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ABSTRACT The polyoma virus medium and small tumor
antigens, as well as simian virus 40 small tumor antigen, form
specific complexes with two cellular proteins designated 61- and
37-kDa proteins. In this report, we demonstrate that the 61-
and 37-kDa proteins correspond to the A and C subunits,
respectively, of the serine- and threonine-specific protein phos-
phatase 2A (PP2A). On the one hand, antibodies raised against
the 61-kDa protein reacted specifically with the purified A
subunit of PP2A. Furthermore, the amino acid sequences of
seven tryptic peptides from the A subunit were almost identical
to sequences of the 61-kDa protein as deduced from the
corresponding cDNA sequence. On the other hand, antibodies
against the purified C subunit (catalytic subunit) of PP2A
reacted specifically with the medium tumor antigen-associated
37-kDa protein. These data suggest a role of PP2A in cell
transformation by polyoma virus and sinmian virus 40.

The importance of protein phosphorylation in signaling path-
ways that control cell proliferation and carcinogenesis is well
established (for review, see ref. 1). Many oncogenes and
growth factor receptors are tyrosine-specific protein kinases
and two oncogenes, mos and raf, are serine/threonine-
specific protein kinases (2, 3). Little is known about the role
of protein dephosphorylation in growth control, although it
seems likely that reversible regulatory mechanisms involving
specific phosphorylation events also require specific mech-
anisms for dephosphorylation. It has recently been shown
that several tyrosine-specific protein phosphatases comprise
a family ofreceptor-linked enzymes, which may be important
in attenuating the effects of tyrosine phosphorylation on cell
proliferation (for review, see ref. 4). Four major forms of
serine/threonine-specific phosphatases have been character-
ized in mammalian tissues, which are differentiated by sub-
strate specificity, sensitivity to inhibitors, regulatory prop-
erties, antibody reactivity, and primary sequence (for review,
see ref. 5). Protein phosphatase 2A (PP2A) comprises a
significant portion of total activity in many tissues, has a
broad substrate specificity, and is active in the absence of
divalent cations. It consists of a 36- to 38-kDa catalytic
subunit (termed C) and two additional subunits of 60 and 55
kDa, termed A and B, respectively (5). cDNA clones encod-
ing the catalytic subunit have been isolated from a number of
tissues and species (6-8). Analysis of the primary amino acid
sequence has shown that the type 2A catalytic subunit is
highly conserved between species (nearly 100o identity) and
that it is a member of a gene family that includes the catalytic
subunit of types 1 and 2B protein phosphatases (5, 9).
Currently, very little is known about the structure or function
of the A and B subunits. The presence or absence of the A,
or A and B, subunits alters the activity and substrate pref-
erence of the catalytic subunit (10-12).

The transforming proteins of DNA tumor viruses fre-
quently form complexes with cellular proteins. These inter-
actions play an important role in growth control and tumor-
igenesis (13). The transforming protein of polyoma virus,
medium tumor antigen (medium T antigen), associates with
pp60csrc, the product of the protooncogene c-src (14), and
activates its protein-tyrosine kinase activity (15). It also binds
to the pp62c-Yes and pp59c-fyn proteins (16-18), two pp60csrc-
related kinases, and to a phosphatidylinositol kinase (19, 20).
In addition, medium T antigen associates with three uniden-
tified cellular proteins of 88, 61, and 37 kDa (designated 88-,
61-, and 37-kDa proteins, respectively) whose functions are
unknown (21, 22). Genetic studies indicate that they play a
role in transformation. Medium T antigen encoded by the
nontransforming host range (hrt) mutants (23) does not as-
sociate with these proteins or form less stable complexes,
whereas medium T antigen ofother nontransforming mutants
does interact with these proteins (21). Interestingly, medium
T antigen encoded by hrt mutants forms a complex with the
73-kDa heat shock protein and not the 88-, 61-, and 37-kDa
proteins (24). The pattern of complex formation of the 88-,
61-, and 37-kDa proteins with mutant medium T antigens
resembles that described for pp60-src and medium T antigen
(14, 15, 25). This suggests that binding of medium T antigen
to the 88-, 61-, and 37-kDa proteins as well as to pp6oc-src is
a necessary but insufficient requirement for transformation.
The 61- and 37-kDa proteins bind also to polyoma and simian
virus 40 (SV40) small tumor antigen (t antigen) (26, 27).
We have recently isolated and sequenced a cDNA clone

encoding the 61-kDa protein. The deduced amino acid se-
quence of the 61-kDa protein revealed that it consists of 15
nonidentical repeats 38-40 amino acids long and is unrelated
to known proteins (28). Based on the finding that the 37-kDa
protein is apparently identical by comigration on two-
dimensional gels, two-dimensional chymotryptic peptide map-
ping, and partial amino acid sequencing to the catalytic subunit
of PP2A, and that the 61-kDa protein immunologically cross-
reacts with the A subunit of PP2A (D. Pallas, personal com-
munication), we compared the polyoma medium T antigen-
associated 61- and 37-kDa proteins with subunits of purified
PP2A by using specific antibodies and amino acid sequence
analysis. In the present communication, we demonstrate that
the 61- and the 37-kDa proteins represent the regulatory and
catalytic subunits, respectively, of PP2A. These findings sug-
gest that serine- and threonine-specific protein phosphatases
play a role in growth control and transformation.

MATERIALS AND METHODS
Cells and Viruses. Human 293 cells (29) were grown in

Dulbecco's modified Eagle's medium supplemented with
10o fetal calf serum. They were infected with a hybrid

Abbreviations: PP2A, protein phosphatase 2A; medium T antigen,
medium tumor antigen; t antigen, small tumor antigen; SV40, simian
virus 40.
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adenovirus type 5, Ad5(pymT), containing the gene for
medium T antigen under the control of the late adenovirus
promoter (30). Mouse 3T6 cells were grown and infected with
the polyoma virus mutant d18 as described (22).

Labeling of Cells and Preparation of Extracts. The labeling
of293 and 3T6 cells and the preparation ofextracts in Nonidet
P-40 lysis buffer was carried out as described (21).

Purification of the Medium T Antigen Complex. Medium T
antigen-61-kDa protein-37-kDa protein complex from d18-
infected, 35S-labeled 3T6 cells was purified by sequential
immunoprecipitation with monoclonal anti-peptide antibod-
ies to medium T antigen and with polyoma tumor serum (26).
The medium T antigen complex from Ad(pymT)-infected 293
cells was purified by affinity chromatography with monoclo-
nal anti-peptide antibodies (28). Briefly, the infected cell
extract was incubated with Sepharose-coupled antibodies.
The medium T antigen complex was eluted from the anti-
bodies at pH 10.8. The eluted proteins were neutralized and
concentrated with an Amicon concentrator (Centricon 30).

Antibodies Against the 61-kDa Protein. A 321-nucleotide-
long EcoRI/Xba I fragment of clone P9 was inserted into a
pATH vector containing the TrpE promoter, and 320 codons
of the TrpE structural gene, followed by the multiple cloning
region of pUC12 (31). The vector was obtained from Joe
Lipsick (University of California at San Diego). The fusion
protein was overexpressed in Escherichia coli, strain JM109
(Stratagene), purified by SDS/PAGE, and injected into rab-
bits. Antisera were obtained 2 weeks after each booster
injection given monthly.

Immunoprecipitation and Immunoblots. One hundred mi-
croliters of 35S-labeled 293 cell extract was precipitated with
10 Al of serum and the precipitates were analyzed on a
SDS/10% polyacrylamide gel. Immunoblots were prepared
as described. 1251-labeled protein A was used to detect the
antibodies (32).
PP2A. The two- and three-subunit forms of bovine cardiac

PP2A were purified as described (12). The A subunit was
purified from the two-subunit form, which was denatured in
6 M urea/10 mM Tris HCl, pH 7.5/100 mM KCl/0.5 mM
dithiothreitol. Then the subunits were separated on a Seph-
acryl S-200 column (1 x 50 cm) equilibrated as described (33).

Partial Sequence of the A Subunit of PP2A. The A subunit
of protein phosphatase was isolated by SDS/PAGE followed
by electroblotting to nitrocellulose paper (34). It was local-
ized on the paper by staining and subjected to tryptic diges-
tion. Peptides released from the paper were subjected to
reverse-phase chromatography on an Applied Biosystems
RP-300 C8 column (2.1 x 100 mm). Separation was performed
in 0.1% (vol/vol) trifluoroacetic acid with a gradient of0-50%o
(vol/vol) acetonitrile over 120 min at a flow rate of50 ILI/min.
Peaks were collected on 1-cm Whatman GF/c discs. Peptides
were reduced, cysteine residues were alkylated (35), and the
peptides were subjected to automated Edman degradation on
an Applied Biosystems model 470 A sequencer using stan-
dard manufacturer's programming and chemicals. Phenyl-
thiohydantoin-derivatized amino acids were identified by a
model 120 A HPLC system.

RESULTS
Antibodies Against Medium T Antigen-Associated 61-kDa

Protein Coprecipitate 37-kDa Protein. We recently purified
the polyoma virus medium T antigen-associated 61-kDa
protein and obtained a partial amino acid sequence. Synthetic
oligonucleotides were used to screen a cDNA library from
human placenta. A clone (designated P16) encoding the
61-kDa protein was isolated and sequenced (28). Antibodies
were prepared against a TrpE fusion protein containing a
107-amino acid fragment from a closely related protein (87%
similarity) encoded by a second clone (P9) isolated from the

A

1 2 3

92-

69-

-61

B

1 2 3 4

_S-61

_ - mT

46-

-37

30-

FIG. 1. Antibodies against the medium T antigen-associated
61-kDa protein react with the regulatory subunit A of PP2A. (A)
Immunoprecipitation of 61- and 37-kDa protein from [35S]methi-
onine-labeled human 293 cell extract with anti-61-kDa protein anti-
bodies. Lanes: 1, preimmune serum; 2, immune serum; 3, affinity-
purified medium T antigen (mT)-61-kDa protein-37-kDa protein
complex from [35S]methionine-labeled mouse 3T6 cells infected with
polyoma deletion mutant d18. (B) Immunoblot of purified subunit A
ofPP2A. Lanes: 2, amido black-stained subunitA (400 ng); 3, subunit
A (100 ng) with preimmune serum; 4, subunit A (100 ng) with
anti-61-kDa protein immune serum; 1, amido black-stained molecu-
lar mass markers-from top to bottom: 97 kDa (phosphorylase b), 68
kDa (bovine serum albumin), 43 kDa (ovalbumin), 24 kDa (trypsino-
gen).

human placenta library. The complete size ofthe P9-encoded
protein is presently unknown because P9 is incomplete at the
5' end. However, based on the available information it must
be as large or larger than the P16-encoded 61-kDa protein
(G.W., unpublished data). As shown in Fig. LA (lane 2), the
antibodies precipitated a protein of 61 kDa from human 293
cells, which comigrated with the medium T antigen-
associated 61-kDa protein from polyoma virus-infected
mouse 3T6 cells (lane 3). In addition, they precipitated a
protein of 37 kDa (lane 2), which comigrated with the medium
T antigen-associated 37-kDa protein (lane 3). Antibodies
prepared against two other fusion proteins containing differ-
ent segments of the P9-encoded protein also precipitated
proteins of 61 and 37 kDa from 293 cells (data not shown).
These results suggest that these proteins are the human
homologues of the previously identified medium T antigen-
associated 61- and 37-kDa proteins from mouse. In addition,
they suggest that the 37-kDa protein is coprecipitated with
antibodies against the 61-kDa protein because these two
proteins form a complex. We have previously demonstrated
that they comigrate during sedimentation on glycerol gradi-
ents (21). As judged by the amount of radioactivity, the
antibodies against the 61-kDa protein precipitated the 61-kDa
protein in molar excess over the 37-kDa protein (lane 2),
indicating that not all 61-kDa protein was associated with
37-kDa protein. Approximately equal quantities of the 61-
kDa protein and the 37-kDa protein were coprecipitated with
an excess amount of medium T antigen (lane 3), suggesting
that not all molecules of medium T antigen were associated
with 61- and 37-kDa proteins. At the moment we do not know
whether these ratios reflect the situation in vivo.

Reaction of Antibodies Against 61-kDa Protein with Subunit
A ofPP2A. To investigate whether the A subunit ofPP2A and
the medium T antigen-associated 61-kDa protein were struc-
turally related, purified A subunit from bovine heart PP2A
was assayed by immunoblotting with the anti-61-kDa fusion
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FIG. 2. Amino acid sequence (single-letter code) of the 61-kDa
protein. The sequence is deduced from the cDNA of clone P16 (28).
It shows 15 repeats, with the most conserved amino acids in boldface
letters. The dashed lines numbered 1-7 indicate tryptic peptides from
the regulatory subunit of bovine heart protein phosphatase. A dash
indicates identity between cDNA-derived sequence and peptide
sequence; x indicates that these amino acids were not determined in
peptide 5.

protein antibodies. As shown in Fig. 1B (lane 4), the anti-
bodies specifically recognized the A subunit.
Sequence Comparison Between 61-kDa Protein and A Sub-

unit of PP2A. Further support that the medium T antigen-
associated 61-kDa protein is a regulatory subunit of PP2A
came from a sequence comparison of the P16-encoded 61-
kDa protein with seven tryptic peptides derived from the A
subunit. As shown in Fig. 2, 110 of 112 amino acids were
identical between the 61-kDa protein and the tryptic peptides
(dashed lines 1-7). The difference oftwo amino acids, alanine
vs. proline (peptide 1) and glutamic acid vs. glutamine
(peptide 5), could represent a species difference between the
human and bovine proteins. These data indicate that the
medium T antigen-associated 61-kDa protein is probably
identical to the A subunit of PP2A. Furthermore, they
suggest that subunit A of bovine heart PP2A is encoded by a
homolog of P16 rather than P9 since the P9-encoded protein
differs from the P16-encoded protein in 24 of the 112 amino
acids from the seven tryptic peptides (G.W., unpublished
data).

Reaction of Antibodies Against Catalytic Subunit of PP2A
with 37-kDa Protein. To demonstrate that the medium T
antigen-associated 37-kDa protein is the catalytic subunit of
PP2A, the 37-kDa protein was purified as a complex with
medium T antigen by affinity chromatography with mono-
clonal antibodies against medium T antigen. Fig. 3 (lane 3)
shows that the medium T antigen complex contains the
37-kDa protein, the 61-kDa protein, and medium T antigen.
In addition, it contains other proteins, most of which are

1 2 3 4 5 6 7 8 9 10 11

FIG. 3. Antibodies against the catalytic subunit (C) ofPP2A react
with the medium T antigen (mT)-associated 37-kDa protein. The
two-subunit form, PP2A2 (2.5 ,g), was loaded on lanes 1, 4, and 5;
the three-subunit form, PP2A1 (8 ,ug), was loaded on lanes 2, 6, and
7. Medium T antigen complex (mTc) ('15 ,ug) was loaded on lanes
3 and 8-11. After transfer to nitrocellulose paper, proteins in lanes
1-3 were stained with amido black. Lanes 4-11 were incubated with
the following antibodies: lanes 4, 6, and 8, monoclonal antibodies to
subunit C (4 ,ug/ml) (36); lanes 5, 7, and 9, fusion protein antibodies
against 61-kDa protein (diluted 1:100); lane 11, corresponding pre-
immune serum (diluted 1:100); lane 10, monoclonal antibodies
against medium T antigen (ascites fluid; diluted 1:100) (21).

bound nonspecifically and can be removed by further puri-
fication as shown (21). It is this complex from which the
61-kDa protein was initially isolated to obtain partial amino
acid sequences (28). The complex was tested by immuno-
blotting with a monoclonal antibody against the C subunit of
PP2A (anti-PTC) (36). As shown in lane 8, the 37-kDa protein
of the medium T antigen-bound proteins reacted specifically,
indicating that it represents the catalytic subunit ofPP2A. As
expected, the fusion protein antibodies against the 61-kDa
protein recognized the 61-kDa protein in the complex (lane
9), and monoclonal antibodies against medium T antigen
recognized medium T antigen (lane 10). It should be pointed
out that medium T antigen shown in Fig. 3 is the wild-type
protein, which migrated slightly faster than the 61-kDa pro-
tein, whereas the medium T antigen shown in Fig. LA (lane
3) is from the deletion mutant d18, which is well separated
from the 61-kDa protein. As a positive control, two prepa-
rations of purified bovine PP2A are also shown; one contains
subunits A and C, designated PP2A2 (lane 1), and the other
contains subunits A, B, and C, designated PP2A1 (lane 2) (see
ref. 5 for nomenclature). Subunit C appears as a doublet due
to intramolecular disulfide bond formation in the purified
protein and incomplete reduction prior to gel electrophoresis
(R. L. Lickteig and M.M., unpublished data). It is also
possible that during extended storage the PP2A2 and PP2A1
preparations had undergone some irreversible oxidation of
disulfide bonds. The other bands in the enzyme preparations
have not been characterized but probably represent contam-
inants (12). As demonstrated by immunoblots, antibodies to
the catalytic subunit recognized only the C subunit (lanes 4
and 6), whereas the fusion protein antibodies recognized the
A subunit in both enzyme preparations (lanes 5 and 7). The
larger proteins in lanes 5, 9, and 10 have not been further
characterized. The 88-kDa proteins shown in lanes 5 and 9
appear to be specific since they are not recognized by the
preimmune serum (lane 11). The nature and origin of these
proteins is under investigation. The weak signal from the C
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subunit with antiserum to the 61-kDa protein (lanes 5 and 7)
is considered to be nonspecific and caused by loading a large
amount of the purified enzymes.

DISCUSSION
We have demonstrated in this report that the medium T
antigen-associated 61-kDa protein represents the A subunit
of PP2A. Previously we showed that this protein has a unique
structure consisting of 15 nonidentical repeats (28). Here we
also demonstrated that the medium T antigen-associated
37-kDa protein probably corresponds to the catalytic subunit
of PP2A. Our data confirm the earlier findings of D. Pallas
(personal communication) that medium T antigen is associ-
ated with the A and C subunits of PP2A. The fact that medium
T antigen of nontransforming hrt mutants does not bind to
PP2A suggests that the medium T antigen-phosphatase com-
plex plays a role in transformation. It is intriguing that
medium T antigen binds both to a protein phosphatase and to
protein kinases, and the question arises whether it binds to
both enzymes simultaneously or forms distinct complexes
with each one. It is conceivable that the kinase and the
phosphatase are brought into close proximity by medium T
antigen and that they act on the same or neighboring sub-
strates. For example, they might phosphorylate and dephos-
phorylate a common substrate at a site on the membrane to
which medium T antigen binds and which might be involved
in membrane signaling and growth control. This mechanism
could imply that PP2A, mainly known for its serine and
threonine phosphatase activity, also dephosphorylates tyro-
sine phosphate, a property ofPP2A that has been reported to
take place in vitro (37).
The effects of medium T antigen on protein phosphatase

activity remain to be investigated. It could either stimulate or
inhibit PP2A or alter its specificity by increasing its activity
toward tyrosine phosphate. Medium T antigen might exert
these effects by binding to the A or C subunit or to both. It
is noteworthy that the B subunit has not been observed in the
purified medium T antigen-PP2A complex. Possibly medium
T antigen competes with subunit B for binding to the complex
of the A and C subunits.
A crucial problem is to determine the substrate(s) for the

medium T antigen-associated phosphatase. Since all proteins
encoded by protooncogenes are phosphoproteins, medium T
antigen might transform by mediating enhanced and constitu-
tive dephosphorylation of potentially oncogenic proteins lead-
ing to their activation. In this manner, PP2A could become an

oncogene itself. One might also consider mechanisms involv-
ing the inactivation of suppressor genes by the medium T
antigen-PP2A complex.
The protein-tyrosine kinase activity of pp6Oc-src is inhibited

by phosphorylation at tyrosine-527 (25, 38-41). Medium T
antigen-bound pp60`csrc has a lower degree of phosphoryla-
tion at tyrosine-527 than free pp60C`s and a higher kinase
activity (42). It has been proposed that medium T antigen
blocks the phosphorylation of tyrosine-527 and thereby pre-
vents the inactivation of the pp60csrc kinase activity (25, 38).
In view of the findings reported here, one might also consider
the possibility that the medium T antigen-associated phos-
phatase maintains pp6Oc-src in a state of low phosphorylation
at tyrosine-527, resulting in elevated kinase activity. Previous
studies indicate that in polyoma-infected cells, the bulk of the
medium T antigen-61-kDa protein-37-kDa protein complex
(medium T antigen-PP2A) is distinct from the medium T
antigen-pp6Oc-src complex (43). However, other studies have
shown that a small fraction of pp60csrc is bound to medium
T antigen in the same complex with what is now known to be
PP2A (22). The latter observation is consistent with the idea
that the medium T antigen-bound PP2A would dephospho-
rylate pp60csrc

It has recently been demonstrated that PP2A stimulates
SV40DNA replication in vitro, which depends on the presence
of SV40 large tumor antigen (44). Probably PP2A dephosphor-
ylates some of the six phosphorylated serine residues present
in large tumor antigen (45) that were shown to play a role in the
initiation of SV40 DNA replication (46, 47).
The 61-kDa protein-37-kDa protein complex (PP2A2)

binds to the t antigens of SV40 and polyoma virus (26, 27).
Since it does not associate with the SV40 or polyoma virus
large tumor antigens, it is likely that the unique sequence in
SV40 t antigen and sequences common to the polyoma virus
medium T antigens and t antigens are involved in this
interaction. This view is further supported by the finding that
hrt mutations affecting shared sequences of medium T anti-
gen and t antigen weaken the interaction with PP2A2, as do
deletions in sequences unique to the t antigen. Loeken et al.
(48) demonstrated recently that SV40 t antigen is a transcrip-
tional activator and that the unique sequences are essential
for this function. It will be important to investigate whether
the transcriptional activation induced by t antigen, as well as
its role in transformation, are mediated through binding to
PP2A2. Since t antigen does not bind to DNA, it might not be
a transcription activator by itself. Instead, it might activate
the associated protein phosphatase, resulting in an enhanced
dephosphorylation and activation of a transcription activa-
tor.

Note Added in Proof. Since this manuscript was submitted, Pallas et
al. (49) published that the 37- and 61-kDa proteins correspond to the
C and A subunits, respectively, of PP2A.
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