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Middle-T antigen of mouse polyomavirus, an oncogenic DNA virus, associates with and activates the cellular
tyrosine kinases c-Src, c-Yes, and Fyn. This interaction is essential for polyomavirus-mediated transformation
of cells in culture and tumor formation in animals. To determine the domain of c-Src directing association with
middle-T, mutant c-Src proteins lacking either the amino-terminal unique domain and the myristylation
signal, the SH2 domain, the SH3 domain, or all three of these domains were coexpressed with middle-T in NIH
3T3 cells. All mutants were found to associate with middle-T, demonstrating that the kinase domain of c-Src,
including the carboxy-terminal regulatory tail, is sufficient for association with middle-T. Moreover, we found
that Hck, another member of the Src kinase family, does not bind middle-T, while chimeric kinases consisting
of the amino-terminal domains of c-Src fused to the kinase domain of Hck or the amino-terminal domains of
Hck fused to the kinase domain of c-Src associated with middle-T. Hck mutated at its carboxy-terminal
regulatory residue, tyrosine 501, was also found to associate with middle-T. These results suggest that in Hck,
the postulated intramolecular interaction between the carboxy-terminal regulatory tyrosine and the SH2
domain prevents association with middle-T. This intramolecular interaction apparently also limits the ability
of c-Src to associate with middle-T, since removal of the SH2 or SH3 domain increases the efficiency with which
middle-T binds c-Src.

The tumor antigens (T antigens) of polyomaviruses ex-
pressed early in the viral life cycle are responsible for the
oncogenicity of these viruses (43). One of these proteins, mid-
dle-T, has been shown to be sufficient for oncogenic transfor-
mation of established cell lines (44), while both middle-T and
large-T are required to transform primary cells (17). Middle-T
modulates the activities of a variety of cellular proteins acting
as regulators of cell proliferation, such as phosphatase 2A (33,
46), tyrosine kinases of the Src family, phosphatidylinositol
(PI) 3-kinase, SHC, 14-3-3 proteins, and phospholipase C-g1.
Middle-T encoded by mouse polyomavirus preferentially asso-
ciates with c-Src (16), c-Yes (25), and, to a lesser extent, Fyn
(9, 26), while hamster polyomavirus codes for a middle-T pro-
tein which binds only Fyn (15). Upon complex formation with
c-Src, c-Yes, or Fyn, middle-T becomes phosphorylated, a pre-
requisite for binding of PI 3-kinase (47), the adaptor protein
SHC (6, 18), and phospholipase C-g1 (40) to phosphorylated
tyrosine residues 315, 250, and 322, respectively.
c-Src is composed of several distinct functional domains

(Fig. 1). The first 14 amino acids contain information for myri-
stylation and membrane association (24). They are followed by
the unique domain which is not conserved among Src family
kinases. The amino-terminal half of c-Src also includes an SH3
and an SH2 domain, two regions of homology shared by mem-
bers of the Src family as well as a large number of otherwise
unrelated proteins involved in cell signaling (35). The carboxy-
terminal half of c-Src consists of the kinase (SH1) domain
which is highly conserved among Src family members followed
by 11 amino acids referred to as the kinase tail encompassing
Tyr-527, a site known to negatively regulate c-Src kinase activ-
ity upon phosphorylation and conserved in all Src family ki-
nases (12). Mutation of Tyr-527 leads to increased kinase ac-

tivity unleashing the transforming potential of the kinase (14).
It has been proposed that phosphorylated Tyr-527 exerts its
repressing function by intramolecular binding to the SH2 do-
main (28, 37) and that SH2 and SH3 domains cooperate in
repressing kinase activity (20, 41). As a consequence of de-
phosphorylation at Tyr-527 (7, 13), the activity of c-Src asso-
ciated with middle-T is dramatically increased compared with
that of uncomplexed c-Src (5). Middle-T may either increase
the susceptibility of Tyr-527 to a cellular phosphatase or pre-
vent phosphorylation of this site by the inhibitory cellular ki-
nase Csk (32).
The finding that amino acids 519 to 525 of c-Src are required

for complex formation with middle-T (10) suggests that mid-
dle-T may bind to a region close to the carboxy terminus of this
kinase. On the other hand, the observation that a chimeric
protein consisting of c-Src residues 1 to 516 fused to the tail of
Lck was able to bind middle-T indicates that c-Src sequences
located amino terminal to position 516 are essential for mid-
dle-T binding since Lck itself does not associate with middle-T
(30). Therefore, these earlier results did not allow an unam-
biguous identification of the region of the c-Src molecule re-
sponsible for association with middle-T. In particular, it was
not clear whether the carboxy terminus of c-Src is sufficient for
middle-T binding. Since the amino-terminal unique, SH3, and
SH2 domains are known to mediate interactions of Src-related
kinases with a variety of proteins, it is conceivable that they are
also required for association with middle-T. To address this
question, we created a series of c-Src deletion mutants and
found that all bound middle-T, demonstrating that the kinase
domain including the tail is sufficient for association with T
antigen. Investigating why Hck, a kinase highly homologous to
c-Src, c-Yes, and Fyn, does not associate with middle-T, we
constructed chimeric molecules consisting of domains derived
from c-Src and Hck as well as an Hck mutant lacking the
carboxy-terminal regulatory tyrosine residue. All mutants
bound middle-T, suggesting that the intramolecular interaction
between the phosphorylated carboxy-terminal regulatory ty-

* Corresponding author. Mailing address: Friedrich Miescher Insti-
tute, P.O. Box 2543, CH-4002 Basel, Switzerland. Phone: 61 697 6689.
Fax: 61 697 3976.

1323



rosine residue and the SH2 domain prevents association of
Hck with middle-T. In agreement with this model, we show
that deletion of the SH2 or SH3 domain of c-Src dramatically
improves the efficiency with which this kinase binds middle-T.

MATERIALS AND METHODS

Plasmid constructs. Plasmids were constructed by using standard molecular
cloning techniques. The chicken c-src cDNA was subcloned as a HindIII-BglII
fragment, and the murine hck cDNA was subcloned as an EcoRI fragment
(obtained from A. Dunn) into a pSP72 vector (Promega). Plasmids pSP72c-src
and pSP72hck were used as templates for PCR. The deletion mutants DSH3c-Src
and DSH2c-Src and the chimeras derived from the c-src and the hck cDNAs were
constructed by using the method of splicing by overlap extension-PCR (21, 22).
The sequences coding for DUc-Src (starting at codon 82 of c-src) and Kc-Src
(starting at codon 258 of c-src) were amplified from pSP72c-src by PCR. The
primers used introduced a HindIII site and a novel start codon and fused a
nucleotide sequence specifying the nine-amino-acid peptide YPYDVPDYA de-
rived from the influenza virus hemagglutinin protein (HA tag) together with a
sequence coding for an 11-amino-acid linker peptide, KLMGLVVMNIT, in
frame to the 59 end of the truncated c-src coding sequence. The PCR products
were ligated as HindIII-ClaI fragments into a pSV expression vector (31). The
sequence coding for Y501FHck (Hck containing a Tyr-5013Phe mutation) was
obtained from R. Perlmutter (48). pcDNAmT is an expression vector derived
from pcDNA1Neo (Invitrogen) carrying the cDNA sequence of middle-T. The
mammalian expression vector pCMV-GX (generously provided by W. G. Kaelin,
Jr.) is derived from pCMV-Neo-Bam (1) and carries the coding sequence for
glutathione S-transferase (GST) under the control of a cytomegalovirus pro-
moter. pCMV-GX-Kc-src contains the coding sequence for the kinase domain of
c-Src (residues 258 to 533) fused in frame to the 39 end of the GST coding
sequence. The Kc-Src sequence was amplified by PCR from pSP72c-src, using a
59 primer that introduced a BamHI site allowing fusion in frame with the GST
coding sequence. All mutations were confirmed by restriction enzyme analysis
and DNA sequencing.
Antibodies. Using the chicken c-src cDNA for constructing the mutants al-

lowed specific detection of wild-type protein, DSH3, and DSH2c-Src with mono-
clonal antibody (MAb) EC10, which recognizes only the chicken form of c-Src
(34). The epitope-tagged DUc-Src protein lacking the epitope recognized by
MAb EC10 was recognized by MAb 12CA5 (Boehringer) or by MAb 327 (27).
pSVDUc-src was transfected into src15 cells, a cell line derived from transgenic
mice lacking both src alleles (42), thus ensuring that MAb 327 recognizes only the
gene product of transfected pSVDUc-Src.
Hck, Hck-Src, and Y501FHck were detected either with rabbit polyclonal

antibody anti-Hck(N-30) (Santa Cruz Biotechnology) or with rabbit polyclonal
antiserum anti-Hck/GST (29). Anti-Hck(N-30) was raised against a peptide
corresponding to amino acids 8 to 37 within the amino-terminal unique domain
of human p59hck. Anti-Hck/GST was raised against a GST-Hck fusion protein
containing residues 8 to 53 of mouse p59hck. Anti-Hck(N-30) and anti-Hck/GST
recognize both p59hck and p56hck and lack cross-reactivity with other members of
the Src family. Anti-SRC2 (Santa Cruz Biotechnology) is a rabbit polyclonal

antibody raised against a peptide corresponding to residues 509 to 533 of human
c-Src. Middle-T was immunoprecipitated with rat ascites fluid specific for poly-
omavirus T antigens (BNasc) or with PAb762 (19), a kind gift of S. Dilworth.
Cell lines, DNA transfection, focus assays, and virus infection. NIH 3T3 cells

were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% calf serum at 378C in a 10% CO2 incubator. NIH 3T3 cell lines
expressing wild-type or mutant forms of c-Src and Hck were generated by stable
transfection with a pSV expression vector carrying the corresponding cDNA
under the control of the simian virus 40 early promoter (31). This expression
vector was introduced together with the selectable marker pMOneor into 3T3
cells by Ca3(PO4)2-mediated transfection as described previously (3).
Transient transfections were performed by the Lipofectamine method. Twenty

micrograms of plasmid DNA together with 60 ml of Lipofectamine (GIBCO) in
3 ml of Optimem 1 medium (GIBCO) was added to 106 3T3 cells plated on
10-cm-diameter dishes and incubated for 5 h. Three milliliters of DMEM con-
taining 20% calf serum was added to the transfection mixture. The cells were
lysed for immunoprecipitation 18 h after transfection.
Focus-forming activities of the various constructs were assayed by using NIH

3T3 mouse fibroblasts as described previously (36).
NIH 3T3 cells were infected with wild-type polyomavirus (NG59RA) for 2 h

and lysed after 20 h.
Metabolic labeling with Tran35S-Label. In vivo labeling with Tran35S-Label

([35S]methionine-[35S]cysteine; ICN Pharmaceuticals) was performed as follows.
Eighteen hours after transfection or virus infection, cells were washed with
DMEM without methionine and cysteine. The cells were incubated for 6 h with
250 mCi of Tran35S-Label in 2.5 ml of DMEM lacking methionine and cysteine
and supplemented with 1% calf 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 [g-32P]ATP were performed
as described previously (23). For reprecipitation, immunoprecipitates were
boiled for 10 min in 2% sodium dodecyl sulfate (SDS)–5% 2-mercaptoethanol
and centrifuged briefly. The supernatant was lyophilized, dissolved in 20 times
the original volume by using Nonidet P-40 lysis buffer, and incubated overnight
with BNasc, PAb762, or anti-SRC2. Immune complexes were harvested with
protein A–Sepharose CL-4B and washed as described previously (23).
Peptide mapping. Staphylococcus aureus V8 protease maps were performed as

described previously (23, 36). In brief, the bands corresponding to the respective
kinase variants or middle-T were excised, mounted onto an SDS–12.5% poly-
acrylamide gel, and overlaid with V8 protease solution (10 mg/ml; ICN Pharma-
ceuticals). Protease digestion occurred as the gel was run at low voltage for 30
min after stacking.

RESULTS

The kinase domain of c-Src including the carboxy-terminal
tail is sufficient for complex formation with middle-T. To eval-
uate the importance of the amino-terminal domains of c-Src
for complex formation with middle-T, we introduced deletions
into the c-src cDNA that resulted in mutant proteins lacking
either the unique domain and the myristylation signal (DUc-
Src; residues 1 to 81 deleted, epitope tagged with the HA tag),
the SH3 domain (DSH3c-Src; residues 83 to 140 deleted), or
the SH2 domain (DSH2c-Src; residues 143 to 247 deleted)
(Fig. 1). Two methods were applied to assay complex forma-
tion between c-Src mutants and middle-T. NIH 3T3 cell lines
stably expressing either wild-type or mutant c-Src proteins
were infected with polyomavirus. Alternatively, pSVc-src,
pSVDSH3c-src, or pSVDSH2c-src was transiently cotrans-
fected with pcDNAmT, a mammalian expression vector carry-
ing the cDNA sequence of middle-T, into NIH 3T3 cells.
pSVDUc-src was transfected together with pcDNAmT into
src15 cells, a line derived from src knockout mice (42). Lysates
made from cells expressing either of the c-Src variants together
with middle-T were used for immunoprecipitation. The expres-
sion levels of the various c-Src mutants were comparable, as
determined by Western blotting (immunoblotting) (data not
shown). Mock-infected cells or cells transfected with the re-
spective c-Src constructs were included as controls. Lysates
were incubated with MAb EC10 (for the wild type, DSH3, or
DSH2c-Src) or with MAb 327 or 12CA5 (for DUc-Src). Immu-
noprecipitates were phosphorylated in vitro with [g-32P]ATP,
resolved by SDS-polyacrylamide gel electrophoresis, and de-
tected by autoradiography. As expected from the calculated

FIG. 1. Structures of c-Src and Hck constructs. The approximate binding
regions for the antibodies [MAbs EC10, 327, and 12CA5; polyclonal antibodies
anti-SRC2, anti-Hck(N-30), anti-Hck/GST] are indicated. mT, middle-T.
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molecular masses, pSVc-Src, pSVDUc-src, pSVDSH3c-src, and
pSVDSH2c-src gave rise to phosphorylated proteins of 60, 51,
53, and 49 kDa, respectively (Fig. 2A, lanes 1, 5, 9, and 13).
Middle-T gave rise to bands corresponding to apparent mo-

lecular masses of 56 and 58 kDa (Fig. 2A, arrowheads), as a
result of differential phosphorylation (36, 38), which were not
separated on all gels. Middle-T was coprecipitated with wild-
type c-Src by using MAb EC10 (Fig. 2A, lane 2). MAbs 327
(Fig. 2A, lane 6) and 12CA5 (data not shown) allowed copre-
cipitation of middle-T with DUc-Src. Middle-T was also copre-
cipitated with DSH3c-Src and DSH2c-Src by using MAb EC10
(Fig. 2A, lanes 10 and 14). The phosphorylated form of the p85
subunit of PI 3-kinase was detected in all precipitates of c-Src

variants capable to bind middle-T (Fig. 2A, lanes 2, 6, 10, and
14, asterisks), indicating that these mutants properly phosphor-
ylated middle-T. The presence of middle-T in immunoprecipi-
tates obtained with antibodies against c-Src was also confirmed
by reprecipitation with BNasc. Middle-T was reprecipitated
from immunoprecipitates of all kinase mutants coexpressed
with middle-T (Fig. 2A, lanes 4, 8, 12, and 16).
The identity of each of the immunoprecipitated proteins was

further confirmed by Cleveland mapping (11) with S. aureus
V8 protease (Fig. 2B). The 60-, 53-, 51-, and 49-kDa bands
attributed to the c-Src variants (Fig. 2A, lanes 1, 5, 9, 13) all
gave rise to a 26-kDa fragment (Fig. 2B, lanes 1, 3, 5, and 7)
encompassing a carboxy-terminal phosphopeptide typical for
c-Src (2). V8 digestion of the 56/58-kDa doublet of middle-T
(Fig. 2A, lanes 2, 6, 10, and 14) gave rise to fragments of 24 and
18 kDa (Fig. 2B, lanes 2, 4, 6, 8) as described previously (38).
The identity of the p85 band (Fig. 2A, lanes 2, 6, 10, and 14)
was also confirmed by V8 mapping (data not shown).
Complex formation of middle-T with a c-Src mutant lacking

the entire amino-terminal half up to the kinase domain (Kc-
Src; residues 1 to 257 deleted; Fig. 1) was investigated in
transiently transfected NIH 3T3 cells metabolically labeled
with Tran35S-Label expressing Kc-Src or, as a control, c-Src
together with middle-T. BNasc (Fig. 3, lanes 1 to 4) and anti-
SRC2 (Fig. 3, lanes 5 to 8) immunoprecipitates were resolved
by SDS-polyacrylamide gel electrophoresis followed by fluo-
rography. Reprecipitation from denatured BNasc immunopre-
cipitates with anti-SRC2 (Fig. 3, lanes 9 to 12) allowed detec-
tion of c-Src (Fig. 3, lane 10) or Kc-Src (Fig. 3, lane 12)
coprecipitated with middle-T. As expected, Kc-Src migrated
with an apparent molecular mass of 32 kDa on SDS-polyacryl-
amide gels. These data show that the kinase domain including
the tail of c-Src is sufficient for association with middle-T.
A fusion protein (GSTKc-Src; Fig. 1) consisting of GST and

the c-Src kinase domain (residues 258 to 533) was coexpressed
together with middle-T in NIH 3T3 cells transiently trans-
fected with pCMV-GX-Kc-src and pcDNAmT and precipi-
tated by using glutathione-Sepharose. As shown in Fig. 3B,
middle-T specifically associated with GSTKc-Src and was la-
beled together with p85 upon phosphorylation in vitro. These
findings indicate that the kinase domain of c-Src is sufficient for
both association with middle-T and subsequent phosphoryla-
tion of the bound protein at Tyr-315, the site required for p85
binding.
Hck does not associate with middle-T. Hck is a Src family

kinase primarily expressed in hematopoietic cells (29). The
high homology with c-Src, c-Yes, and Fyn makes it a good
candidate for association with middle-T. We investigated the
ability of Hck to bind middle-T in NIH 3T3 mouse fibroblasts
(Fig. 4) and in the hematopoietic cell lines FDC-P1 and HL-60
(data not shown). pSVhck-transfected cell clones were infected
with polyomavirus. Alternatively, association of Hck with mid-
dle-T was assayed by cotransfection of pSVhck with pcDNAmT.
Hck was immunoprecipitated with polyclonal antibody anti-
Hck(N-30) or anti-Hck/GST (Fig. 1) and phosphorylated in
vitro with [g-32P]ATP. The murine hck cDNA gave rise to 56-
and 59-kDa protein isoforms as a consequence of alternative
translation initiation (29) (Fig. 4A, lanes 3 to 6). V8 digestion
of both bands generated a 26-kDa fragment similar to the
carboxy-terminal fragment of c-Src (Fig. 4B, lanes 1 and 2).
Neither anti-Hck(N-30) nor anti-Hck/GST immunoprecipi-
tates from polyomavirus-infected Hck-expressing NIH 3T3
cells contained middle-T (Fig. 4A, lanes 4 and 6). No middle-T
protein was reprecipitated with BNasc following anti-Hck im-
munoprecipitation (Fig. 4A, lanes 17 to 20), and the absence of
the indicative middle-T V8 fragments (Fig. 4B, lane 2) con-

FIG. 2. Coprecipitation of middle-T with c-Src deletion mutants. Immuno-
precipitations were carried out with lysates from control (2) or middle-T-ex-
pressing (mT) cells transfected with c-Src, DUc-Src, DSH3c-Src, or DSH2c-Src.
Association with middle-T was assayed in polyomavirus-infected NIH 3T3 cells
expressing the respective kinase variant (c-Src or DSH3c-Src). pSVDUc-Src was
transfected together with pcDNAmT into src15 cells. DSH2c-Src was transfected
together with pcDNAmT into NIH 3T3 cells. (A) Immunoprecipitates obtained
with MAb EC10 or 327 were phosphorylated in vitro with [g-32P]ATP. Immu-
noprecipitates from cells expressing c-Src (lanes 1 and 2) and DSH3c-Src (lanes
9 and 10) were analyzed on SDS–12.5% polyacrylamide gels; DUc-Src (lanes 5
and 6) and DSH2c-Src (lanes 13 and 14) were analyzed on SDS–10% polyacryl-
amide gels. Phosphorylated proteins were detected by autoradiography. Bars,
bands corresponding to the respective kinase mutants; arrowheads, bands cor-
responding to middle-T; asterisks, the p85 subunit of PI 3-kinase. Middle-T was
identified by reprecipitation with BNasc (lanes 3, 4, 7, 8, 11, 12, 15, and 16). (B)
Cleveland mapping of the bands corresponding to c-Src deletion mutants and
middle-T, using S. aureus V8 protease. All c-Src mutants gave rise to a 26-kDa
fragment (lanes 1, 3, 5, and 7); middle-T gave rise to 18- and 24-kDa fragments
(lanes 2, 4, 6, and 8).
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firmed the conclusion that middle-T was not coprecipitated
with Hck.
To exclude the possibility that Hck associates with but fails

to phosphorylate middle-T, polyomavirus-infected cells ex-
pressing Hck were labeled with Tran35S-Label and immuno-
precipitated with BNasc or anti-Hck(N-30). Middle-T and Hck
were present in BNasc and anti-Hck(N-30) immunoprecipi-
tates, respectively, while middle-T was absent from anti-
Hck(N-30) immunoprecipitates (data not shown). Middle-T
was also absent from anti-Hck immunoprecipitates prepared
from middle-T-transformed FDC-P1 and HL-60 cells, demon-
strating that Hck also fails to associate with middle-T in these
hematopoietic cells (data not shown).
Chimeric kinases derived from c-Src and Hck associate with

middle-T. To address the question why Hck was not able to
associate with middle-T, we constructed chimeric kinases con-
sisting of sequences derived from both c-Src and Hck. One of
the chimeras, Hck-Src, carried the unique, SH3, and SH2 do-
mains of Hck (residues 1 to 229 of p56hck and 1 to 250 of
p59hck) fused to the carboxy-terminal half of c-Src (residues
258 to 533) (Fig. 1). The reciprocal chimera, Src-Hck, had the
unique, SH3, and SH2 domains of c-Src (residues 1 to 257)

fused to the carboxy-terminal half of Hck (residues 230 to 503
of p56hck) (Fig. 1). NIH 3T3 cell lines stably expressing these
variants were generated and infected with polyomavirus. The
expression levels of the two chimeras were comparable, as
determined by Western blotting (not shown). Hck-Src was
immunoprecipitated with anti-Hck(N-30) or anti-Hck/GST,
and Src-Hck was immunoprecipitated with MAb EC10 (Fig.
1). The hck-src construct gave rise to two isoforms of 57 and 60
kDa, since the two alternative initiation codons of hck were
maintained in this construct (Fig. 4A, lanes 9 and 11). The
src-hck construct gave rise to a 60-kDa protein (Fig. 4A, lane

FIG. 3. The c-Src kinase domain is sufficient for association with middle-T.
(A) Coprecipitation of the c-Src kinase domain (residues 258 to 533) with
middle-T. NIH 3T3 cells were transfected with pSV plasmids coding for wild-type
c-Src or Kc-Src (c-Src kinase domain) alone (2) or together with pcDNAmT (mT)
and labeled with Tran35S-Label. Middle-T was immunoprecipitated with BNasc
(lanes 1 to 4), c-Src (lanes 5 and 6), and Kc-Src (lanes 7 and 8) with anti-SRC2.
Immunoprecipitates were analyzed on SDS–10% polyacrylamide gels and fluo-
rographed. c-Src (lane 10) and Kc-Src (lane 12) were reprecipitated from BNasc
immunoprecipitates with anti-SRC2. Arrowheads, middle-T; arrow, c-Src; bars,
Kc-Src. (B) Phosphorylation of middle-T by GSTKc-Src, a fusion protein con-
sisting of GST fused to the c-Src kinase domain. Lysates of NIH 3T3 cells
expressing GST or GSTKc-Src fusion protein alone (2) or together with mid-
dle-T (mT) were used for precipitation with glutathione-Sepharose. Precipitated
GST (lanes 1 and 2) and GSTKc-Src (lanes 3 and 4) were incubated in vitro with
[g-32P]ATP. Autophosphorylated GSTKc-Src (lane 3, indicated by the bar) and
phosphorylated coprecipitated middle-T (arrowhead) and p85 (asterisk) (lane 4)
are indicated. The presence of middle-T in the precipitate of lane 4 was con-
firmed by reprecipitation with PAb762 (lane 8).

FIG. 4. Coprecipitation of middle-T with chimeric kinases and Y501FHck.
Immunoprecipitations were carried out by using lysates from cells expressing
Hck, Hck-Src, and Src-Hck without (2) or with middle-T (mT). Association with
middle-T was assayed in virus-infected NIH 3T3 cells stably expressing Hck,
Hck-Src, or Src-Hck. pSVY501Fhck was transiently cotransfected with pcDNAmT
into NIH 3T3 cells. (A) Immunoprecipitates obtained with anti-Hck/GST, anti-
Hck(N-30), or MAb EC10 were phosphorylated in vitro with [g-32P]ATP. Im-
munoprecipitates from cells expressing Hck (lanes 3 to 8), Hck-Src (lanes 9 to
12), and Src-Hck (lanes 21 and 22) were analyzed on SDS–12.5% polyacrylamide
gels; Y501FHck was analyzed on SDS–10% polyacrylamide gels. Bars, bands
corresponding to the respective kinase variants; arrowheads, middle-T; asterisks,
the p85 subunit of PI 3-kinase. Anti-Hck/GST and anti-Hck(N-30) immunopre-
cipitates from NIH 3T3 control cells are shown in lanes 1 and 2. BNasc precip-
itates from mock-infected (lane 7) or virus-infected (lane 8) cells expressing Hck
were loaded as controls. Middle-T was identified by reprecipitation with BNasc
(lanes 13 to 20, 23, 24, 27, and 28). (B) Cleveland mapping of the bands
corresponding to the kinase variants and middle-T, using S. aureus V8 protease.
All kinase variants gave rise to a 26-kDa fragment (lanes 1, 3, 5, and 7). Middle-T
gave rise to 18- and 24-kDa fragments (lanes 2, 4, 6, and 8).
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21). Middle-T was coprecipitated with both Hck-Src (Fig. 4A,
lanes 10 and 12) and Src-Hck (Fig. 4A, lane 22). Complex
formation between these chimeric kinases and middle-T was
confirmed by reprecipitation of middle-T with BNasc (Fig. 4A,
lanes 14, 16, and 24). V8 digestion of the 57- and 60-kDa forms
of Hck-Src (Fig. 4A, lanes 9 and 11) and of Src-Hck (Fig. 4A,
lane 21) gave rise to 26-kDa fragments (Fig. 4B, lane 3 and 5).
Middle-T bands were also mapped with V8 protease, resulting
in the characteristic 24- and 18-kDa fragments (Fig. 4B, lanes
4 and 6).
The transforming potential of the chimeric kinases was de-

termined in focus formation assays. Both chimeras were non-
transforming (data not shown). Their relative kinase activities
were not significantly different from those of wild-type c-Src
and Hck, as determined in vitro by using enolase as substrate
(Table 1).
The fact that Hck-Src bound middle-T was in agreement

with results obtained with deletion mutants of c-Src demon-
strating that the carboxy-terminal half of c-Src is responsible
for middle-T binding. It was, however, surprising that Src-Hck
also bound middle-T. This result suggests that the kinase do-
main of Hck possesses the ability to bind middle-T but that
either the unique, the SH3, or the SH2 domain of Hck inter-
feres with middle-T binding to wild-type Hck.
Y501FHck associates with middle-T. On the basis of the

hypothesis that intramolecular interaction between the phos-
phorylated carboxy-terminal regulatory residue (tyrosine 501)
and the SH2 domain of Hck may prevent middle-T from bind-
ing, we investigated the ability of Y501FHck to associate with
middle-T. In this mutant, Tyr-501 was converted to phenylal-
anine, a mutation that is presumed to disrupt the intramolec-
ular association. Y501FHck has previously been shown to be
oncogenic although it does not have increased in vitro kinase
activity, in contrast to the analogous mutant Y527Fc-Src (48).
pSVY501FHck was transiently transfected alone or together

with pcDNAmT into NIH 3T3 fibroblasts. Cells were lysed,
and Y501FHck was precipitated with anti-Hck(N-30). Mid-
dle-T was coprecipitated with Y501FHck (Fig. 4A, lane 26)
and detected by reprecipitation with BNasc (Fig. 4A, lane 28).

V8 digestion of Y501FHck yielded the typical 26-kDa frag-
ment (Fig. 4B, lane 7), while middle-T gave rise to the char-
acteristic 24- and 18-kDa fragments (Fig. 4B, lane 8). These
data suggest that in order to be able to bind middle-T, Hck
must be in an open conformation.
c-Src mutants lacking the SH2 or SH3 domain associate

better than wild-type c-Src with middle-T. The observation
that wild-type Hck did not associate with middle-T whereas
Y501FHck and Src-Hck were able to do so can be explained by
the fact that the proposed intramolecular interaction between
the phosphorylated kinase tail and the SH2 domain interferes
with middle-T binding. In Y501FHck and Src-Hck, the in-
tramolecular interaction might be weakened, thus favoring an
open conformation allowing middle-T binding.
It has been shown previously that only a small fraction of the

c-Src molecules present in a cell bind middle-T, even if the
latter is overexpressed (4). If our model is valid, one might
predict that c-Src mutants lacking the SH2 and SH3 domains
will be better able than wild-type c-Src to bind middle-T, since
deletion of the SH2 and SH3 domains is likely to disrupt the
closed conformation of the kinase. To test this hypothesis,
NIH 3T3 cells were transiently transfected with pSVc-src,
pSVDSH3c-src, or pSVDSH2c-src alone or in combination
with pcDNAmT and metabolically labeled with Tran35S-Label.
Half of each lysate was used for immunoprecipitation of the
c-Src variants with MAb EC10, and the other half was used for
immunoprecipitation of middle-T with PAb762. The expres-
sion levels of the c-Src variants coexpressed with middle-T
were similar (Fig. 5, lanes 3, 5, and 7), and the amounts of
middle-T protein coexpressed with the various c-Src variants
were approximately the same, as estimated by immunoprecipi-
tation with PAb762 (data not shown). Middle-T expression was
always higher than expression of the various c-Src mutants.
Thus, the amount of middle-T available for complex formation
with any of the c-Src mutants used in this experimental setup
was not limiting. Three independent experiments were per-
formed to quantify the interactions of c-Src, DSH3c-Src, and
DSH2c-Src with middle-T. Figure 5 shows a fluorogram of an
SDS-polyacrylamide gel from a representative experiment.
Quantification of the bands showed that in all three experi-
ments, the amount of middle-T protein coprecipitated with

FIG. 5. Quantification of the interactions between various c-Src mutants and
middle-T. Immunoprecipitations were performed with MAb EC10, using lysates
from cells labeled with Tran35S-Label expressing c-Src (lanes 2 and 3), DSH3c-
Src (lanes 4 and 5), DSH2c-Src (lanes 6 and 7), or Src-Hck (lanes 11 and 12)
alone (2) or together with middle-T (mT). MAb EC10 immunoprecipitates from
mock-transfected NIH 3T3 cells were included as controls (lanes 1 and 8).
Quantification was performed with a Molecular Dynamics PhosphorImager. For
precise determination of the relative amounts of the proteins, the band intensi-
ties were corrected for the specific activities of the respective proteins. The ratio
of the amount of middle-T to the amount of c-Src determined for this represen-
tative experiment is indicated below the corresponding lane. Arrows show the
positions of middle-T; bars indicate the positions of the kinase variants; asterisks
indicate the relevant bands.

TABLE 1. c-Src activity in control or middle-T-expressing cellsa

Expt Src mutant Relative kinase
activity of Src

% Src
bound to
middle-T

Relative kinase
activity of
middle-T-
bound Src

1 c-Src 1.0
c-Src with middle-T 3.3 15 16.3
DSH3c-Src 15.3
DSH3c-Src with
middle-T

18.6 69 20.0

DSH2c-Src 16.8
DSH2c-Src with
middle-T

17.1 90 17.1

Src-Hck 1.3
Src-Hck with
middle-T

2.5 10 13

2 c-Src 1.0
c-Src with middle-T 1.9 10 10.0
DUc-Src 0.6
DUc-Src with
middle-T

1.1 10 5.6

3 Hck 1.0
Hck-Src 1.5

a Relative kinase activities were measured by phosphorylation of enolase in
immunoprecipitations performed with MAb EC10 (experiment 1), MAb 327
(experiment 2), or anti-Hck(N-30) (experiment 3).
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c-Src was 10 to 20% of the total immunoprecipitable c-Src
(Fig. 5, lane 3). Since it is known that one kinase molecule is
present in a middle-T–c-Src complex (8), we conclude that 10
to 20% of the immunoprecipitated wild-type c-Src molecules
were bound to middle-T, even though middle-T expression was
higher than expression of c-Src. This result is in agreement
with previously published estimates indicating that 5 to 10% of
immunoprecipitable c-Src is complexed with middle-T (4).
The finding that DSH3c-Src (Fig. 5, lane 5) and DSH2c-Src

(Fig. 5, lane 7) immunoprecipitates contained significantly
higher amounts of middle-T protein than wild-type c-Src im-
munoprecipitates further supports our model that middle-T
preferentially associates with kinase molecules assuming the
open conformation. In all experiments, 60 to 90% of DSH3c-
Src and 60 to 90% of DSH2c-Src molecules were found to be
complexed with middle-T.
The relative amount of middle-T protein coprecipitated with

Src-Hck was also determined by using the same experimental
approach. We observed that 10 to 20% of the Src-Hck mole-
cules formed a complex with middle-T when Src-Hck and mid-
dle-T were expressed together (Fig. 5, lane 12). This ratio is the
same as that determined for the interaction between c-Src and
middle-T (Fig. 5, lane 10), indicating that the capacity of Src-
Hck to bind middle-T is similar to that of c-Src. We were not
able to quantitate the amount of middle-T coprecipitated with
Hck-Src and Y501FHck, since immunoprecipitation from met-
abolically labeled cells with the polyclonal anti-Hck antisera
available yielded a high unspecific background, making detec-
tion of coprecipitated middle-T difficult. Middle-T could be
detected by reprecipitation in such experiments, but an accu-
rate quantification is not possible with this protocol.
We also determined the relative amount of middle-T copre-

cipitated with DUc-Src by metabolic labeling with Tran35S-
Label in src15 cells lacking endogenous c-Src. Wild-type c-Src
and DUc-Src expressed alone or together with middle-T were
immunoprecipitated with MAb 327 (data not shown). Five to
10% of wild-type c-Src or DUc-Src was associated with mid-
dle-T. This result indicates that deletion of the c-Src unique
domain does not influence the ability of the kinase to bind
middle-T, and deletion of this domain therefore seems not to
alter the conformation of c-Src required for middle-T binding.
The kinase activities of c-Src, DUc-Src, DSH3c-Src, DSH2c-

Src, and Src-Hck expressed alone or together with middle-T
were measured in two independent experiments. Immunopre-
cipitates obtained with MAb EC10 (for c-Src, DSH3c-Src,
DSH2c-Src, and Src-Hck) and MAb 327 (for c-Src and DUc-
Src) were used for in vitro kinase assays with enolase as the
substrate. Half of each immunoprecipitate was used for the
kinase assay; the other half was used for quantification of
complex formation between the various c-Src variants and mid-
dle-T. Table 1 shows the results of one representative experi-
ment. DSH3c-Src and DSH2c-Src were about 15-fold activated
compared with wild-type c-Src. These results are in agreement
with published data indicating that c-Src mutants lacking the
SH3 domain or parts of the SH2 domain have a 14- to 30-fold
increase in kinase activity (39). Src-Hck and DUc-Src have
approximately the same level of activity as wild-type c-Src.
When wild-type c-Src was coexpressed with middle-T, its ac-
tivity was two- to fourfold increased. Since only 5 to 20% of the
c-Src molecules were complexed with middle-T, the actual
kinase activity of middle-T-bound c-Src was approximately 20-
fold greater than that of uncomplexed c-Src. In contrast,
DSH3c-Src and DSH2c-Src were activated no more than two-
fold upon complex formation with middle-T (Table 1). DUc-
Src and Src-Hck behaved like wild-type c-Src.

DISCUSSION

In this work, we identified the domain of the c-Src tyrosine
kinase responsible for association with polyomavirus middle-T.
Previously published data (10) have shown that c-Src truncated
at residue 525 is able to bind middle-T, indicating that the eight
carboxy-terminal amino acids are dispensable for middle-T
binding. c-Src truncated at residue 518 as well as v-Src, which
carries a completely different sequence derived from cellular
DNA fused to the src coding sequence after codon 514, does
not associate with middle-T (10). Others showed that a chi-
meric kinase consisting of amino acids 1 to 516 of c-Src fused
to the last 15 amino acids from Lck was able to form a complex
with middle-T (30). Since no association between wild-type
Lck and middle-T was observed, this result led to the conclu-
sion that sequences between residues 1 and 516 of c-Src in
addition to residues 519 to 525 are necessary for association
with middle-T.
Since the unique domain is the region which diverges most

among the different kinases of the Src family, it is believed to
account for functional specialization of these enzymes. This
domain is a candidate binding site for cellular proteins, and it
has been shown in Lck to mediate association with the CD4
and CD8 receptors in T cells (45). It is also known that the SH3
and SH2 domains are required for protein-protein interactions
regulating both localization and activity of these kinases (35).
We thus investigated whether the unique, SH3, and SH2 do-
mains of c-Src are necessary for complex formation with mid-
dle-T. Deletion analysis led us to conclude that they are not
required for binding middle-T and that the kinase domain of
c-Src is sufficient both for binding and for phosphorylation of
middle-T. Our results, together with those published earlier,
allow delineation of the middle-T binding region of c-Src as
residues 248 to 525, i.e., the kinase domain including the first
three residues of the tail. The middle-T binding site in the
carboxy-terminal half of Src-related tyrosine kinases may also
be required for association with cellular regulatory proteins. It
will therefore be interesting to search for cellular proteins
interacting with the carboxy-terminal half of c-Src.
The Src-related tyrosine kinase Hck, which has 58.5% se-

quence identity with c-Src, does not bind middle-T. Investigat-
ing the ability of chimeric proteins derived from c-Src and Hck
to bind middle-T, we found that both Hck-Src carrying the
unique, SH3, and SH2 domains of Hck fused to the kinase
domain of c-Src and the reciprocal chimera, Src-Hck, bound
and phosphorylated middle-T. The fact that Hck-Src associates
with middle-T is in agreement with the finding that the amino-
terminal domains of c-Src are dispensable for middle-T bind-
ing. Apparently, the amino-terminal half of c-Src can be re-
placed by the corresponding Hck sequence with no negative
effect on middle-T binding. It was, however, unexpected that
Src-Hck bound middle-T. The kinase domain of c-Src includ-
ing residues 519 to 525 is not fully conserved in Hck, but the
fact that Src-Hck associates with middle-T shows that these
sequence differences do not affect middle-T binding. Appar-
ently, the carboxy-terminal half of Hck has the ability to bind
middle-T, but sequences located in the amino-terminal half of
Hck hinder binding of the wild-type Hck protein to middle-T.
The amount of middle-T coprecipitated with Src-Hck is similar
to that found in wild-type c-Src immunoprecipitates, indicating
that the affinity of the Hck kinase domain for middle-T is
comparable to that of c-Src.
Various lines of evidence (28, 37) suggest that the carboxy-

terminal tail of Src-related tyrosine kinases associates intramo-
lecularly with the SH2 domain through conserved phosphory-
lated tyrosine residues, Tyr-527 in c-Src and Tyr-501 in Hck.
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The SH3 domain may further stabilize this interaction in the
inactive, closed conformation, perhaps upon dimerization of
two kinase molecules as suggested for Lck on the basis of an
X-ray structure (20). We propose that the intramolecular in-
teraction between the tail of Hck and its SH2 domain may
interfere with middle-T binding. Our concept is supported by
the fact Y501FHck, which carries a mutation believed to dis-
rupt the intramolecular interaction, bound middle-T. Associa-
tion of wild-type Hck with middle-T might not be possible
because the intramolecular interaction in Hck is stronger than
the affinity of the kinase domain of Hck for middle-T. One
should bear in mind that Hck may not be susceptible to acti-
vation in NIH 3T3, FDC-P1, or HL-60 cells and may therefore
be permanently locked in a closed conformation, thus prevent-
ing middle-T binding. The interaction between the carboxy-
terminal regulatory tail and the SH2 domain is apparently not
disrupted in Hck-Src and Src-Hck, since these chimeric kinases
are not transforming and not significantly activated compared
with c-Src and Hck. Our data suggest that the intramolecular
interaction in these chimeras is slightly weaker than that in
Hck, favoring an intermolecular interaction with middle-T. It
will be interesting to look for association of Hck with middle-T
in cells in which Hck can be activated.
It has been shown previously that only a small fraction

(about 10%) of the c-Src molecules present in a cell associate
with middle-T (4). This might be due to the fact that only a
small percentage of the c-Src molecules are in the activated
state and thus have an open conformation allowing binding to
middle-T. In agreement with our concept that the intramolec-
ular interaction between the SH2 and SH3 domains and the
kinase tail hinders middle-T binding, we provide evidence that
c-Src mutants lacking the SH2 or SH3 domain bind middle-T
significantly better than wild-type c-Src. Sixty to 90% of the
immunoprecipitated DSH2c-Src and DSH3c-Src molecules
were complexed with middle-T. These c-Src deletion mutants
have kinase activity approximately 15-fold greater than that of
wild-type c-Src. Wild-type c-Src complexed with middle-T was
activated about 20-fold compared with uncomplexed c-Src,
while DSH2c-Src and DSH3c-Src were only slightly activated
upon middle-T binding.
In conclusion, our results suggest that middle-T preferen-

tially binds to and thereby stabilizes the open conformation of
activated c-Src molecules, and we propose that it might mimic
the function of cellular proteins involved in regulating the
activity of Src family kinases.
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