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Protein phosphatase 2A is composed of three subunits: the catalytic subunit C and two regulatory subunits,
A and B. The A subunit consists of 15 nonidentical repeats and has a rodlike shape. It is associated with the
B and C subunits as well as with the simian virus 40 small T, polyomavirus small T, and polyomavirus medium
T tumor antigens. We determined the binding sites on subunit A for subunit C and tumor antigens by
site-directed mutagenesis of A. Twenty-four N- and C-terminal truncations and internal deletions ofA were
assayed by coimmunoprecipitation for their ability to bind C and tumor antigens. It was found that C binds to
repeats 11 to 15 at the C terminus of A, whereas T antigens bind to overlapping but distinct regions of the N
terminus. Simian virus 40 small T binds to repeats 3 to 6, and polyomavirus small T and medium T bind to
repeats 2 to 8. The data suggest cooperativity between C and T antigens in binding to A. This is most apparent
for medium T antigen, which can only bind to those A subunit molecules that provide the entire binding region
for the C subunit. We infer from our results that B also binds to N-terminal repeats. A model of the small
T/medium T/B-A-C complexes is presented.

The transforming proteins of small DNA tumor viruses
form multiple complexes with cellular proteins involved in
signal transduction and growth control. These interactions
play an important role in virus-induced tumorigenesis. Sim-
ian virus 40 (SV40) large T binds to the tumor suppressor
proteins p53 (40, 42) and Rb (16) and presumably inactivates
their function. Polyomavirus medium T associates with
pp6Oc-src and activates its protein-tyrosine kinase activity (4,
12, 14). It also binds to other members of the c-src family (9,
36, 39). In addition, medium T binds to and activates
phosphatidylinositol-3 kinase (13, 32). Moreover, medium T
forms a complex with two cellular proteins of approximately
61 and 37 kDa (23, 24, 35, 50, 59, 60, 64). The two proteins
are associated with each other in uninfected cells (23). The
medium T antigen of nontransforming hrt mutants (3) does
not form a complex with the 61-kDa and 37-kDa proteins but
binds to the 73-kDa heat shock protein instead (23, 24, 35,
50, 60, 64, 70). These data suggest that complex formation
between medium T and the 61-kDa and 37-kDa proteins
might be necessary for transformation. SV40 small T forms
a complex with two cellular proteins of approximately 56 and
32 kDa (76). These proteins are also associated with polyo-
mavirus and BK virus small T (55, 56). They are identical to
the medium-T-associated 61-kDa and 37-kDa proteins, re-
spectively (50, 71).
The 61-kDa protein was purified and partially sequenced,

and its cDNA was cloned from a human cDNA library (72).
Its predicted amino acid sequence revealed a protein con-
sisting of 15 imperfect repeats, most of which are 39 amino
acids long. It had no resemblance to known proteins in data
banks. The 37-kDa protein was also purified, partially se-

* Corresponding author.
t Present address: Department of Dermatology, University of

Cologne, D-5000 Cologne 41, Germany.

quenced, and found to be identical to the catalytic C subunit
of protein phosphatase 2A (PP2A) (51), which had been
cloned and sequenced previously (15, 22, 34, 66). It was also
shown that the 61-kDa protein is the regulatory A subunit of
PP2A (51, 73). The amino acid sequence of the A subunit is
highly conserved between species, as demonstrated by com-
parison of the human and bovine proteins (73). In addition,
two homologous cDNAs corresponding to a and L isoforms
of the A subunit of PP2A were isolated from a porcine
kidney library (26), and the predicted amino acid sequences
of these proteins are highly related to the two human Aa and
AP isoforms, respectively (72).
PP2A is a member of the family of serine/threonine-

specific protein phosphatases that includes protein phos-
phatases 1 and 2B. It is the major soluble form of protein
serine/threonine phosphatase in most tissues and cells. The
holoenzyme is composed of the catalytic subunit C and two
regulatory subunits, A and B. Multiple heteromeric forms of
PP2A consisting of A and C complexed to different B
subunits (Ba, BP, B', and B") have been identified in
different tissues and cell types (10, 63). The nucleotide
sequences of cDNAs for the B subunits from human (45),
rabbit (25, 45), Saccharomyces cerevisiae (25), and rat (49)
have been reported recently.
SV40 small T binds the purified A subunit (75) as well as

the A-C form of PP2A but does not bind the free C subunit
or the holoenzyme (75). Because the B subunit also binds to
the A subunit, it probably prevents small T from binding.
Likewise, polyomavirus medium T appears to compete with
the B subunit for binding to A because complexes of medium
T with A-C but not with A-B-C have been isolated from cells
(23, 24, 35, 50). It has also been demonstrated that, in cell
extracts, SV40 small T is bound to the A-C form through the
A subunit (29).
SV40 small T inhibits the phosphatase activity of the A-C
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form of PP2A when myosin light chains, myelin basic
protein, SV40 large T antigen, or p53 is used as an exoge-
nous substrate (46, 61, 75). This inhibitory effect of small T
is similar but not identical to that of the B subunit. Inhibition
of PP2A might explain the biological function of small T as a
cofactor in cell transformation, and it is reminiscent of the
action of the tumor promoter okadaic acid (67), which also
inhibits PP2A (10). The targets of okadaic acid and small T
are different, however, because okadaic acid binds to the C
subunit and inhibits phosphatase activity completely,
whereas small T binds to the A subunit and inhibits phos-
phatase activity up to a maximum of 50% in vitro (27, 30, 52,
75). The finding that the inhibition of PP2A stimulates cell
growth indicates that PP2A plays a negative role in growth
control, as proposed by Cohen and Cohen (11). Several
other studies support this notion (17, 19, 33, 41, 74). In yeast
(33) and mammalian (54) cells, the expression and activity of
PP2A was found to be constant throughout the cell cycle.
Therefore, PP2A may not be subject to cell cycle control like
other growth-regulatory proteins.
PP2A stimulates SV40 large-T-dependent SV40 DNA rep-

lication in vitro by dephosphorylating Ser-120 and Ser-123 of
large T (62, 68). The phosphorylation of these sites has a
negative effect on binding of large T to the origin of replica-
tion, resulting in replication inhibition. Addition of SV40
small T to the in vitro replication system is inhibitory (6),
presumably because small T inhibits dephosphorylation of
Ser-120 and Ser-123 by PP2A. In vivo, SV40 small T
probably stimulates DNA replication early in infection (55a),
as does polyomavirus small T (43, 47, 48). How the seem-
ingly opposite in vitro and in vivo effects of small T can be
reconciled is an open question.
To better understand how T antigens interact with PP2A

and influence its proposed role in growth control, we char-
acterized binding sites for the T antigens and the C subunit
on the A subunit of PP2A. The results demonstrate that all
tumor antigens bind in the N-terminal half of the A subunit,
whereas the C subunit binds to the C terminus. Although the
binding regions for different tumor antigens overlap, they are
not identical. Furthermore, the data suggest cooperativity in
binding between tumor antigens and the C subunit.

MATERIALS AND METHODS

Mutants of PP2A-Ace. Site-directed mutagenesis was per-
formed by the method of Kunkel (38) with the Muta-Gene kit
from Bio-Rad. Briefly, CJ236 bacteria were transformed
with pBluescript M13+ (Stratagene) containing cDNA en-
coding the human Aa subunit ofPP2A (plasmid p16) (72, 73).
The bacteria were infected with helper phage VCSM13
(Stratagene). Single-stranded uracil-containing (U-DNA)
was isolated and stored at -70°C. Mutagenic oligonucleo-
tides were annealed to the U-DNA, the second strand was
synthesized, and competent XLlBlue bacteria (Stratagene)
were transformed. Mutants were identified by restriction
patterns, cDNA fragment sizes, and sizes of in vitro-trans-
lated proteins.
To synthesize the C-terminal truncation mutants, muta-

genic oligonucleotides were made that contained a stop
codon and an overlapping BamHI site: TAGIATCC. The 5'
and 3' annealing stretches were 16 to 19 nucleotides long and
ended on at least one G or C. The BamHI site was used for
screening. The N-terminal truncation mutants and the single-
repeat deletion mutants were created by loop-out mutagen-
esis. The oligonucleotides were 55 to 63 nucleotides long and
complementary to the regions immediately upstream and

downstream of the loops. N-terminal truncation mutant 181
was made by cutting plasmid p16 with EagI in the multiclon-
ing site upstream of the insert and with NcoI at nucleotide
536 within the insert (before Met-180). The larger piece was
purified from a low-melting-point agarose gel. To religate, a
linker with EagI and NcoI sites was made so that the Kozak
sequence (37) of p16 was conserved as far as the NcoI site
permitted: GGC CGG GCG GGG GAA AGG GAC GGA
GCC AC.

Wild-type and mutant plasmids were transcribed as de-
scribed previously (72). Briefly, the plasmids were linearized
with ClaI and transcribed with T7 RNA polymerase
(Promega). The RNA was translated in the presence of
[35S]cysteine (NEN) with a reticulocyte translation kit
(Promega).

Confirmation of the mutations by DNA sequencing was
not considered necessary for the following reasons. (i)
C-terminal truncations were constructed by inserting a new
restriction site at the site of mutation. This site was used for
selection. (ii) All truncation and deletion mutant plasmids
were digested with different restriction enzymes and yielded
fragments of expected sizes. (iii) All proteins encoded by
truncation mutants had the apparent molecular weights on
polyacrylamide gels that were expected from the locations of
the mutations. (iv) Proteins encoded by single-repeat dele-
tion mutants were slightly smaller than the wild-type protein,
as one would expect. (v) Very similar results for the loca-
tions of binding sites were obtained independently from
truncation and deletion mutants. (vi) Mutations in adjacent
repeats provided a consistent picture of the length of binding
sites. For example, deletion of neighboring repeats resulted
in a steady loss and subsequent gain of binding.
Tumor antigens. (i) SV40 small T. Recombinant SV40

small T was a gift from Kathy Rundell. It was purified from
bacteria as described previously (20).

(ii) Polyomavirus small T. The baculovirus Autographa
califomica nuclear polyhedrosis virus (AcMNPV) and its
derivative AcYMpst (see below) were propagated in
Spodoptera ftugiperda cells (Sf9) at 27°C in TNM-FH me-
dium (GIBCO) supplemented with 10% fetal calf serum.
Polyomavirus small T cDNA from plasmid pSTl (77) was
placed behind the polyhedrin promoter in transfer vector
pAcYM1 (44). pST1 was cleaved with BstXI at nucleotides
174 and 1702, and the ends were blunt-ended with T4 DNA
polymerase (Promega). The transfer vector pAcYM1 was
linearized with BamHI and also blunt-ended. The small-T-
encoding fragment was subsequently ligated with pAcYM1,
resulting in transfer plasmid pYMpst.

Sf9 cells were cotransfected with pYMpst and with the
DNA of virus AcMNPV by a modified version of the calcium
phosphate precipitation technique (5). The medium was
screened first for recombinant viruses by dot blotting (53).
The expression of small T was verified by immunoprecipita-
tion. Finally, the recombinant baculovirus, AcYMpst, was
plaque purified. Sf9 cells were infected with recombinant
baculovirus AcYMpst. After 37 h, the cells were washed two
times with Tris-buffered saline and lysed on ice with 50 mM
Tris-HCl (pH 8.0)-150 mM NaCl-2% Nonidet P-40 (NP-
40)-i mM EDTA-2 ,ug of aprotinin per ml-100 ,ug of phen-
ylmethylsulfonyl fluoride per ml. The nuclei were pelleted at
11,000 x g and 4°C for 15 min. The supernatant was mixed
with 0.5 volume of 50 mM Tris-HCl (pH 7.5)-50 mM
NaCl-40% glycerol. Finally, the extract was centrifuged at
100,000 x g and 4°C for 30 min, and the supernatant was
frozen. The extracts contained approximately 10 ng of
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polyomavirus small T per ,u, as determined by Western
immunoblotting.

(iii) Polyomavrus medium T. Human 293 cells (21) were
grown in Dulbecco's modified Eagle's medium containing
10% fetal calf serum. They were infected with hybrid aden-
ovirus type 5 containing the cDNA for polyomavirus me-
dium T under control of the late adenovirus promoter (59).
Cell extracts were prepared as described previously (72) and
contained approximately 30 ng of polyomavirus medium T
per IlI, as determined by polyacrylamide gel electrophoresis
(PAGE) and silver staining.
Complex formation. (i) SV40 small T. Wild-type and mu-

tant A subunit RNAs were translated, and 10 ,ul of each
reaction mixture was incubated on ice for 30 min with 0.3 pl
(200 ng) of SV40 small T or 0.3 ,ul of buffer. After addition of
5 pl of hamster antitumor serum (a gift from Kathy Rundell),
the incubation on ice was continued for 2 h. Then, 10 RI of
settled protein A-Sepharose CL-4B (Pharmacia) in 20 ,ul of
RIPA (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% deoxy-
cholate, 1% Triton X-100) was added. The samples were
kept on ice for 1 h and mixed every 10 min. For gel analysis
of total translation products, an aliquot of the supernatant
was dissolved in sodium dodecyl sulfate (SDS)-PAGE sam-
ple buffer (final concentrations: 10% glycerol, 60 mM Tris-
HCl [pH 6.8], 2% SDS, 5% 2-mercaptoethanol, 10 mM
dithiothreitol, 0.01% bromophenol blue). The pellets were
washed three times with 1 ml of ice-cold RIPA, mixed with
20 RI of two-times-concentrated sample buffer, and boiled
for 5 min. The supernatants were analyzed on 0.5-mm-thick
SDS-12% polyacrylamide gels. The gels were treated with
acetic acid and 2,5-diphenyloxazole for fluorography.

(ii) Polyomavirus small T. The conditions described for
SV40 small T were used with the following modifications for
polyomavirus small T. Translation reaction mixes were
incubated with an estimated 200 ng of polyomavirus small T
in 20 RI of infected Sf9 cell extract. As a control, extract
from uninfected Sf9 cells was used. For immunoprecipita-
tion, 1 p1 of rat antipolyomavirus tumor ascites was used.

(iii) Polyomavirus medium T. The conditions described for
SV40 small T were used for polyomavirus medium T with
the following modifications. Translation reaction mixes were
incubated with approximately 500 ng of polyomavirus me-
dium T in 15 pl1 of infected 293 cell extract. As a control,
extract from uninfected 293 cells was used. For immunopre-
cipitation, 1 p1 of monoclonal antibody (ascites) against the
medium T peptide GluGlu was used (24). Instead of RIPA,
TBST (10 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.2%
Tween 20, 0.02% sodium azide) was used.

(iv) C subunit of PP2A. The conditions described for SV40
small T were used for the PP2A subunit C with the following
modifications. There was no need to add external C subunit
to the translation mixtures because reticulocyte lysate con-
tains approximately 5 ng of endogenous C subunit per pl, as
determined by Western blotting. This amounts to 50 ng of C
subunit per assay, which is sufficient for complex formation.
Further addition of 80 ng of pure exogenous C subunit had
no effect. Reticulocyte lysate also contains approximately 8
ng of endogenous A subunit per pl, as determined by
Western blotting. We raised rabbit antibodies against the
peptide KVTRRTPDYFL (KL), corresponding to the C
terminus of PP2A-Ca. The peptide was coupled to bovine
serum albumin with glutaraldehyde. After the second boost
injection, the antiserum was isolated (69). For immunopre-
cipitation, 0.5 ,u of anti-KL serum was used. Controls were
carried out with 6.6 jig of peptide KL. TBST was used
instead of RIPA.

(v) Immunoprecipitation under mild or stringent conditions.
The term mild conditions indicates that translation mixtures
were not diluted after complex formation and that all incu-
bations were performed at 4°C, as described above. Strin-
gent means that translation mixtures were diluted after
complex formation and that all incubations thereafter were
performed at 20°C. For example, after translation of A
subunit RNA and incubation on ice to allow association ofA
with C (present in the reticulocyte lysate) or with added
SV40 small T, the reaction mixture was diluted 10- to 50-fold
with TBST or RIPA, as indicated in the figure legends, and
kept at 20°C throughout all following incubations and
washes. Protein A-Sepharose was suspended in the same
buffer that was used for dilution and washing.
Two buffers, TBST and RIPA, were used for immunopre-

cipitations. For SV40 and polyomavirus small T, both buff-
ers were used with similar results. For medium T and the C
subunit, TBST was used because these proteins bind only
weakly to the A subunit if RIPA is present. Note that the
descriptions mild and stringent do not refer to the type of
buffer used.

Quantification of complex formation. Immunoprecipitates
were quantified by scanning X-ray films with a Hewlett
Packard Scan Jet II C and by subsequently analyzing the
data with the Scan Analysis 68,000 program (Biosoft Inc.).
When there were major differences in intensity between
bands on the same film, several autoradiograms from differ-
ent exposure times were scanned. In order to increase the
linearity of the signals, the Hyperfilm-MP films (Amersham)
were flashed before exposure. The percentages of immuno-
precipitated proteins were calculated after subtraction of the
control bands that were obtained in the absence of T
antigens or in the presence of KL peptide. Mutant-protein
immunoprecipitation was expressed relative to wild-type-
protein precipitation. Adjustments were made for differ-
ences in the amount of synthesis of wild-type and mutant
proteins. All experiments were repeated at least twice. The
maximum variation of values obtained from separate exper-
iments was ±50%. However, in most cases, the variation
was much lower.

RESULTS

Rationale for construction ofA subunit mutants. The amino
acid sequence and repeat structure of the A subunit of PP2A
are shown in Fig. 1. It has been demonstrated previously
that this protein has a rodlike shape, with an axial ratio of
10.5 to 1 (8, 27). This suggests that the 15 repeats are
arranged in a linear fashion, thereby forming a rod. Such a
structure is well suited for the study of protein-binding sites
by deletion mutant analysis. One might expect that dele-
tions, spread over the polypeptide from one end to the other,
would permit the determination of binding sites that are
arranged in a linear fashion on the rod-shaped protein. Based
on this assumption, we created three types of mutants: (i)
truncations from the C terminus, (ii) truncations from the N
terminus, and (iii) internal deletions. Most mutants represent
deletions of one or several repeats. The exact beginning and
end of each repeat were chosen based on a molecular model
of the A subunit. This model, which will be presented in
detail elsewhere (72a), was developed through the use of
helical-wheel projections of each repeat. Briefly, all repeats
form two short amphipathic helices paired in an antiparallel
fashion by their hydrophobic sides and connected by a loop
(Fig. 2). Consecutive repeats are connected by loops and
stacked to form a rod structure. The end points of N- and
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>162 >181
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237<
VKSEIIPMFSNLASDIQDSVRLLAVEACVNIAQLLPQID 239

276<
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315<
TKTDLVPAFQNLMKDCEAEVRAAASHKVKEFCENLSADCRENV 321
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11 LSQSLLPAIVELAEDAKWRVRLAIIEYMPLLAGQLGVZF 438
I&

475<
12 FDEKLNSLCMAWLVDHVYAIREAATSNLKKLVEKFGKBW 477

514<
13 AHATIIPKVLAMSGDPNYLHRMTTLFCINVLSEVCGQDI 516

553<
14 TTKHMLPTVLRMAGDPVANVRFNVAKSLQKIGPILDNST 555

15 LQSEVKPILEKLTQDQDVDVKYFAQEALTVLSLA 589

FIG. 1. Amino acid sequence and location of mutations in PP2A-
Aa. N- and C-terminal truncations are indicated by arrows, > and
<, respectively. The position of an arrow for N-terminal truncations
indicates the first amino acid following the initiating methionine. The
position of a C-terminal arrow indicates the last amino acid of the
mutant protein. The number next to an arrow gives the position of
the amino acid under the arrow. Numbers on the left indicate
repeats, and numbers on the right indicate amino acids. Conserved
amino acids are shown in boldface. The stretches of amino acids
removed in mutants A3 to A13 are indicated within the repeats 3 to
13 by bent arrows under the first (L>) and last (4-i) amino acid
deleted. The underlined amino acids in repeat 5 were substituted by
the underlined amino acids in repeat 12 for mutant SUB (the
underlined amino acids in repeat 12 were not changed).

C-terminal truncations and the sites for removal of individual
repeats are located in loops between repeats, as shown in
Fig. 1 and 3.

Binding sites for the three tumor antigens and the C
subunit, which have all been shown to be associated with the
A subunit, were determined. Plasmids encoding the mutant
A subunits were transcribed with T7 RNA polymerase and
translated in vitro in the presence of [35S]cysteine in a
reticulocyte lysate. To allow complex formation with tumor
antigens, the in vitro-synthesized A subunits were incubated
with purified SV40 small T or with cell extracts containing
either polyomavirus small T or polyomavirus medium T. For
complex formation with the C subunit, it was not necessary
to add exogenous C subunit, as reticulocyte lysate contains
sufficient endogenous PP2A. We have determined by West-
ern blotting that the reticulocyte lysate contains approxi-
mately equimolar amounts of the A and C subunit (5 to 10
ng/,Ll) (data not shown). We are uncertain about the amount
of the B subunit. Newly synthesized, radioactive A subunit
associates with C subunit from the reticulocyte lysate, since
anti-C subunit antibodies coprecipitate radioactive A sub-
unit. This means either that radioactive A subunit binds to
free C subunit or that it exchanges with unlabeled A subunit
from A-C or A-B-C complexes. Addition of T antigens after
synthesis of radioactive A subunit allows complex formation
with radioactive A bound to C. Presumably, this trimeric
complex is then precipitated with antibodies to tumor anti-
gens.

Binding of SV40 small T. The binding site for SV40 small T
was determined by immunoprecipitation of the A subunit-

small T complex with hamster anti-SV40 tumor serum. As
shown in Fig. 4a, the mutant proteins with C-terminal
truncations, designated 553 to 237, form complexes with
SV40 small T. Similar amounts of the radioactive mutant and
wild-type proteins were assayed (Fig. 4e), and similar
amounts of complexes were formed in each case. These data
suggest that the C terminus of the A subunit is not involved
in the binding of small T and that the binding site is located
within the six N-terminal repeats. Some A subunit was found
in the precipitates without added small T. This is due to
nonspecific binding to the protein A-Sepharose. A similar
background was observed with control serum (data not
shown). The amount of radioactive protein complexed to
small T was quantitated by scanning (Materials and Meth-
ods).

Deletion of the first two N-terminal repeats had no effect
on the binding of SV40 small T (Fig. 4a, mutants 8, 46, and
85). However, a 3-fold reduction in binding was observed
when three repeats were removed (mutant 123), and a
10-fold reduction occurred with the removal of four repeats
(mutant 162). When 4.5 repeats were deleted (mutant 181),
binding fell below 5% of the wild-type level. These data
indicate that the binding site for SV40 small T involves
repeats 3 to 5. The quantitation of complex formation is
summarized in Fig. 3.
The results obtained with C- and N-terminal truncation

mutants were confirmed and extended by the use of single-
repeat deletions. As shown in Fig. 5a, mutant proteins with
a deletion of repeat 4, 5, or 6 abolished binding completely,
while deletion of repeat 3 or 7 resulted in reduced binding
compared with the wild-type protein. Therefore, the binding
site for SV40 small T starts with repeat 3 and extends
through repeat 7, whereby the core of the binding site
involves repeats 4, 5, and 6.
When the binding studies were carried out under more

stringent conditions, i.e., at a higher dilution and higher
temperature (Materials and Methods), an effect of C-termi-
nal truncations on small T binding was observed. As shown
in Fig. 6a, the mutant proteins 553 to 276 showed fourfold-
reduced binding compared with the wild-type protein. When
the C-terminal truncation included repeat 7 (mutant 237), a
drastic reduction of binding (30-fold) was observed. As
discussed below, the effect of C-terminal deletions on small
T binding is probably due to an indirect effect of the C
subunit.

Binding of polyomavirus small T. Studies similar to those
described for SV40 small T were carried out with polyoma-
virus small T. Because purified polyomavirus small T was
not available, we used extracts from insect cells (Sf9)
infected with a baculovirus vector encoding polyomavirus
small T. Approximately 200 ng of polyomavirus small T was
contained in the 20-,ul extract used for each assay. Extract
from uninfected Sf9 cells served as a control. Radioactive A
subunit complexed to polyomavirus small T was precipitated
with rat antipolyomavirus tumor serum.
Only deletion of amino acids 2 to 7 from the N terminus

(mutant 8) had no effect on the binding of polyomavirus
small T. All other mutations reduced binding in comparison
to the wild-type A subunit. As shown in Fig. 4b and Fig. 3,
truncation of the first N-terminal repeat (mutant 46) reduced
binding 4-fold, truncation of repeats 1 and 2 (mutant 85)
reduced binding 30-fold, and truncation of three or more
repeats from the N terminus abolished binding completely.
Truncation of up to seven repeats from the C terminus
(mutants 553 to 315) reduced binding approximately 10-fold
compared with the wild type. Further truncations including
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FIG. 2. Three-dimensional model of the A subunit of PP2A. The upper figure illustrates four repeats, each consisting of two amphipathic
helices approximately 14 amino acids in length, which are paired with their hydrophobic (light) sides and connected by a loop of approximately
seven residues. The repeats are folded (lower left) to form a rod-shaped molecule (lower right). The folding is stabilized by hydrophobic
interactions between adjacent repeats. The straight arrangement of the rod is an oversimplification. In reality, neighboring helix barrels are
probably tilted towards each other. The loops between alpha helices are presumed to play a role in the interaction with the B and C subunits
as well as with tumor antigens. Truncations and deletions were constructed by cuts within presumed loop regions. Mutant SUB was made
by substituting seven amino acids from the loop in repeat 5 with seven equivalent amino acids from the loop in repeat 12.

repeats 8 (mutant 276) and 7 (mutant 237) resulted in less
than 5% of wild-type binding.
As shown in Fig. Sb, deletion of repeat 3, 4, or S resulted

in no detectable binding of polyomavirus small T to the
mutant protein. Deletion of repeat 6, 7, or 8 resulted in weak
binding (less than 5%), and deletion of repeat 9 or 10 reduced
binding approximately threefold. Furthermore, removal of
repeat 11, 12, or 13 reduced binding 10- to 30-fold.
Our data demonstrate that the binding characteristics of

SV40 and polyomavirus small T show both similarities and
differences. Both antigens are affected much more by N-ter-
minal than by C-terminal deletions, but polyomavirus small
T binds over a wider range of the N terminus (repeats 2 to 8)
than SV40 small T (repeats 3 to 6).

Binding of polyomavirus medium T. For the medium T
studies, an extract from 293 cells infected with an adenovi-
rus-polyomavirus hybrid containing the cDNA for polyoma-
virus medium T under the control of the late adenovirus
promoter (59) was used as a source of medium T. Control
extracts were prepared from uninfected 293 cells. Medium
T-A subunit complexes were precipitated with a monoclonal
antibody against medium T. As shown in Fig. 4c and Fig. 3,
deletion of the first repeat from the A subunit had no effect
on medium T binding (mutants 8 and 46). Truncations of two
or more repeats from the N terminus reduced binding to
undetectable levels (mutants 85 to 181). As also shown in
Fig. 4c, all C-terminal truncations (553 to 237) were negative
for binding of medium T. For these C-terminal mutants,
binding of polyomavirus small T was reduced to approxi-
mately 10% of the wild-type level (Fig. 4b), whereas the
binding of SV40 small T was unaffected (Fig. 4a). Both the
N-terminal repeats 3 to 8 (Fig. Sc) and the C-terminal repeats
11 to 1S (Fig. Sc and 4c) were essential for binding of medium
T. Deletion of repeat 9 or 10 resulted in 3- to 10-fold-reduced

binding (Fig. Sc). Thus, binding of medium T to the A
subunit is more affected by deletions than binding of either
small T antigen.
When using TBST buffer for the medium-T-binding as-

says, nonspecific binding was frequently observed. This can
be seen with mutants 123 to 181 (Fig. 4c). The background
was reduced when immunoprecipitates were washed with
RIPA instead of TBST. However, this also reduced the
specific signal and required very long exposure times for
fluorography (Materials and Methods). It should be pointed
out that binding of medium T to A was considerably weaker
than binding of small T, as indicated by the stability of the
medium T and small T complexes in RIPA and TBST.
Whereas the yield of small T-A subunit complexes was the
same in both buffers, the yield of medium T-A as well as the
yield of C-A was approximately fivefold lower in RIPA than
in TBST. That the medium T-A-C complex is labile in RIPA
buffer has been observed previously (23). Under optimal
conditions, i.e., in RIPA or TBST for SV40 and polyomavi-
rus small T and in TBST for medium T and the C subunit,
between 3 and 6% of synthesized radioactive wild-type A
subunits were coimmunoprecipitated.

Binding of the C subunit. A-C complexes were immuno-
precipitated with a peptide antibody directed against the C
terminus of the C subunit (designated KL- in Fig. 4d).
Control precipitations were performed in the presence of
excess competing peptide (designated KL+ in Fig. 4d) and
with preimmune serum (not shown). As shown in Fig. 4d,
the C subunit did not bind to any C-terminal truncation
mutants of the A subunit (mutants 553 to 237). In addition,
deletion of internal repeat 11, 12, or 13 also abolished C
subunit binding (Fig. 5dl). Neither N-terminal truncations
nor deletions of single N-terminal repeats had an effect on
binding under mild conditions. These data suggest that the C
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FIG. 3. Scheme of PP2A-Aa mutant proteins; summary of complex formation with tumor antigens and PP2A-C. The top bar symbolizes
PP2A-Aa in a linear arrangement of its 15 repeats. The shaded bars represent the repeats present in the wild-type (WT) protein, C- and
N-terminal truncations, and single-repeat deletions. The terminology of the mutants is as follows: for C-terminal truncations, the numbers
indicate the last amino acid; for N-terminal truncations, the numbers indicate the first amino acid after the initiating methionine (e.g., mutant
8 has amino acids 2 to 7 deleted); for single-repeat deletions, the numbers indicate the stretch of amino acids deleted. In the substitution
mutant SUB, the amino acid sequence DTPMVRR in the middle of repeat S has been substituted by the sequence HVYAIRE. The latter
sequence is identical to a sequence in the middle of repeat 12 (see Fig. 1). The results of complex formation are summarized on the right.
SV40-ST, SV40 small T; Py-ST, polyomavirus small T; Py-MT, polyomavirus medium T; PP2A-C, catalytic subunit of PP2A; mild (a) and
stringent (b) conditions for complex formation and washing of complexes are described in Materials and Methods. Scoring: -, nonspecific
or nondetectable binding; +, 1 to 5% of wild-type coimmunoprecipitation; + +, 5 to 15%; + + +, 15 to 50%; +++ +, 50 to 150%.

subunit binds to the C-terminal five repeats of the A subunit.
Under the more stringent conditions (Materials and Meth-
ods), removal of repeats 3 to 9 resulted in reduced binding
(Fig. 5d2). This might be an indirect effect of the B subunit
(see Discussion).

Binding of T antigens and the C subunit to a loop substitu-
tion mutant. Our experiments have demonstrated that bind-
ing of all three T antigens was completely abolished by
deletion of repeat 4 or 5, suggesting that these repeats are
located in the center of overlapping binding sites. Based on
the model presented in Fig. 2, one might suspect that the
loops between amphipathic helixes are involved in binding.
To test this idea, we replaced seven consecutive amino acids

(DTPMVRR) in the loop of repeat 5 (Fig. 1, underlined
sequence) with seven different amino acids (HVYAIRE)
from the corresponding loop of repeat 12 and assayed the
effect of this alteration on the binding of T antigens and C
subunit. The sequence HVYAIRE was selected because
repeat 12 is not directly involved in T-antigen binding and
because loop 12 is very different in sequence from loop 5.

Another reason for mutating DTPMVRR in loop 5 was that
an almost identical sequence, DTPVVRR, was found in the
fission yeast Schizosaccharomyces pombe cdc25+ gene
product (57), a tyrosine- and serine/threonine-specific phos-
phatase that plays an important role in controlling mitosis
(18, and references therein). A comparison of the A subunit
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WT 553 514 475 397 315 276 237 8 46 85 123 162 181
SV40-ST - + - + - + - + - + - + - + - + - + - + - + - + - + - 4 A33 A4 A5 A6 A7 A8 Ag A10 Al 1 A12 Al3 SUB WT
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d FIG. 5. Complex formation of single-repeat deletion mutants of
PP2A-Aa with tumor antigens and PP2A-C. [35S]cysteine-labeled
translation mixtures were used for immunoprecipitations as de-
scribed in Materials and Methods. A3, A4, etc., represent deletion of

WT 553 514 475 397 315 276 237 8 46 85 123 162 181 repeat 3, 4, etc. (see Fig. 1 and 3). Lanes + and -, same as in Fig.
__ _-__4. (dl) Mild conditions and (d2) stringent conditions (20-fold dilution

- with TBST) for complex formation and washing of complexes, as
e described in Materials and Methods. Dashes on the right indicate the

size difference between full-length proteins (wild type [WTI and
SUB) and proteins missing 1 repeat; slight differences in migration
between different deletion mutants have also been observed, e.g.,FIG. 4. Complex formation of C- and N-terminally truncated between A9 and Al10 (c) and between A3 and A4 (e). Fraction of

PP2A-Aa with tumor antigens and PP2A-C. [35S]cysteine-labeled immunoprecipitates loaded: a, 0.25; b, 0.25; c, 0.25; dl, 0.25; d2,
translation mixtures were used for immunoprecipitations as de- 0.8. (e) Fraction of translation mixtures loaded, 0.025. Exposure
scribed in Materials and Methods. Lanes +, addition of SV40 small times (in days): a 4; b, 32; c 41 dl 14 d2, 6; e, 4.
T (a), polyomavirus small T (b), polyomavirus medium T (c), or ' ' ' '
competing peptide KL (d); lanes -, addition of solutions without T
antigens (a to c) or without peptide KL (d). (e) Aliquots of the
translation mixtures used in panel d. Arrowheads in panels d and e whereas the C subunit binds to the C terminus. These
point to mutant proteins 276 and 237. The largest protein on the gels findings also support our model for the three-dimensional
is the 65-kDa wild-type A subunit (WT); the smallest protein is structure of the A subunit, in which loops play an important
mutant 237, with a molecular mass of 26 kDa. Fraction of immuno- role in protein interaction.
precipitates loaded: a, 0.2; b, 0.2; c, 0.75; d, 0.75. (e) Fraction of
translation mixtures loaded, 0.05. Exposure times: a, 2.5 days; b, 8
days; c, 1.5 days; d, 12 h; e, 12 h. DISCUSSION

and the Cdc25+ protein shows a low degree of sequence
homology (25% identity) over a stretch of 61 amino acids
(identical residues are shown in boldface):

Cdc25+ 332 SPSPMAFAMQEDAEYDEQDTPVVRRTQSMFL
PP2A-Aa 159 SSAVKAELRQYFRNLCSDDTPMVRRAAASKL

Cdc25+ 363 NSTRLGLFKSQDLVCVTPKQSTKESERFIS
PP2A-Aa 190 GEFAKVLELDNVKSEIIPMFSNLASDEQDS
As shown in Fig. 5a to c, the loop substitution mutant

protein (SUB) did not yield any binding of SV40 small T,
polyomavirus small T, or polyomavirus medium T. How-
ever, C subunit binding was unaffected by this mutation (Fig.
5dl and d2). These results are consistent with the suggestion
that the T antigens bind to the N terminus of the A subunit,

In this investigation, we determined regions on the A
subunit of PP2A that are involved in binding of SV40 small
T, polyomavirus small T, polyomavirus medium T, and the
catalytic C subunit of PP2A. Significant differences in bind-
ing were observed between the different tumor antigens as
well as between the tumor antigens and the C subunit. In
each case, the binding region extended over several repeats.
Binding of SV40 small T involved repeats 3 to 6, whereas
binding of polyomavirus small T and medium T involved
repeats 2 to 8 of the N terminus. Binding of the C subunit
was strongly affected by deletions of repeats 11 to 15 at the
C terminus of the A subunit and weakly affected by N-ter-
minal deletions. C-terminal deletion of repeats 11 to 15 also
reduced binding of the tumor antigens to the A subunit. This
was most pronounced for medium T. Polyomavirus small T
binding was less affected by these deletions, and SV40 small
T binding was affected only under stringent binding condi-
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WT 553 514 475 397 315 276 237
SV40-ST - + - + - + - +- - - + - +

a

WT 553 514 475 397 315 276 237

b

FIG. 6. Complex formation of C-terminally truncated PP2A-Aa
with SV40 small T (SV40-ST) under stringent conditions. Transla-
tion mixtures were diluted 50-fold with TBST before addition of the
first antibody, and incubations were performed at room temperature
as described in Materials and Methods. (a) Coimmunoprecipitation
with (+) or without (-) SV40-ST; (b) aliquots of the translation
mixtures used in panel a. (a) Fraction of immunoprecipitates loaded,
1. (b) Fraction of translation mixtures loaded, 0.01. Exposure times:
a, 2 days; b, 2 days.

tions. The only mutation that had no effect on the binding of
any protein was a deletion of amino acids 2 to 7. A surprising
result was that deletion of repeat 9 or 10 only slightly
reduced binding of A to polyomavirus small T or medium T
and had no effect on the binding ofA to SV40 small T and C.
These repeats might have another function than binding to
proteins. For example, they might serve as a spacer between
the N- and C-terminal domains.
The positions of regions of the A subunit involved in

binding of T antigens and the C subunit and the degree of
their involvement are illustrated in Fig. 7 (lower part). The
locations of the proposed binding sites are shown in the
upper part of the figure. The A subunit is drawn as a rod with
an axial ratio of 10 to 1 (8). This shape, which presumably
results from the linear arrangement of repeats, explains why
the deletions that abolish binding are arranged in a contigu-
ous manner. Our data suggest that all T antigens bind
exclusively to N-terminal repeats and that the C subunit
binds only to the C terminus. To explain the effects of
C-terminal deletions on T-antigen binding, we propose that
there is cooperativity between T antigens and the C subunit.
Binding of polyomavirus medium T to the A subunit appears

to depend completely on this interaction with the C subunit.
If binding of the C subunit is abolished by C-terminal
deletions, medium T cannot bind by itself to its N-terminal
binding site on A. This suggestion is strengthened by the fact
that the region of the C terminus that affects medium T
binding coincides exactly with the binding site for the C
subunit. If binding of medium T to A depends on the
simultaneous binding of C to A, one might predict two
binding sites on medium T, one for C and a different one for
A. It should be possible to test this hypothesis by creating
two types of mutants, one defective in binding to C and
another defective in binding to A. We found that polyoma-
virus and SV40 small T antigens are less dependent on

cooperation with C than is medium T. This could be due to
their higher affinity for A.
As mentioned earlier, medium T and the small T antigens

are associated in cells with A-C but not A-B-C complexes,
and, in vitro, SV40 small T binds purified A and A-C but not
holoenzyme. These data suggest that T antigens and the B
subunit compete for the same or an overlapping site on the A

subunit. Because we found that the T antigens bind to the N
terminus of the A subunit, we conclude that the B subunit
also binds to a region within the N terminus. The observa-
tion that N-terminal deletions of A inhibited C binding (Fig.
5d2) indicates that C and B, like C and T antigens, cooperate
in binding to A. There were no T antigens present in the
assays for C binding, but by Western blotting with antiserum
to the purified B subunit from bovine heart, we detected B
subunit in the reticulocyte lysate (unpublished). We assume
that this B subunit participated when the interaction of C and
A was assayed. Binding of C to A was reduced 30-fold when
repeat 3, 4, or 5 was deleted and 3-fold when repeat 6, 7, 8,
or 9 was deleted. Therefore, if our model is correct, repeats
3 to 9 should be involved in binding the B subunit. The
recent results by Kamibayashi et al. (31) are in good agree-
ment with our data. It was demonstrated that treatment of
holoenzyme (A-B-C) with the bifunctional cross-linking re-
agent 1,6-bismaleimidohexane results in the formation of
covalently linked A-B, A-C, and B-C heterodimers, whereas
mixing A with B or B with C does not lead to the formation
of A-B or B-C complexes, respectively. These findings not
only prove that B and C make contact in the holoenzyme;
they also indicate that the interaction of A, B, and C is
stabilized in the heterotrimeric complex.
Because the binding site for SV40 small T antigen is

spread over four repeats of the A subunit and the sites for
polyomavirus small T and medium T are even larger, extend-
ing over approximately seven repeats, we conclude that the
corresponding binding regions on the T antigens are equally
large. As suggested previously (73), it is likely that these
regions are located within the unique sequences of the tumor
antigens that are not present in the corresponding large T
antigens (amino acids 83 to 174 of SV40 small T, 80 to 195 of
polyomavirus small T, and 80 to 191 of polyomavirus me-
dium T). Because polyomavirus small T and medium T have
almost identical sequences in the unique region except for
four additional amino acids at the C terminus of medium T,
it is not surprising that both proteins bind to the same
repeats. SV40 small T, which has limited sequence homol-
ogy with the polyomavirus T antigens, binds to fewer but
overlapping repeats. One might suspect that the amino acids
which are conserved between the SV40 and polyomavirus T
antigens play a crucial role in binding to the A subunit. On
the other hand, the three-dimensional structure may be more
important for binding than sequence homology. Several
mutants of medium T whose mutations are located in the
unique region (hrt mutants) (3) are defective in binding to the
A subunit. Some of these mutants, such as SD15 and NG18,
have deletions of larger segments of the polypeptide. It is
remarkable, however, that mutant NG59, which differs from
the wild type only by the replacement of aspartic acid at
position 179 with isoleucine and asparagine (7), is completely
negative in binding (23, 35, 50). This suggests that this
mutation gives rise to a conformational change involving a
larger area. Several mutants of SV40 small T whose muta-
tions are located in the unique region exhibit normal binding
to the A subunit (28).

In view of the finding that the T-antigen-binding regions
extend over a large part of the A subunit, we were surprised
that a replacement of only seven amino acids in the loop of
repeat 5 caused complete failure to show any T-antigen
binding (mutant SUB). The finding that SUB has no apparent
effect on C binding, even under stringent conditions, sug-
gests that this mutation does not affect binding of the B
subunit, assuming that binding of B is required for efficient
binding of C. This indicates in addition that the binding
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r,113115 71 8 112Io 1111
SV40-ST

Py-ST

Py-MT

PP2A-C

FIG. 7. Regions of PP2A-Aa involved in binding of tumor anti-
gens and PP2A-C; model of different PP2A complexes. The bar
symbolizes the A subunit in a linear arrangement of its 15 repeats.
The thickness of the black lines under the bar reflects the impor-
tance of various repeats of PP2A-Aa for binding to T antigens and
PP2A-C. The thickest line corresponds to - and the thinnest to
+ + + in Fig. 3. Each change in thickness corresponds to a threefold
change in degree of binding. The thick line for polyomavirus
medium T (Py-MT) under repeats 11 to 15 does not imply binding of
medium T to the C terminus but indicates cooperativity with the C
subunit. Similar considerations apply to the small T antigens. The
line for PP2A-C under repeats 3 to 9 does not imply binding of the C
subunit to the N terminus but indicates cooperativity with the B
subunit. A model for the arrangement of subunits within PP2A is
shown at the top. The tumor antigens, and presumably the B
subunit, bind N-terminally, and the C subunit binds C-terminally.
The major binding regions are repeats 3 to 6 for SV40 small T
(SV40-ST), repeats 2 to 8 for polyomavirus small T (Py-ST) and
Py-MT, and repeats 11 to 15 for PP2A-C. The overlap between the
C subunit and tumor antigens (and B) symbolizes binding between
these proteins.

specificity of B differs from that of the T antigens, although
the binding region might be the same. It is noteworthy that
the aL and ,B forms of the B subunit show no sequence
homology to the tumor antigens (25, 45, 49).
An alternative model could account for the result that

binding of T antigens and the C subunit is affected by
deletion of both N- and C-terminal repeats. If these proteins
possess two domains each that bind simultaneously to N-
and C-terminal regions of the A subunit, then deletion of
N-terminal repeats would still permit binding ofT antigens to
the C terminus, and deletion of C-terminal repeats would
permit some binding of the C subunit to the N terminus. The
small T antigens could have a higher affinity to the N
terminus, medium T could bind equally well to both ends,
and the C subunit could bind more strongly to the C
terminus. This model would require that the T antigens and
the C subunit be rod-shaped molecules. It has been demon-
strated, however, that the C subunit is spherical (27), and
therefore cannot extend over the entire length of the A
subunit. The shape of the T antigens has not been deter-
mined, but because of their small size, it seems unlikely that
they can cover the entire length of A. Furthermore, since the
C subunit occupies a large domain of the C terminus, it is
difficult to imagine that the T antigens bind simultaneously to
the same region. For these reasons, we do not favor this
model.

In vitro, PP2A dephosphorylates a number of proteins
which play an important role in growth control, such as
Rap-1 (58), microtubule-associated protein 2 (MAP2) kinase
(1), p34cdc2 (41), S6 kinase (2), p53 (61), and histone Hi (65).
With these substrates, it will be important to assay and
compare the effects ofT antigens and the B subunit on PP2A
activity. They might affect activity by direct contact with C

or indirectly through A. We have previously demonstrated
that SV40 small T inhibits PP2A activity against myosin light
chains, myelin basic protein, p53, and SV40 large T, whereas
stimulation was found with histone Hi as the substrate (61,
63). Because polyomavirus small T and medium T bind to a
more extended region of the A subunit than SV40 small T,
they might influence phosphatase activity differently from
SV40 small T. On the other hand, because SV40 and
polyomavirus small T antigens have similar functions in
transformation, they might also have similar effects on
PP2A, provided that the interaction with PP2A is the deter-
mining factor in their transforming activity. Some mutants of
the A subunit provide a tool for studying the function of
PP2A in vivo. Mutants lacking the binding site for either B or
C could be introduced into cells. These mutants might
interfere with the normal function of PP2A, resulting in
changed phosphorylation states of growth-regulatory pro-
teins or in alterations of the growth phenotype.

ACKNOWLEDGMENTS

We thank Kathy Rundell for supplying us with purified SV40
small T. We thank Marc Mumby, Kathy Rundell, and Marc Kamps
for helpful discussions.

This work was supported by Public Health Service grant CD-276.
R.R. was supported in part by a postdoctoral fellowship from the
Mildred Scheel Foundation for Cancer Research, Bonn, Germany,
and by a postdoctoral fellowship from the University of California
Cancer Research Coordinating Committee. G. M. was supported by
a grant from the Swedish Cancer Society.

REFERENCES
1. Anderson, N. G., J. L. Mailer, N. K. Tonks, and T. W. Sturgill.

1990. Requirement for integration of signals from two distinct
phosphorylation pathways for activation ofMAP kinase. Nature
(London) 343:651-653.

2. Ballou, L. M., P. Jeno, and G. Thomas. 1988. Protein phos-
phatase 2A inactivates the mitogen-stimulated S6 kinase from
swiss mouse 3T3 cells. J. Biol. Chem. 263:1188-1194.

3. Benjamin, T. L. 1970. Host range mutants of polyoma virus.
Proc. Natl. Acad. Sci. USA 73:394-399.

4. Bolen, J. B., C. J. Thiele, M. A. Israel, W. Yonemoto, L. A.
Lipsich, and J. S. Brugge. 1984. Enhancement of cellular src
gene product associated tyrosyl kinase activity following poly-
oma virus infection and transformation. Cell 38:767-777.

5. Burand, J. P., M. D. Summers, and G. E. Smith. 1980. Trans-
fection with baculovirus DNA. Virology 101:286-290.

6. Carbone, M., J. Hauser, M. P. Carty, K. Rundell, K. Dixon, and
A. S. Levine. 1992. Simian virus 40 (SV40) small t antigen
inhibits SV40 DNA replication in vitro. J. Virol. 66:1804-1808.

7. Carmichael, G. G., and T. L. Benjamin. 1980. Identification of
DNA sequence changes leading to loss of transforming ability in
polyoma virus. J. Biol. Chem. 255:230-235.

8. Chen, S.-C., G. Kramer, and B. Hardesty. 1989. Isolation and
partial characterization of an Mr 60,000 subunit of a type 2A
phosphatase from rabbit reticulocytes. J. Biol. Chem. 264:7267-
7275.

9. Cheng, S. H., R. Harvey, P. C. Espino, K. Semba, T. Yamamoto,
K. Toyoshira, and A. E. Smith. 1988. Peptide antibodies to the
human c-fyn gene product demonstrate pp59c-fyn is capable of
complex formation with middle-T antigen of polyomavirus.
EMBO J. 12:3845-3855.

10. Cohen, P. 1989. The structure and regulation of protein phos-
phatases. Annu. Rev. Biochem. 58:453-508.

11. Cohen, P., and P. T. W. Cohen. 1989. Protein phosphatases
come of age. J. Biol. Chem. 264:21435-21438.

12. Courtneidge, S. A. 1985. Activation of the pp60Csrc kinase by
middle T antigen binding or by dephosphorylation. EMBO J.
4:1471-1477.

13. Courtneidge, S. A., and A. Heber. 1987. An 81 kd protein
complexed with middle T antigen and pp60csrc: a possible

MOL. CELL. BIOL.



BINDING SITES ON PP2A REGULATORY A SUBUNIT 4881

phosphatidylinositol kinase. Cell 50:1031-1037.
14. Courtneidge, S. A., and A. E. Smith. 1983. Polyoma virus

transforming protein associates with the product of the c-src
cellular gene. Nature (London) 303:435-439.

15. da Cruz e Silva, 0. B., S. Alemany, D. G. Campbell, and
P. T. W. Cohen. 1987. Isolation and sequence analysis of a
cDNA clone encoding the entire catalytic subunit of a type-2A
protein phosphatase. FEBS Lett. 221:415-422.

16. DeCaprio, J. A., J. W. Ludlow, J. Figge, J.-Y. Shew, C. M.
Huang, W.-H. Lee, E. Marsilio, E. Paucha, and D. M. Living-
ston. 1988. SV40 large tumor antigen forms a specific complex
with the product of the retinoblastoma susceptibility gene. Cell
54:275-283.

17. Felix, M.-A., P. Cohen, and E. Karsenti. 1990. Cdc2 Hi kinase
is negatively regulated by a type 2A phosphatase in the Xenopus
early embryonic cell cycle: evidence from the effects of okadaic
acid. EMBO J. 9:675-683.

18. Gautier, J., M. J. Solomon, R. N. Booher, J. F. Bazan, and
M. W. Kirschner. 1991. cdc25 is a specific tyrosine phosphatase
that directly activates p34cdc2. Cell 67:197-211.

19. Goris, J., J. Hermann, P. Hendrix, RI Ozon, and W. Merievede.
1989. Okadaic acid, a specific protein phosphatase inhibitor,
induces maturation and MPF formation in Xenopus laevis
oocytes. FEBS Lett. 245:91-94.

20. Goswami, R., B. Turk, K. Enderle, A. Howe, and K Rundell.
1992. Effect of zinc ions on the biochemical behavior of simian
virus 40 small-t antigen expressed in bacteria. J. Virol. 66:1746-
1751.

21. Graham, F. L., J. Smiley, W. C. Russell, and R. Nairn. 1977.
Characteristics of a human cell line transformed by DNA from
human adenovirus type 5. J. Gen. Virol. 36:59-72.

22. Green, D. D., S.-I. Yang, and M. C. Mumby. 1987. Molecular
cloning and sequence analysis of the catalytic subunit of bovine
type 2A protein phosphatase. Proc. Natl. Acad. Sci. USA
84:4880-4884.

23. Grussenmeyer, T., A. Carbone-Wiley, K. H. Scheidtmann, and
G. Walter. 1987. Interactions between polyomavirus medium T
antigen and three cellular proteins of 88, 61, and 37 kilodaltons.
J. Virol. 61:3902-3909.

24. Grussenmeyer, T., K. H. Scheidtmann, M. A. Hutchinson, W.
Eckhart, and G. Walter. 1985. Complexes of polyoma virus
medium T antigen and cellular proteins. Proc. Natl. Acad. Sci.
USA 82:7952-7954.

25. Healy, A. M., S. Zolnierowicz, A. E. Stapleton, M. Goebl, A. A.
DePaoli-Roach, and J. R. Pringle. 1991. CDC55, a Saccharomy-
ces cerevisiae gene involved in cellular morphogenesis: identi-
fication, characterization, and homology to the B subunit of
mammalian type 2A protein phosphatase. Mol. Cell. Biol.
11:5767-5780.

26. Hemmings, B. A., C. Adams-Pearson, F. Maurer, P. Muller, J.
Goris, W. Merlevede, J. Hofsteenge, and S. R. Stone. 1990.
Alpha and beta-forms of the 65-kDa subunit of protein phos-
phatase 2A have a similar 39 amino acid repeating structure.
Biochemistry 29:3166-3173.

27. Imaoka, T., M. Imazu, H. Usui, N. Kinohara, and M. Takeda.
1983. Resolution and reassociation of three distinct components
from pig heart phosphoprotein phosphatase. J. Biol. Chem.
258:1526-1535.

28. Jog, P., B. Joshi, V. Dhamankar, M. J. Imperiale, J. Rutila, and
K. Rundeil. 1990. Mutational analysis of simian virus 40 small-t
antigen. J. Virol. 64:2895-2900.

29. Joshi, B., and KL RundeUl. 1990. Association of the simian virus
40 small-t antigen with the 61-kilodalton components of a
cellular protein complex. J. Virol. 64:5649-5651.

30. Kamibayashi, C., R. Estes, C. Slaughter, and M. C. Mumby.
1991. Subunit interactions control protein phosphatase 2A. J.
Biol. Chem. 266:13251-13260.

31. Kamibayashi, C., R. L. Lickteig, R. Estes, G. Walter, and M. C.
Mumby. Expression of the A subunit of protein phosphatase 2A
and characterization of its interactions with the catalytic and
regulatory subunits. J. Biol. Chem., in press.

32. Kaplan, D. R., M. Whitman, B. Schaflhausen, D. C. Pallas, M.
White, L Cantley, and T. M. Roberts. 1987. Common elements

in growth factor stimulation and oncogenic transformation: 85
kd phosphoprotein and phosphatidylinositol kinase activity.
Cell 50:1021-1029.

33. Kinoshita, N., H. Ohkura, and M. Yanagida. 1990. Distinct,
essential roles of type 1 and 2A protein phosphatases in the
control of the fission yeast cell division cycle. Cell 63:405-415.

34. Kitagawa, Y., R. Sakai, T. Tahira, H. Tsuda, N. Ito, T.
Sugimura, and M. Nagao. 1988. Molecular cloning of rat phos-
phoprotein phosphatase 2AP cDNA and increased expressions
of phosphatase 2Aa and 2A, in rat liver tumors. Biochem.
Biophys. Res. Commun. 157:821-827.

35. Koch, W., A. Carbone, and G. Walter. 1986. Purified polyoma-
virus medium T antigen has tyrosine-specific protein kinase
activity but no significant phosphatidylinositol kinase activity.
Mol. Cell. Biol. 6:1866-1874.

36. Kornbluth, S., M. Sudol, and H. Hanafusa. 1987. Association of
the polyoma virus middle-T antigen with c-yes protein. Nature
(London) 325:171-173.

37. Kozak, M. 1989. The scanning model for translation: an update.
J. Cell Biol. 108:229-241.

38. Kunkel, T. A. 1985. Rapid and efficient site-specific mutagenesis
without phenotypic selection. Proc. Natl. Acad. Sci. USA
82:488-492.

39. Kypta, R. M., A. Hemmings, and S. A. Courtneidge. 1988.
Identification and characterization of p59's" (a src-like protein
tyrosine kinase) in normal and polyoma virus transformed cells.
EMBO J. 7:3837-3844.

40. Lane, D. P., and L. V. Crawford. 1979. T-antigen is bound to a
host protein in SV40-transformed cells. Nature (London) 278:
261-263.

41. Lee, T. H., M. J. Solomon, M. C. Mumby, and M. W. KLrschner.
1991. INH, a negative regulator of MPF, is a form of protein
phosphatase 2A. Cell 64:415-423.

42. Linzer, D. I. H., and A. J. Levine. 1979. Characterization of a 54
kilodalton cellular SV40 tumor antigen present in SV40 trans-
formed cells and uninfected embryonal carcinoma cells. Cell
17:43-52.

43. Martens, I., S. A. Nilsson, S. Under, and G. Magnusson. 1989.
Mutational analysis of polyomavirus small-T-antigen functions
in productive infection and in transformation. J. Virol. 63:2126-
2133.

44. Matsuura, Y., R. D. Possee, H. A. Overton, and D. H. L. Bishop.
1987. Baculovirus expression vectors: the requirements for high
level expression of proteins, including glycoproteins. J. Gen.
Virol. 68:1233-1250.

45. Mayer, R. E., P. Hendrix, P. Cron, R. Matthies, S. R. Stone, J.
Goris, W. Merievede, J. Hofsteenge, and B. A. Hemmings. 1991.
Structure of the 55-kDa regulatory subunit of protein phos-
phatase 2A: evidence for a neuronal-specific isoform. Biochem-
istry 30:3589-3597.

46. Mumby, M. C., and G. Walter. 1991. Protein phosphatases and
DNA tumor viruses: transformation through the back door? Cell
Regul. 2:589-598.

47. Nilsson, S. V., and G. Magnusson. 1983. T-antigen expression by
polyoma mutants with modified RNA splicing. EMBO J.
2:2095-2101.

48. Ogris, E., I. Mudrak, and E. Wintersberger. 1992. Polyomavirus
large and small T antigens cooperate in induction of the S phase
in serum-starved 3T3 mouse fibroblasts. J. Virol. 66:53-61.

49. Pallas, D., W. Weller, S. Jaspers, T. B. Miller, W. S. Lane, and
T. M. Roberts. 1992. The third subunit of protein phosphatase
2A (PP2A), a 55-kilodalton protein which is apparently substi-
tuted for by T antigens in complexes with the 36- and 63-
kilodalton PP2A subunits, bears little resemblance to T anti-
gens. J. Virol. 66:886-893.

50. Pailas, D. C., V. Chenngton, W. Morgan, J. DeAnda, D. Kaplan,
B. Schaffhausen, and T. M. Roberts. 1988. Cellular proteins that
associate with the middle and small T antigens of polyomavirus.
J. Virol. 62:3934-3940.

51. Pallas, D. C., L. K Shahrik, B. L. Martin, S. Jaspers, T. B.
Miller, D. L. Brautigan, and T. M. Roberts. 1990. Polyoma small
and middle T antigens and SV40 small t antigen form stable
complexes with protein phosphatase 2A. Cell 60:167-176.

VOL. 12, 1992



4882 RUEDIGER ET AL.

52. Pato, M. D., and E. Kerc. 1986. Limited proteolytic digestion
and dissociation of smooth muscle phosphatase-1 modifies its
substrate specificity. J. Biol. Chem. 261:3770-3774.

53. Pen, J., G. W. Welling, and S. Welling-Wester. 1989. An efficient
procedure for the isolation of recombinant baculovirus. Nucleic
Acids Res. 17:451.

54. Ruediger, R., J. E. van Wart Hood, M. Mumby, and G. Walter.
1991. Constant expression and activity of protein phosphatase
2A in synchronized cells. Mol. Cell. Biol. 11:4282-4285.

55. Rundell, K. 1987. Complete interaction of cellular 56,000- and
32,000-Mr proteins with simian virus 40 small-t antigen in
productively infected cells. J. Virol. 61:1240-1243.

55a.Rundell, K. Personal communication.
56. Rundeli, K., E. 0. Major, and M. Lampert. 1981. Association of

cellular 56,000- and 32,000-molecular-weight proteins with BK
virus and polyomavirus t antigens. J. Virol. 37:1090-1093.

57. Russell, P., and P. Nurse. 1986. cdc25+ functions as an inducer
in the mitotic control of fission yeast. Cell 45:145-153.

58. Sakai, R., and I. Ikeda. 1989. Flat reversion by okadaic acid of
raf and ret-II transformants. Proc. Natl. Acad. Sci. USA
86:9946-9950.

59. Schaffhausen, B. S., B. J. Bockus, K. L. Berkner, D. Kaplan, and
T. M. Roberts. 1987. Characterization of middle T antigen
expressed by using an adenovirus expression system. J. Virol.
61:1221-1225.

60. Schaffhausen, B. S., J. E. Silver, and T. L. Benjamin. 1978.
Tumor antigen(s) in cells productively infected by wild-type
polyoma virus and mutant NG-18. Proc. Natl. Acad. Sci. USA
75:79-83.

61. Scheidtmann, K. H., M. C. Mumby, K. Rundell, and G. Walter.
1991. Dephosphorylation of simian virus large T antigen and p53
protein by protein phosphatase 2A: inhibition by small T anti-
gen. Mol. Cell. Biol. 11:1996-2003.

62. Scheidtmann, K. H., M. C. Mumby, D. M. Virshup, and T. J.
Kelly. 1991. Protein phosphatase 2A dephosphorylates simian
virus 40 large T antigen specifically at residues involved in
regulation of DNA-binding activity. J. Virol. 65:2098-2101.

63. Shenolikar, S., and A. C. Nairn. 1991. Protein phosphatases:
recent progress. Adv. Second Messenger Phosphoprotein Res.
23:1-121.

64. Silver, J. E., B. S. Schaffhausen, and T. L. Benjamin. 1978.
Tumor antigens induced by nontransforming mutants of poly-
oma virus. Cell 15:485-496.

65. Sola, M. M., T. Langan, and P. Cohen. 1991. p34cdc2 phosphor-
ylation sites in histone Hi are dephosphorylated by protein
phosphatase 2A1. Biochim. Biophys. Acta 1094:211-216.

66. Stone, S. R., J. Hofsteenge, and B. A. Hemmings. 1987. Molec-
ular cloning of cDNAs encoding two isoforms of the catalytic
subunit of protein phosphatase 2A. Biochemistry 26:7215-7220.

67. Suganuma, M., H. Fujiki, H. Suguri, S. Yoshizawa, M. Hirota,
M. Nakayasu, M. Ohika, K. Wakamatsu, K. Yamada, and T.
Sugimura. 1988. Okadaic acid: an additional non-phorbol-12-
tetradecanoate-13-acetate-type tumor promoter. Proc. Natl.
Acad. Sci. USA 85:1768-1771.

68. Virshup, D. M., M. G. Kauffman, and T. J. Kelly. 1989.
Activation of SV40 DNA replication in vitro by cellular protein
phosphatase 2A. EMBO J. 8:3891-3898.

69. Walter, G. 1986. Production and use of antibodies against
synthetic peptides. J. Immunol. Methods 88:149-161.

70. Walter, G., A. Carbone, and W. J. Welch. 1987. Medium tumor
antigen of polyomavirus transformation-defective mutant NG59
is associated with 73-kilodalton heat shock protein. J. Virol.
61:405-410.

71. Walter, G., A. Carbone-Wiley, B. Joshi, and K. Rundell. 1988.
Homologous cellular proteins associated with simian virus 40
small T antigen and polyomavirus medium T antigen. J. Virol.
62:4760-4762.

72. Walter, G., F. Ferre, 0. Espiritu, and A. Carbone-Wiley. 1989.
Molecular cloning and sequence of cDNA encoding polyoma
medium tumor antigen-associated 61-kDa protein. Proc. Natl.
Acad. Sci. USA 86:8669-8672.

72a.Walter, G., and M. Mumby. Unpublished data.
73. Walter, G., R. Ruediger, C. Slaughter, and M. Mumby. 1990.

Association of protein phosphatase 2A with polyoma virus
medium tumor antigen. Proc. Natl. Acad. Sci. USA 87:2521-
2525.

74. Yamashita, K., H. Yasuda, J. Pines, K. Yasumoto, H. Nishitani,
M. Ohtsubo, T. Hunter, T. Sugimura, and T. Nishimoto. 1990.
Okadaic acid, a potent inhibitor of type 1 and type 2A protein
phosphatases, activates cdc2/H1 kinase and transiently induces
a premature mitosis-like state in BHK21 cells. EMBO J. 9:4331-
4338.

75. Yang, S.-I., R. L. Lickteig, R. Estes, K. Rundell, G. Walter, and
M. C. Mumby. 1991. Control of protein phosphatase 2A by
simian virus 40 small-t antigen. Mol. Cell. Biol. 11:1988-1995.

76. Yang, Y.-C., P. Hearing, and K. Rundell. 1979. Cellular proteins
associated with simian virus 40 early gene products in newly
infected cells. J. Virol. 32:147-154.

77. Zhu, Z., G. M. Veldman, A. Cowie, A. Carr, B. Schaffhausen,
and R. Kamen. 1984. Construction and functional characteriza-
tion of polyomavirus genomes that separately encode the three
early proteins. J. Virol. 51:170-180.

MOL. CELL. BIOL.


