or anti-GST/
HamT serum were used for kinase assays followed by autora-
diography. Immunoprecipitates from cells expressing both
HamT and Fyn gave rise to a prominent band of about 60 kDa
(Fig. 3, lane 2) and to less intense bands of about 55 and 85
kDa which were detected upon longer exposure (Fig. 3, lane 8).
The prominent 60-kDa band was shown to be Fyn by repre-
cipitation with anti-FYN3 serum (Fig. 3, lane 10) and by V8
protease mapping (data not shown). The intensity of the band
corresponding to HamT was always significantly lower than
that of the band representing Fyn.

The kinase domain of Fyn is sufficient for binding MomT
but not HamT. We have shown earlier that the kinase domain
of c-Src is sufficient for binding and phosphorylation of MomT
(15). This raised the question of whether the kinase domain of
Fyn is also sufficient for binding and phosphorylation of HamT.
We therefore constructed a mutant Fyn protein consisting of
the kinase domain (residues 262 to 537) with an HA tag fused
to the amino terminus. The ability of this mutant protein,
K-Fyn (Fig. 1), to associate with MomT and HamT was tested
by expression of K-Fyn alone or together with MomT or HamT
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FIG. 3. Coprecipitation of Fyn and ASH3Fyn but not ASH2Fyn with HamT. Immunoprecipitates prepared with TBH serum from cells expressing Fyn, ASH2Fyn,
or ASH3Fyn alone (—; lanes 1, 3, and 5, respectively) or together with HamT (lanes 2, 4, and 6) were phosphorylated in vitro with [y-**P]JATP and analyzed on
SDS-10% polyacrylamide gels. Phosphorylated proteins were detected by autoradiography. Lanes 7 and 8 correspond to lanes 1 and 2, but the exposure time was four
times longer. The immunoprecipitates analyzed in lanes 1 to 6 were also used for reprecipitation of Fyn variants with anti-FYN3 (lanes 9 to 14). Bars, bands
corresponding to the respective Fyn variants; asterisks, the position of the p85 subunit of PI 3-kinase.

in NIH 3T3 cells followed by immunoprecipitation with MAb
12CAS, a monoclonal antibody specific for the HA tag. Immu-
noprecipitates were phosphorylated in vitro with [y-**P]ATP
and analyzed by SDS-polyacrylamide gel electrophoresis and
autoradiography. Immunoprecipitates from cells expressing K-
Fyn gave rise to a phosphoprotein of approximately 32 kDa, as
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FIG. 4. MomT but not HamT is coprecipitated with the kinase domain of
Fyn. Immunoprecipitates prepared with MAb 12CAS by using lysates from NIH
3T3 cells expressing K-Fyn alone (—; lanes 1 and 3) or together with MomT (lane
2) or HamT (lane 4) were phosphorylated in vitro with [y->*P]ATP and analyzed
on SDS-10% polyacrylamide gels. Phosphorylated proteins were detected by
autoradiography. As a control for HamT expression, the lysate from cells ex-
pressing K-Fyn together with HamT was also used for immunoprecipitation with
anti-FYN3 serum and analyzed as described above (lane 5). Bars, bands corre-
sponding to the expected phosphoprotein; arrows, bands corresponding to
MomT or HamT; asterisk, the position of the p85 subunit of PI 3-kinase.

expected from the calculated molecular mass (Fig. 4, lanes 1
and 3). MomT was coprecipitated with K-Fyn and phosphor-
ylated (Fig. 4, lane 2). In contrast, no coprecipitation of HamT
with K-Fyn was observed in NIH 3T3 cells expressing both
K-Fyn and HamT (Fig. 4, lane 4). Expression of HamT in these
NIH 3T3 cells was confirmed by the fact that HamT and p85
were coprecipitated with endogenous wild-type Fyn by using
anti-FYN3 serum (Fig. 4, lane 5).

The SH2 domain of Fyn is required for association with
HamT. The fact that K-Fyn did not bind HamT suggests that
sequences located in the amino-terminal half of Fyn are re-
quired for association with HamT. HamT contains a tyrosine
residue (Tyr-324) in the sequence context YEEI that corre-
sponds to a phosphopeptide shown to specifically bind the SH2
domain of Src-related tyrosine kinases in vitro (40). This ob-
servation led us to ask whether HamT binds to the SH2 do-
main of Fyn.

To test this hypothesis, we constructed a Fyn deletion mu-
tant lacking the SH2 domain (residues 144 to 248), ASH2Fyn
(Fig. 1). The ability of ASH2Fyn to bind MomT or HamT was
evaluated by coexpression of ASH2Fyn with MomT or HamT
in Src fibroblasts lacking endogenous Fyn. Immunoprecipitates
prepared with anti-FYN3 serum showed that ASH2Fyn mi-
grated as a band with an apparent molecular mass of 49 kDa,
as expected (Fig. 2, lanes 4). While MomT and p85 were
coprecipitated efficiently with ASH2Fyn by using anti-FYN3
(Fig. 2A, lane 5), no phosphorylated HamT or p85 was pre-
cipitated together with ASH2Fyn from cells expressing this
mutant and HamT (Fig. 2B, lane 5). No HamT protein could
be reprecipitated with anti-GST/HamT serum from anti-FYN3
immunoprecipitates, indicating that HamT did not bind
ASH2Fyn (Fig. 2B, lane 11).

These findings were confirmed by immunoprecipitation with
TBH serum. TBH serum immunoprecipitates from Src fibro-
blasts expressing both Fyn and HamT gave rise to a prominent
band of 60 kDa corresponding to Fyn (Fig. 3, lane 2). In
contrast, TBH serum immunoprecipitates from cells express-
ing ASH2Fyn together with HamT did not contain ASH2Fyn
(Fig. 3, lane 4). While wild-type Fyn was reprecipitated with
anti-FYN3 serum from immunoprecipitates prepared with
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FIG. 5. Reduced association of Fyn with Y324F HamT. Immunoprecipitates
prepared from equal amounts of Src fibroblasts expressing HamT and Y324F
HamT alone (—; lanes 2 and 4, respectively) or together with Fyn (lanes 3 and
5, respectively) or from control cells (lane 1) with anti-GST/HamT serum were
phosphorylated in vitro with [y->>P]ATP and analyzed on SDS-10% polyacryl-
amide gels. Equal amounts of labeled immunoprecipitates were used for repre-
cipitation of Fyn with anti-FYN3 (lanes 6 to 10). Src fibroblasts expressing HamT
and Y324F HamT alone (—; lanes 12 and 14, respectively) or together with Fyn
(lanes 13 and 15, respectively) or control cells (lane 11) were metabolically
labeled with Tran®*S-Label (*°S-Met/-Cys) and used for immunoprecipitation
with anti-GST/HamT serum to determine the relative expression levels of HamT
and Y324F HamT. The same lysates from metabolically labeled cells were used
for immunoprecipitation with anti-FYN3 to determine the level of Fyn expres-
sion (lanes 16 to 20). Asterisk, the position of the p85 subunit of PI 3-kinase.

TBH serum (Fig. 3, lane 10), no ASH2Fyn was reprecipitated
(Fig. 3, lane 12), indicating that this mutant failed to associate
stably with HamT. HamT expression was assayed by in vivo
labeling with Tran*>S-Label followed by immunoprecipitation
with anti-GST/HamT, showing that the expression levels of
HamT protein in cells expressing wild-type Fyn and ASH2Fyn
were similar (data not shown).

Mutation of Tyr-324 of HamT to phenylalanine leads to
reduced association of Fyn and abolishes oncogenic transfor-
mation by HamT. To test whether phosphorylated Tyr-324 of
HamT is necessary for association of HamT with Fyn in vivo,
we mutated this residue to phenylalanine. Src fibroblasts were
transfected with pGHamT or pGHamTY324F, an expression
vector carrying the Y324F HamT mutant, alone or together
with pSVfyn. HamT and Y324F HamT were expressed at com-
parable levels, as shown by immunoprecipitation from meta-
bolically labeled cells (Fig. 5, lanes 12 to 15). In vitro phos-
phorylation of Y324F HamT coexpressed with Fyn (Fig. 5, lane
5) was reduced when compared with that of wild-type HamT
(lane 3), although the levels of Fyn expression in cells express-
ing wild-type and mutant HamT were similar (lanes 18 and 20).
The amount of Fyn coprecipitated with Y324F HamT (Fig. 5,
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lane 5) was about 30% of that coprecipitated with wild-type
HamT (lane 3). This result was confirmed by reprecipitation of
Fyn with anti-FYN3 serum from in vitro-phosphorylated anti-
GST/HamT immunoprecipitates prepared from cells express-
ing HamT and Y324F HamT (Fig. 5, lanes 8 and 10, respec-
tively).

Our findings show that Tyr-324 is a major determinant for
association of HamT with Fyn. However, the fact that associ-
ation of Fyn with Y324F HamT was not completely abolished
indicates that other sequence elements may also be involved in
mediating specific association with Fyn.

The ability of Y324F HamT to induce cell transformation
was tested in focus formation assays with F111 rat fibroblasts.
Expression vectors for Y324F HamT and, as controls, HamT
and MomT were transfected alone or together with pSVsT, a
vector encoding small-T antigen, into F111 rat fibroblasts, and
focus formation on F111 cell monolayers was assayed under
low-serum conditions (Fig. 6). As described before, the pres-
ence of small-T antigen was necessary for efficient focus for-
mation by HamT (16). This is in contrast to MomT, which also
formed foci in the absence of small-T antigen. Foci formed by
HamT in the presence of small-T antigen were smaller than
those induced by MomT. Y324F HamT failed to induce focus
formation even in the presence of small-T antigen, showing
that mutation of Tyr-324 abolished the oncogenicity of HamT.

The SH3 domain and the unique domain of Fyn are dis-
pensable for association with HamT. HamT contains several
proline-rich motifs which are putative binding sites for SH3
domains (34). We therefore tested the ability of a Fyn mutant
lacking the SH3 domain (residues 83 to 142), ASH3Fyn (Fig.
1), to bind MomT or HamT in Src fibroblasts by the approach
described above. Moreover, the unique domain (residues 21 to
82) of Fyn was deleted from AUFyn (Fig. 1) and the ability of
this mutant to bind HamT was evaluated. Both ASH3Fyn (Fig.
2B) and AUFyn (Fig. 7) were fully competent to associate with
HamT, indicating that the SH3 domain and the unique domain
are dispensable for association of Fyn with HamT.

DISCUSSION

MomT has been shown to associate with the tyrosine kinases
c-Sre, c-Yes, and Fyn (reviewed in reference 12). In contrast,
HamT exclusively binds Fyn in fibroblasts (8). We have dem-
onstrated earlier that the kinase domain of c-Src, including the
regulatory tail, is sufficient for both binding and phosphoryla-
tion of MomT (15). Here we report that the kinase domain of
the highly homologous tyrosine kinase Fyn is also sufficient for
binding MomT but does not associate with HamT. This sug-
gests that sequences located in the amino-terminal half of Fyn
are essential for stable association with HamT. We therefore
constructed a series of Fyn mutants lacking either the SH2,
SH3, or unique domain, three domains known to mediate the
association of Src family tyrosine kinases with various cellular
proteins (32, 39). While association of ASH3Fyn or AUFyn
with HamT was not reduced, ASH2Fyn failed to bind HamT,
indicating that the SH2 domain of Fyn is necessary for associ-
ation with HamT. In an earlier work, peptides containing a
phosphotyrosine residue in the context YEEI were identified
as ligands of Src family SH2 domains (40). HamT contains a
tyrosine residue, Tyr-324, in the sequence context YEEIL. We
therefore argued that HamT might associate with the SH2
domain of Fyn via phosphorylated Tyr-324. In order to test this
hypothesis, we mutated Tyr-324 of HamT to a nonphosphor-
ylatable phenylalanine residue. This mutant, Y324F HamT,
showed a threefold reduction of coprecipitated Fyn when an-
alyzed in kinase assays. This allows two possible explanations.
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FIG. 6. Y324F HamT is transformation defective. F111 rat fibroblasts were transfected with vectors encoding HamT, Y324F HamT, and MomT alone or together
with (+) a vector encoding small-T antigen (sT). Foci formed on the cell monolayer 3 weeks after transfection are shown. Each plate is representative of at least two

independent experiments. —, mock transfection.

(i) The amount of Fyn protein coprecipitated with mutant
HamT was reduced as a consequence of a reduction in the
binding affinity. (ii) Fyn might become less activated by Y324F
HamT, resulting in a reduction in Fyn autophosphorylation.
We cannot discriminate between these two possibilities, since
we were not able to detect Fyn by coprecipitation with HamT
in lysates from metabolically labeled cells or by immunoblot-
ting, probably because the amount of Fyn protein complexed
with HamT is very small.

The residual association of Fyn with Y324F HamT indicates
that other sequence elements besides phosphorylated Tyr-324
may contribute to specific binding to Fyn. HamT contains only
one additional tyrosine residue in a sequence context with
homology to YEEI, namely, Tyr-330 in the context YLEL. We
constructed a double mutant of HamT with both Tyr-324 and
Tyr-330 mutated to phenylalanine. The association of Fyn with
this mutant was not further decreased (data not shown), indi-
cating that Tyr-330 is not a binding site for Fyn. Therefore, it
is unlikely that other phosphotyrosine residues take over the
function of Tyr-324 in the Y324F HamT mutant. We consider
it more probable that the residual binding of Fyn to Y324F
HamT is phosphotyrosine independent. The fact that Y324F
HamT is transformation defective shows that Tyr-324 is essen-
tial for the oncogenicity of HamT and that the residual binding
of Fyn to Y324F HamT is not functional.

Our data establish that MomT and HamT bind and activate
Src-related tyrosine kinases through different mechanisms. Ki-
nase-inactive c-Src is able to bind MomT, indicating that as-
sociation with c-Src does not require tyrosine phosphorylation
of MomT (5). In contrast, the observation that mutation of
HamT at Tyr-324 to a nonphosphorylatable phenylalanine res-
idue reduced association with Fyn suggests that this residue
binds the SH2 domain of Fyn upon phosphorylation. In vivo,
phosphorylation of HamT at Tyr-324 by Fyn followed by stable
association with the SH2 domain might result in activation of
the kinase through stabilization of the open conformation.

This concept is in agreement with the finding that cytosolic
tyrosine kinases preferentially phosphorylate peptides capable
of binding their own SH2 domains (49). One might predict that
catalytically inactive Fyn fails to associate with HamT. How-
ever, we could not test this hypothesis, since complex forma-
tion between Fyn and HamT could be detected only by in vitro
kinase assays. Due to the very low stoichiometry of phosphor-
ylation of HamT, it was also not possible to show that Tyr-324
is phosphorylated in vivo.

The fact that mouse and hamster polyomaviruses use differ-
ent strategies to target Src-related tyrosine kinases with their
respective middle-T proteins is surprising when one considers
the close relatedness of the two viruses. Mouse and hamster
polyomaviruses are the only papovaviruses known to encode a
middle-T antigen. Their genome organization is highly con-
served, and the viral proteins show an average homology of
50%. However, the unique regions of the two middle-T pro-
teins, which are essential for downstream signalling, are
strongly divergent.

It has been shown that sequences in the amino-terminal half
of MomT as well as residues 203 to 218 in the unique region of
MomT are essential for association with c-Src. These conclu-
sions were based on mutational analysis (1, 12, 26) and on the
finding that MAbs recognizing the peptide sequence from res-
idues 203 to 218 fail to coprecipitate tyrosine kinase activity
(14). Residues 203 to 218 are not conserved in HamT. On the
other hand, the YEEI motif of HamT, which we have shown to
contain a tyrosine residue required for formation of a func-
tional complex with Fyn, is not present in MomT. Taken to-
gether, these findings indicate that the two middle-T antigens
may have evolved separately.

What are the structural determinants responsible for the fact
that HamT selectively associates with Fyn and not with highly
homologous tyrosine kinases like c-Src or c-Yes? It is unlikely
that the YEEI motif alone is sufficient for determining binding
specificity, since in vitro this sequence binds the SH2 domains
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FIG. 7. The unique domain of Fyn is dispensable for association with HamT. Immunoprecipitates were prepared with anti-SRC2 serum from lysates of cells
expressing Fyn alone (—; lane 1) or together with HamT (lane 2) or AUFyn alone (lane 9) or together with HamT (lane 10). Alternatively, immunoprecipitates were
prepared from the same lysates with TBH serum (lanes 5 and 6 for Fyn alone and together with HamT, respectively; lanes 13 and 14 for AUFyn alone and together
with HamT, respectively). Immunoprecipitates were phosphorylated in vitro with [y-**P]JATP and analyzed on SDS-10% polyacrylamide gels. Phosphorylated proteins
were detected by autoradiography. The immunoprecipitates analyzed in lanes 1, 2, 9, and 10 were also used for reprecipitation of HamT with anti-GST/HamT serum
(lanes 3, 4, 11, and 12), and the immunoprecipitates analyzed in lanes 5, 6, 13, and 14 were used for reprecipitation of Fyn and AUFyn with anti-SRC2 (lanes 7, 8, 15,

and 16). Arrows, the position of HamT; bars, bands corresponding to the respective Fyn variants; asterisks, the position of the p85 subunit of PI 3-kinase.

of different Src family members, such as c-Src, Fyn, Lck, and
c-Fgr, with similar affinities (40). Therefore, other sequences in
HamT might contribute to the specific binding of this protein
to Fyn. Future experiments will be aimed at the identification
of determinants of specificity in both HamT and Fyn.
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