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Polyomavirus middle T antigen (MT) interacts with several cellular proteins involved in cell proliferation.
MT forms complexes with protein phosphatase 2A (PP2A), pp60C` (and the related kinases c-fyn and c-yes),
and phosphatidylinositol-3 kinase. We made a single point mutation in MT, changing a conserved cysteine
residue at position 120 to tryptophan, and characterized the biochemical and biological properties of the
mutant (C12OW) protein. The mutant MT protein does not associate with PP2A, pp60C"C, or phosphatidyl-
inositol-3 kinase as judged by coimmunoprecipitation and associated phosphatase or kinase activity. The
C12OW mutant is defective in activation of c-fos expression and in morphological transformation of NIH 3T3
cells.

The DNA tumor viruses have provided useful model
systems for studies of cellular proliferation and transforma-
tion. Polyomavirus encodes three proteins, or tumor anti-
gens, expressed at early times after infection. Large T
antigen (LT) is required for viral DNA replication and can

immortalize primary cells in vitro (1, 15, 34, 49). Middle T
antigen (MT) can induce morphological transformation of
established cell lines (20, 58). In productive infection MT
enhances the packaging of viral DNA, presumably by affect-
ing the phosphorylation state of VP1, the major capsid
protein (26). Small t antigen (st) enhances viral DNA repli-
cation (2, 26, 43, 56) and can induce established cells to
proliferate to a higher saturation density (9, 33).
These three proteins accomplish their tasks, at least in

part, through interactions with host cellular proteins. LT
interacts with pRb, the retinoblastoma susceptibility gene
product, through a region homologous to those identified in
simian virus 40 (SV40) LT, adenovirus ElA, and the human
papillomavirus E7 proteins (16, 22, 23, 62). This interaction
is required for LT to immortalize primary cells (40).
MT interacts with several cellular proteins, including

pp60csP` (5, 14) and the related kinases c-yes and c-fyn (8, 32,
38, 39). MT enhances the kinase activity of pp6Ocsrc (12),
which correlates with the dephosphorylation of tyrosine 527
in pp6ocs`. MT also has an associated phosphatidylinositol
kinase activity (61). MT phosphorylated on Tyr-315 interacts
with p85 (13, 36), which has been identified as a subunit of
phosphatidylinositol-3 (PI-3) kinase (24, 44). This interaction
leads to an increase in PI-3 kinase activity. The interaction
between MT and pp60csr` appears to be necessary but not
sufficient for morphological transformation of cells (42).
Likewise, the interaction with PI-3 kinase appears to be
necessary but not sufficient for transformation (21). MT also
interacts with two proteins of 60 to 64 kDa and 37 kDa (30,
31). These have been identified as the regulatory and cata-
lytic subunits of protein phosphatase 2A (PP2A) (47, 60).
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Association of MT with these two proteins appears to be
important for transformation (31, 45, 52); however, the
precise role of this association in cellular transformation is
unclear, as mutants of MT either interact with both PP2A
and pp60cs` (e.g., mutant 1178T) or interact with neither
protein (e.g., SD15 and NG59). PP2A also associates with
small t antigens of polyomavirus, SV40, and BK virus (45,
51, 59, 65).
PP2A is an abundant serine/threonine protein phos-

phatase. It consists of a 37-kDa catalytic subunit (C) and a

60- to 64-kDa regulatory subunit (A). In addition, it may
include another regulatory subunit of either 54 kDa (B'), 55
kDa (B), or 72 kDa (B") (10). SV40 st apparently associates
directly with the A subunit, since it can associate with the
AC form or the free A subunit but not with the free C subunit
or the ABC form of PP2A (64). Therefore it has been
suggested that SV40 st acts analogously to the B subunit of
PP2A (47, 48, 64).
We report here the construction and characterization of a

mutant of polyomavirus MT which does not associate with
PP2A. Mutation of a cysteine residue (amino acid 120) in MT
results in a protein which can no longer associate with PP2A
as judged by coimmunoprecipitation from cells expressing
either wild-type MT or the C12OW mutant protein. Wild-type
MT, but not the C12OW protein, has associated phosphatase
activity in vitro. The mutant protein also lacks an associated
protein kinase activity and PI-3 kinase activity. Wild-type
MT, but not the C12OW protein, can activate expression
from the c-fos promoter in transfected cells. Finally, the
C12OW mutant is defective for the morphological transfor-
mation of NIH 3T3 cells.

MATERIALS AND METHODS

Cell lines. BALB/c 3T3 cells and the ecotropic packaging
cell line *-2 were grown in Cellgro Dulbecco's modified
Eagle's medium (DME; Mediatech, Washington, D.C.) sup-
plemented with 10% calf serum. NIH 3T3 cells were ob-
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tained from Marguerite Vogt, Salk Institute, and were also
maintained in DME plus 10% calf serum.

Plasmids. pRSV, an expression vector in which a foreign
gene is expressed from the Rous sarcoma virus long terminal
repeat (19), was obtained from Steve Gould, University of
California, San Diego. pRSVMT and pRSVMTC12OW con-
tain the coding region of wild-type or mutant MT, respec-
tively, cloned into pRSV. pSLXCMV, a retrovirus expres-
sion vector in which the cloned gene is expressed from the
cytomegalovirus promoter (53), was obtained from Raphael
Scharfmann, Salk Institute. pSLXMT and pSLXMTC12OW
contain the wild-type and mutant MT coding regions, respec-
tively, cloned into pSLXCMV. pneoMLV, a retrovirus
vector based on Moloney murine leukemia virus (37), was
used to clone pMTneoMLV (6) and pMTC12OWneoMLV.
FC-2 is a plasmid in which the bacterial chloramphenicol
acetyltransferase gene (CAT) is expressed from the murine
c-fos promoter (18). pGem4 was obtained from Promega,
Madison, Wis.

Immunoprecipitations. Cell lines were seeded at 2 x 105
cells per 6-cm dish for 35S metabolic labeling. After 24 h,
cells were labeled for 16 h in 2.5 ml of DME without cysteine
or methionine but supplemented with 4% dialyzed calf serum
by using 250 ,uCi of 35S Express label (Du Pont NEN,
Boston, Mass.). Cells were washed twice with Tris-buffered
saline (TBS), and cell lysates were prepared with Nonidet
P-40 (NP-40) lysis buffer (20 mM Tris-HCl [pH 8], 150 mM
NaCl, 1% NP-40, 1 mM dithiothreitol [DTTr] 20 ,ug of
leupeptin per ml, 1% Trasylol [Mobay Corp., New York,
N.Y.], 100 ,uM Na3VO4) and precleared with boiled Staph-
ylococcus aureus (Pansorbin; Calbiochem, San Diego, Ca-
lif.). Cleared lysates were immunoprecipitated by using a
polyomavirus antitumor ascites serum and immune com-
plexes collected with recombinant protein A immobilized on
Sepharose beads (Repligen, Cambridge, Mass.) and washed
five times with NP-40 buffer. Immunoprecipitates were
fractionated on a sodium dodecyl sulfate (SDS)-7% poly-
acrylamide gel (acrylamide/bisacrylamide ratio, 20:1).

Protein phosphatase assays. Cell lines were seeded at 6 x
105 cells per 6-cm dish. After 24 h, NP-40 lysates were
prepared. Immunoprecipitations were carried out as de-
scribed above; immune complexes were washed three times
with NP-40 lysis buffer, twice with Tris buffer (20 mM
Tris-HCl [pH 8], 150 mM NaCl, 1 mM DTT, 100 ,uM
Na3VO4), and once with phosphatase buffer without MnCl2
(20 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid [HEPES; pH 7], 1 mM DTT, 100 ,ug of bovine serum
albumin [BSA] per ml, 50 ,uM leupeptin, 0.05% NP-40).
Washed immunoprecipitates were resuspended in 50 pAl of
phosphatase buffer containing 1 mM MnCl2, and 50,000 cpm
of 32P-labeled casein was added as a substrate. Reactions
were carried out at 30°C for 15 min and then terminated by
the addition of 50 pl of 1% BSA and 500 pl of 10%
trichloroacetic acid. Samples were incubated for 10 min on
ice and then centrifuged in a TOMY MC-150 tabletop
centrifuge (Peninsula Laboratories, Inc., Belmont, Calif.)
Supernatants were counted by Cerenkov counting, using an
LS-233 liquid scintillation counter (Beckman, Fullerton,
Calif.) to determine counts released. Casein (8 jig; Sigma,
St. Louis, Mo.; prepared by Ushio Kikkawa) was phospho-
rylated for 30 min at 30°C with cyclic AMP (cAMP)-depen-
dent protein kinase (0.42 jig; catalytic subunit purified from
rat brain; kindly provided by Ushio Kikkawa) in kinase
buffer (20 mM Tris-HCl [pH 7.4], 10 mM MgCl2) containing
100 ,uCi of [_y32P]ATP and 5 ,uM nonradioactive ATP in 25 ,ul.
The kinase was inactivated by incubation at 68°C for 10 min;

the reaction mixture was brought up to 100 ,ul with phos-
phatase buffer, and the casein was purified through three
sequential columns of Sephadex G-50 equilibrated in phos-
phatase buffer.

In vitro kinase assays. Cell lines were seeded at 3 x 105
cells per 6-cm dish. After 24 h, NP-40 lysates (containing 1
mM DTT) were prepared, and immunoprecipitations were
carried out as described above, the last wash being done in
kinase buffer without MnCl2 [20 mM piperazine-N,N'-bis(2-
ethanesulfonic acid) (PIPES; pH 7.0), 1 mM DTTI]. Immune
complexes were resuspended in 25 ,u of kinase buffer
containing 10 mM MnCl2 and 20 ,uCi of [_y32P]ATP, either
with or without 20 ,uM nonradioactive ATP present, and
incubated at 30°C for 15 min. The reaction was stopped by
adding 1 ml of NP-40 lysis buffer. After centrifugation and
removal of the supernatant, samples were resuspended in 2x
sample buffer (100 mM Tris-HCI [pH 6.8], 4% SDS, 20%
glycerol, 40% 2-mercaptoethanol, 20 ,ug of bromophenol
blue per ml) and fractionated by SDS-polyacrylamide gel
electrophoresis. Enolase was used as an exogenous sub-
strate as described previously (11).

PI-3 kinase assays. Cell lines were seeded at 8 x i05 cells
per 10-cm dish. After 18 h, cell lysates were prepared by
using 137 mM NaCl, 20 mM Tris (pH 8.0), 1 mM MgCl2, 1
mM CaCl2, 10% glycerol, 1% NP-40, 1 mM phenylmethyl-
sulfonyl fluoride, and 20 ,ug of leupeptin per ml. Lysates
were precleared and immunoprecipitations were carried out
with antitumor serum as described above. After incubation
with Repligen, immune complexes were collected and
washed once with ice-cold phosphate-buffered saline, twice
with 0.5 M LiCl-0.1 M Tris (pH 7.4), and once with 10 mM
Tris (pH 7.4)-100 mM NaCl-1 mM EDTA as described by
Whitman et al. (61). Samples were resuspended in 25 ,ul of
2x kinase buffer (20 mM HEPES [pH 7.1], 0.8 mM ethylene
glycol-bis(,B-aminoethyl ether)-N,N,N',N'-tetraacetic acid
[EGTA], 0.8 mM sodium phosphate)-9.5 ,u of 20 mM
HEPES (pH 7.1)-0.5 ,u phosphatidylinositol (20 mg/ml in
dimethyl sulfoxide) and incubated on ice for 20 min. Reac-
tions were started by the addition of nonradioactive ATP,
MgCl2 (final concentrations, 40 ,uM and 10 mM, respective-
ly), and 20 ,uCi of [y-32P]ATP in a total volume of 50 RI.
Reactions were incubated at 25°C for 20 min and terminated
by the addition of 100 RI of 1 M HCl. Phospholipids were
extracted with 200 RI of CHCl3-CH30H (MeOH) (1:1). The
organic phase was washed once with 80 ,u of MeOH-HCl
(1:1), dried in a Speedy-vac, and spotted in CHCl3-MeOH
(4:1) onto a silica gel H thin-layer chromatography plate with
1% potassium oxalate (Analtech, Newark, Del.) which had
been baked in a 110°C oven for 30 min. Reaction products
were separated by thin-layer chromatography in CHCl3-
MeOH-4 M NH40H (9:7:2) for 1 h and visualized by
autoradiography. The plates were then scanned and quanti-
tated by using a Molecular Dynamics Phosphorimager.

Transfections and CAT assays. BALB/c 3T3 cells were
seeded at 2 x 105 cells per 6-cm dish 24 h prior to transfec-
tion. Cells were transfected by the modified calcium phos-
phate-mediated precipitation procedure with BES [N,N-bis
(2-hydroxyethyl)-2-aminoethanesulfonic acid]-buffered sa-
line precipitation (7). Then 2 ,ug of FC-2 was cotransfected
with 0.5 ,ug of either pRSV, pRSVMT, or pRSVC12OW,
along with 1 ,ug of pRSVPGal, and 11.5 ptg of pGem4. After
14 to 18 h, cells were washed with TBS and refed with DME
containing 0.5% calf serum. After 48 h, extracts were
prepared, protein determinations were carried out with the
BCA reagent (Pierce, Rockford, Ill.), and ,B-galactosidase
and CAT assays were carried out by standard protocols.
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120 153

PyV: CSCILCLLRKQHRELKDKCDARCLVLGECFCLEC

SV40: CICLLCLLRMKHENRKLYRK-DPLVWVDCYCFDC

BKV: CPCMLCQLRLRHLNRKFLRK-EPLVWIDCYCIDC

Ww

FIG. 1. Schematic representation of the conserved cysteine clus-
ters (in bold type) common to MT and st. The mutation made in
polyomavirus (PyV) MT, changing cysteine 120 to tryptophan, is
indicated.

Transformation assays. The ecotropic retrovirus-packag-
ing cell line +-2 was seeded at 3 x 10 cells per 10-cm dish.
After 24 h, the cells were transfected with 15 pug of either
pneoMLV, pMTneoMLV, or pMTC12OWneoMLV by cal-
cium phosphate-mediated precipitation. After 14 to 18 h, the
cells were washed with TBS and refed with DME containing
10% calf serum. NIH 3T3 clone 2B cells were then seeded at
5 x 104 cells per 6-cm dish. After 24 h, these cells were
infected with supernatants from the transiently transfected
j-2 cells. Supernatants were filtered through a Millipore

filter (pore size, 0.45 ,um). The cells were infected with 1 ml
of virus plus 1 ml of DME containing 10% calf serum plus 8
,ug of Polybrene per ml; six plates of cells were infected with
each dilution of virus. The next day, 3 ml of DME containing
1.6% calf serum (final concentration, 5%) was added to three
dishes of each dilution for focus assays, and 3 ml of DME
containing 10% calf serum was added to the remaining
dishes; after 24 h, G418 (Geneticin; GIBCO, Grand Island,
N.Y.) was added to these plates (400 ,ug/ml) to determine the
G418-resistant (virus) titer. When foci were visible by eye
(14 to 18 days), cells were fixed and stained with crystal
violet. Individual colonies as well as mass cultures were
obtained from one set of the G418 titration plates to examine
protein expression.

RESULTS

Construction and expression of a cysteine mutant of MT.
The region in common between polyomavirus MT and st
contains a cluster of cysteine residues, which is conserved
among small t antigens of several papovaviruses (amino
acids 120 to 153 in polyomavirus [Fig. 1]). We used site-
directed mutagenesis to change codon 120 from TGT to
TGG, thus changing cysteine 120 to tryptophan (Fig. 1). A
corresponding mutation was previously shown to abrogate
the ability of SV40 st to cooperate with LT to transform
BALB/c 3T3 cells (4). This mutant, designated MTC12OW,
was cloned into several vectors for expression studies (see
Materials and Methods).

Cell lines which stably express either the wild-type or the
C12OW mutant MT proteins were constructed. *-2 cells were
transiently transfected with the two expression vectors,
pSLXMT and pSLXC120W, and their supernatants were

used to infect NIH 3T3 cells, which were then selected for
G418 resistance. In parallel, a control cell line was con-

structed by using the expression vector pSLXCMV alone. In
all cases, pools of G418-resistant colonies were obtained.
Cell lines were monitored for the expression of the expected
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FIG. 2. Association of MT but not MTC12OW with PP2A. Cell

lines were labeled with 35S-Express label, and NP-40 lysates were
immunoprecipitated with polyomavirus antitumor serum. Shown is
an autoradiogram of a polyacrylamide gel. Lanes: 1, NSLX cells; 2,
NSLXMT cells; 3, NSLXC120W cells. The positions of MT and the
regulatory (A) and catalytic (C) subunits of PP2A are indicated.

proteins by immunoprecipitation from lysates labeled with
[35S]methionine and cysteine by using polyoma antitumor
serum, followed by SDS-polyacrylamide gel electrophoresis,
fluorography, and autoradiography. As shown in Fig. 2, lane
2, the cell line NSLXMT expressed a 56-kDa protein corre-
sponding to MT which was not expressed in the control cell
line NSLX (Fig. 2, lane 1). The cell line NSLXMTC12OW
also expressed a similar-sized 56-kDa protein, as would be
expected for a missense mutant (Fig. 2, lane 3). The sizes of
the expected proteins were confirmed by in vitro transcrip-
tion and translation (27).
MTC12OW does not associate with PP2A. MT associates

with several cellular proteins, notably with pp6ocsrc, the
related kinases c-yes and c-fn, PI-3 kinase, and PP2A. It
was of interest, therefore, to determine whether the C12OW
mutant MT protein was altered in its association with any of
these proteins. As shown in Fig. 2, MT coimmunoprecipi-
tated two proteins of approximately 60 and 37 kDa (lane 2).
The 60- and 37-kDa proteins correspond to the regulatory
(A) and catalytic (C) subunits of PP2A, respectively (47, 60).
These proteins were not precipitated from control cells (Fig.
2, lane 1). Notably, in the cell line NSLXMTC12OW, the
mutant MT protein did not associate with these two proteins
as judged by the lack of these proteins in the mutant MT
immunoprecipitate (Fig. 2, lane 3). Thus it appears that the
mutant MTC12OW does not associate with PP2A.
MTC12OW does not possess an associated phosphatase

activity. Since the mutant MT protein, MTC12OW, does not
associate with PP2A as judged by coimmunoprecipitation,
we confirmed and extended this observation by examining
the wild-type and mutant MT for associated phosphatase
activity. NP-40 lysates of each of the cell lines were prepared
and subjected to immunoprecipitation with polyomavirus
antitumor serum. The washed immunoprecipitates were
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FIG. 4. MT-associated kinase activity. NP-40 lysates of the three
cell lines were immunoprecipitated with polyomavirus antitumor
serum. Immunoprecipitates were incubated with [y-32P]ATP at 300C
for 15 min in either the absence (left three lanes) or presence (right
three lanes) of enolase as an exogenous substrate. The autoradio-
gram of an SDS-polyacrylamide gel is shown. The positions of MT
and enolase are indicated.

associate with PP2A could associate with pp60csrc. We
examined the various cell lines for MT-associated kinase
activity. NP-40 lysates of the cell lines were immunoprecip-
itated with polyomavirus antitumor serum and assayed for
associated kinase activity in vitro by using [y-32P]ATP.
Reaction products were fractionated by SDS-polyacryl-
amide gel electrophoresis and visualized by autoradiogra-
phy. As seen in Fig. 4, wild-type MT in the NSLXMT cells
coimmunoprecipitated an associated kinase activity; no ki-
nase activity was detected in the control cells, NSLX.
Interestingly, the MTC12OW protein failed to coimmunopre-
cipitate an associated kinase activity (Fig. 4). This experi-
ment was carried out with only [-y-32P]ATP (0.135 ,uM), well
below the Km of the enzyme. Qualitatively similar results
were obtained when 20 ,uM nonradioactive ATP was in-
cluded in the reaction (27). We also assayed the kinase
activities associated with the wild-type and mutant proteins
by using enolase as an exogenous substrate. As expected,
the control cells, NSLX, did not contain an associated
kinase activity, whereas the MT-expressing cells did (Fig. 4).
The cell line which expresses the mutant protein,
MTC12OW, did not possess an associated kinase activity
when enolase was used as the substrate (Fig. 4). The gels
shown were exposed for 3 to 4 h. Overnight (20- to 24-h)
exposures did not reveal any measurable kinase activity
associated with the mutant MTC12OW protein (27). The
NSLXMTC12OW cells expressed a higher level of MT
protein than did the NSLXMT cells as determined by
immunoprecipitation from 35S-labeled cell lysates (27). The
lack of associated kinase activity is most probably due to the
failure of the C12OW protein to interact with pp60csrc since
immunoprecipitation with either antitumor serum or an
anti-src monoclonal antibody followed by immunoblotting
with the other antibody failed to detect an association (27).
MTC12OW fails to activate PI-3 kinase. Since MT also

associates with and activates PI-3 kinase, we determined
whether MTC12OW was also defective in this interaction.
Cell lysates were prepared as described previously (61),
immunoprecipitated with antitumor serum, and incubated
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FIG. 5. MT activates expression from the c-fos promoter. Plates

(6 cm) of BALB/c 3T3 cells were seeded at 2 x 10' cells per plate.
Cells were cotransfected with FC-2 (c-fos promoter driving CAT
expression) and either pRSV (lane 1), pRSVMT (lane 2), or
pRSVC12OW (lane 3), as described in Materials and Methods. Cell
lysates were prepared and CAT assays were performed by standard
techniques. An autoradiogram of the thin-layer chromatography
plate is shown.

with phophatidylinositol and [y-32P]ATP. Lipids were ex-
tracted and separated by thin-layer chromatography. The
plate was scanned and quantitated by using a Molecular
Dynamics Phosphorimager. The control cells, NSLX, copre-
cipitated an activity which incorporated 98.5 counts into
phosphatidylinositol diphosphate, whereas the MT-express-
ing cells coprecipitated an activity incorporating 4,846
counts. The control immunoprecipitates have 2% the asso-
ciated PI-3 kinase activity as the wild-type MT immunopre-
cipitates. MTC12OW had an associated activity which incor-
porated 96 counts into DPI, 2% of the level of PI-3 kinase
associated with wild-type MT. Thus, the mutant MTC12OW
protein does not possess an associated PI-3 kinase activity
above background levels. These numbers are the average of
values from two experiments.
MTC12OW fails to activate expression from the c-fos pro-

moter. Infection of quiescent BALB/c 3T3 cells by polyoma-
virus results in the induction of expression of several early
response genes (28, 66). Polyomavirus MT can activate the
c-fos and c-jun promoters in transient-expression assays (27,
55). The ability ofMT mutants to activate the c-jun promoter
correlates with their ability to cause cell transformation (55).
We tested whether the C12OW mutant could activate the
c-fos promoter. We carried out transient-transfection assays
by using FC-2, a plasmid encoding the CAT gene driven by
the murine c-fos promoter, to determine whether the mutant
could activate expression from this promoter in transfected
cells. When cells were cotransfected with FC-2 and pRSV,
the expression vector not encoding MT, a low level of CAT
activity was obtained (Fig. 5, lane 1). However, when cells
were cotransfected with FC-2 and pRSVMT, an expression
vector encoding wild-type MT, a 10-fold stimulation in the
level of CAT activity was observed, indicating that MT
could activate expression from the c-fos promoter (Fig. 5,
lane 2). In contrast, when FC-2 was cotransfected with
pRSVMTC120W, a low level of CAT activity was obtained,
similar to that in control cells (Fig. 5, lane 3; compare with
lane 1). Thus, the mutant protein failed to activate the c-fos
promoter.
MTC12OW fails to transform NIH 3T3 cells. We also tested

the ability of the mutant protein to induce focus formation on
NIH 3T3 cells. The ecotropic packaging cell line 4-2 was
transfected with retrovirus vectors encoding either wild-type

TABLE 1. MT-induced focus assay on NIH 3T3 cells in
three plates

Virus and No. of G418' No. of No. of
concn colonies colonies/m l foci/ml

Neo
10-2 120, 103 1.12 x 104 0, 0, 0 0
lo-, TMTCG 0, 0, 0
Undilb TMTC 0, 0, 0

MT
10-2 6,7 7.4x102 3,2,4 2.7x102
10-1 81, 72 22, 36, 31
Undil TMTC 171, 223, 205

MTC120W
10-2 12,13 1.14x 103 0,0,0 0
10-1 95, 101 0, 0, 0
Undil TMTC
a TMTC, too many to count.
b Undil, undiluted.

or mutant MT. Supernatants from the transfected cells were
used to infect NIH 3T3 cells, half of which were selected for
G418 resistance to determine the infectious titer of the
various stocks. The other half were allowed to grow in DME
containing 5% calf serum and scored for the formation of foci
overgrowing the monolayer of quiescent cells. Three plates
of cells were assayed at each dilution of virus, and the
number of foci were counted. As seen in Table 1, the vector
alone produced a (virus) titer of 1.12 x 104 G418-resistant
CFU/ml, but no foci were obtained. The MT expression
vector produced a titer of 7.4 x 102 G418-resistant CFU/ml
and a titer of 2.7 x 102 FFU/ml. The MTC12OW expression
vector gave a titer of 1.14 x 103 G418-resistant CFU/ml, but,
in contrast to wild type MT, no foci were obtained. Both the
wild-type MT and MTC12OW proteins were expressed in a
minority of individual G418-resistant colonies (2 of 9 for MT,
1 of 11 for MTC12OW [27]).

DISCUSSION

Polyomavirus MT contains a cluster of cysteine residues,
Cys-X-Cys-X-X-Cys-X22-Cys-X-Cys-X-X-Cys (amino acids
120 to 153), which is also present in st antigens of polyoma-
virus, SV40, and BK virus (25, 57). Mutation of cysteine 120
to tryptophan abolishes the ability of MT to associate with
PP2A, pp6o-srC, and PI-3 kinase and renders the mutant MT
defective for activation of c-fos expression and transforma-
tion. The analogous mutation in SV40 st was shown to
abrogate its ability to cooperate with LT to transform
BALB/c 3T3 cells (4).

It has been suggested that MT may interact with PP2A
through the N-terminal region common to all three T anti-
gens, because an antibody which recognizes an epitope in
the common region does not precipitate the complex (46,
48). However, it seems unlikely that the PP2A-binding site
would be contained solely in this region, since LT does not
interact with PP2A. The results presented here indicate that
the cysteine residue that is present at position 120 in MT and
st but missing in LT is important for complex formation.
Therefore two separate regions, the common N-terminal
region and the cysteine cluster region, may be involved in
complex formation. The binding domain for Rb on ElA and
perhaps on SV40 LT and human papillomavirus E7 consists
of two distinct regions separated by spacer regions (22, 63).
The wild-type and MTC120W mutant proteins are ex-

pressed at similar levels. By contrast, mutation of the
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cysteine residues in SV40 st renders the protein unstable
(29). The cysteine residues of SV40 st are thought to
coordinate a zinc ion (29), possibly forming a structure
which helps stabilize SV40 st. Perhaps the cysteine clusters
of MT provide a structural feature which allows MT to bind
PP2A and pp6Ocsrc. Adenovirus ElA binds to the TATA-
binding protein (41). The zinc finger structure produced by
four cysteine residues coordinating a zinc ion appears to be
required for binding (50).

Purified SV40 st binds to the AC form of PP2A in vitro and
renders its enzymatic activity similar to that of the ABC
form (64), suggesting that SV40 st may act like a B subunit of
PP2A. The deduced amino acid sequence of the 55-kDa B
subunit of PP2A does not contain clusters of cysteine
residues and does not appear to have obvious homology to
SV40 st or polyomavirus st or MT (48). A cellular protein
which binds Rb has a region similar to the Rb-binding region
on LT, ElA, and E7 (17, 35), suggesting that DNA tumor
viruses use binding domains found on cellular proteins. It
would be of interest to determine the AC-binding domain on
the B subunit and look for a similar region in the T antigens
which bind PP2A.
MT-PP2A complexes isolated from cells have phosphatase

activity in vitro; thus, there is not a complete inhibition of
phosphatase activity as a result of binding by MT. SV40 st
can apparently inhibit (e.g., towards myosin light chain,
myelin basic protein, SV40 LT, or p53) or enhance (e.g.,
toward histone H1) the activity of PP2A (54, 64). It will be
important to determine the effect of MT on PP2A activity by
using different substrates. We are looking for substrates with
altered serine or threonine phosphorylation resulting from
alterations in PP2A activity by MT.
The C120W mutant protein fails to associate with pp6Ocsrc

and lacks an associated kinase activity. Markland and Smith
observed that mutation of any of the cysteine residues to
serines abolished the ability of MT to activate pp6Ocsrc
kinase activity (42). The C120W mutation might affect the
association of MT with pp6ocsrc directly by altering the
structure of MT or indirectly by affecting PP2A binding to
MT. Most of MT is found in association with PP2A (31),
suggesting that failure to associate with PP2A could be a
primary defect. For example, PP2A might alter the phospho-
rylation state of MT, and this, in turn, might influence its
binding to pp6ocsrc. It is also possible that binding to
pp6Ocsrc involves determinants on both MT and PP2A.

Phosphorylation of MT on tyrosine 315, presumably by
activated pp6Oc-src in the complex, is important for the
association of MT with PI-3 kinase, most probably through
association with the SH2 domain of the p85 subunit (13, 36,
44). The MTC12OW protein fails to activate PI-3 kinase,
consistent with the lack of protein kinase activity associated
with this mutant.
Two other mutations in MT, SD15 and NG59, affect the

association of MT with both PP2A and pp6Ocsrc (reference
42 and references therein). The SD15 protein carries a large
internal deletion (amino acids 83 to 129) which includes the
first cluster of cysteine residues. The NG59 protein contains
an isoleucine inserted between amino acids 178 and 179,
downstream from the cysteine clusters, which may indicate
a third region important for PP2A and pp6Ocsrc association.
The MTC12OW mutant fails to activate the c-fos promoter.

Wild-type MT activates the c-fos promoter through multiple
response elements in transient transfections (27, 55). A
signal sent by any of these molecules could induce c-fos
expression.
MTC12OW is defective for transformation as measured by

focus formation on NIH 3T3 cells. The transformation defect
could result from failure of the mutant protein to associate
with PP2A, pp6ocsrc, PI-3 kinase, or combinations of all
three proteins. It is clear that MT association with pp6Ocsrc
and PI-3 kinase is necessary but not sufficient for transfor-
mation (21). The role of MT-PP2A complexes is less well
defined. MT-PP2A association could promote binding to
pp6Ocsrc. However, the remainder of the MT-PP2A com-
plexes may play an additional role in transformation. We are
making mutations in other regions of MT as a genetic
approach to dissociate MT binding to pp60csrc from binding
to PP2A.
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