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Interaction between the heterodimeric form of protein phosphatase 2A (PP2A) and polyomavirus middle T
antigen (MT) is required for the subsequent assembly of a transformation-competent MT complex. To
investigate the role of PP2A catalytic activity in MT complex formation, we undertook a mutational analysis
of the PP2A 36-kDa catalytic C subunit. Several residues likely to be involved in the dephosphorylation
mechanism were identified and mutated. The resultant catalytically inactive C subunit mutants were then
analyzed for their ability to associate with a cellular (B subunit) or a viral (MT) B-type subunit. Strikingly,
while all of the inactive mutants were severely impaired in their interaction with B subunit, most of these
mutants formed complexes with polyomavirus MT. These findings indicate a potential role for these catalyt-
ically important residues in complex formation with cellular B subunit, but not in complex formation with MT.
Transformation-competent MT is known to associate with, and modulate the activity of, several cellular
proteins, including pp60°~" family kinases. To determine whether association of MT with an active PP2A A-C
heterodimer is necessary for subsequent association with pp60°*, catalytically inactive C subunits were
examined for their ability to form complexes containing pp60“*™ in MT-expressing cells. Two catalytically
inactive C subunit mutants that efficiently formed complexes with MT also formed complexes that included an
active pp60°*" kinase, demonstrating that PP2A activity is not essential in cis in MT complexes for subsequent

pp60°"¢ association.

The early region of polyomavirus encodes three tumor (T)
antigens. Of these, only the middle T antigen (MT) is neces-
sary and sufficient to transform rodent fibroblasts. MT achieves
its oncogenic potential by binding cellular proteins and mod-
ulating their activities (25). The known cellular binding part-
ners of MT are the 36-kDa catalytic (C) and the 63-kDa con-
stant regulatory (A) subunits of the serine/threonine protein
phosphatase, PP2A (54, 69); the Src family tyrosine kinases
pp60°7© (21), pp62°>** (37), and pp59°#” (15, 33); the 85-kDa
regulatory subunit of phosphatidylinositol (PI) 3-kinase (20,
35, 49); Shc (10, 26), Grb2 (indirectly via Shc) (10, 26); 14-3-3
proteins (51); phospholipase Cyl (PLCyl) (65), and the 70-
kDa heat shock proteins (Hsp70s) (52).

MT sequences involved in binding associated proteins have
been identified through detailed mutational analysis. A portion
of the N-terminal region of MT, for example, is homologous to
the J domain of DnaJ-Hsp40 molecular chaperones and me-
diates the interaction with Hsp70s (7a, 9). Hsp70s only bind
MT that is not bound by PP2A, probably due to overlapping
binding sites. The role, if any, of Hsp70s in MT function is
unknown. The regions of MT necessary for association of MT
with the heterodimeric A-C core of PP2A include the extreme
amino terminus of MT, two cysteine motifs located down-
stream of the J domain, and another region proximal to resi-
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due 179 (defined by the MT mutant, NG59) (references 8, 11,
19, 30, and 50 and references therein). PP2A binding to MT is
essential for MT’s transformation competence. More recently,
a region important for the binding of Src family tyrosine ki-
nases has been mapped to a more distal region between amino
acids 185 and 210 (7). Part of the functional consequence of
MT complex formation with pp60“™* is the constitutive acti-
vation of this kinase and the phosphorylation of certain resi-
dues on MT, tyrosines 250, 315, and 322, which are located in
specific recognition motifs. These phosphorylated motifs serve
as docking sites for the signaling molecules, Shc (10, 26), PI
3-kinase (66), and PLCyl (65), respectively, which bind via
their phosphotyrosine binding (PTB; Shc) or Src homology 2
(SH2, PI 3-kinase and PLCy1) domains. Abrogation of Shc or
PI 3-kinase binding to MT greatly impairs MT’s transforma-
tion ability, while the binding of PLCy1 to MT seems to be of
less importance (59, 65). The interaction of 14-3-3 with MT
requires phosphorylation of a serine at position 257 in MT,
which resembles the putative RSXSXP binding motif of 14-3-3
proteins (22, 45, 60). Its association with MT is independent of
pp60°"¢ activation (50, 51). The functional consequences of
the MT-14-3-3 interaction are not yet fully understood, but
loss of 14-3-3 binding does not abrogate MT-mediated trans-
formation (22).

Although several MT-associated proteins (PP2A, 14-3-3
proteins, and Hsp70s) appear to bind to MT independently,
others, such as pp60°**, Shc, PI 3-kinase, and PLCy1, bind in
a manner dependent on the complex formation of MT with
another associated protein. For example, loss of PP2A binding
always results in the loss of pp60°* binding, although pp60°*"
binding to MT can be disrupted without loss of PP2A (7). Loss
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of pp60°** binding to MT prevents the association of Shc (and
Grb2), PI 3-kinase, and PLCy1 even though MT mutants de-
fective in Shc (10, 26), PI 3-kinase (66), and PLCy1 (65) exist
that have wild-type (wt) levels of pp60°*"* bound and activated.
To explain these data, we previously proposed a model for the
ordered assembly of certain components of the MT complex
(8). In this model, PP2A association with MT is required for
pp60“* association to occur. Subsequent phosphorylation of
MT on tyrosines 250, 315, and 322 by an activated Src kinase
then provides binding sites for Shc, the PI 3-kinase 85-kDa
subunit, and PLCyl, respectively. In addition, once bound to
MT, PI 3-kinase, Shc, and PLCy1 become phosphorylated on
tyrosine, presumably by an activated Src kinase, activating sig-
naling through these molecules. Although the dependency of
She, PI 3-kinase, and PLCy1 binding to MT on pp60°* bind-
ing is readily understandable, the molecular basis for associa-
tion of PP2A with MT being critical for further MT complex
assembly is less so. In particular, it is not known whether PP2A
plays a structural, nonenzymatic role in complex assembly or
whether there is an undefined role for PP2A activity in this
assembly.

Some data suggest that PP2A may play a role in regulating
the phosphorylation of MT in vivo. Incubation of MT-express-
ing cells with okadaic acid, which preferentially inhibits PP2A
in vivo (28), enhanced the phosphorylation status of wild-type
MT and, to an even greater extent, that of an MT mutant,
NG59, which is unable to bind PP2A (68). MT is known to be
phosphorylated on serine 257 (22) and on other unidentified
serine(s) and threonine(s). A particular 58-kDa phosphory-
lated form of MT seems to preferentially interact with pp60°~*"
(43). Thus, the possibility exists that PP2A activity regulates
pp60°* association via modulation of the phosphorylation
status of MT.

In addition to playing a role in the assembly of the MT
signaling complex, PP2A bound to MT may have other func-
tions in the MT complex. A long-standing question concerns
whether MT-bound PP2A phosphotyrosyl phosphatase activity
(2, 14) contributes to the activation of the MT-associated ki-
nase, pp60°, which, in the MT complex, lacks an inhibitory
phosphorylation on tyrosine 527 (13). In addition, although in
vitro experiments have shown that incubation with PP2A can
reactivate serine 608-autophosphorylated PI 3-kinase p85 sub-
unit (24), there is no evidence yet that this activating dephos-
phorylation takes place in the MT complex. Therefore, the role
of the PP2A catalytic activity in the MT complex has yet to be
defined.

wt PP2A consists of a heterodimer between the C subunit
and the A subunit, which can further associate with one of
several variable regulatory B-type subunits (17). Association
with the regulatory subunits seems to confer substrate speci-
ficity on the catalytic subunit. For example, the 55-kDa B
subunit increases the activity of the A-C heterodimer up to
100-fold towards cdc2-phosphorylated histone H1 (1, 29, 44,
62). In cells stably expressing MT, an estimated 10% of total
cellular PP2A is found complexed to MT (32a, 68). Although
MT appears to substitute for the B subunit in a portion of
heterotrimeric PP2A complexes and is thus considered a viral
B-type subunit, MT-associated PP2A has altered enzymatic
properties compared to the wt holoenzyme (14, 47). Neverthe-
less, the consequences of the MT-induced changes in PP2A on
a biochemical level are poorly understood, in part because
relevant in vivo substrates need to be identified.

To investigate the role of PP2A activity in the assembly and
functioning of the MT signaling complex, we undertook a mu-
tational analysis of the PP2A C subunit, focusing on residues
potentially involved in catalysis. The effects of these mutations
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on PP2A activity and subunit composition were examined.
Individual mutation of certain invariant amino acids abolished
the catalytic activity of the PP2A C subunit without disrupting
complex formation with the A subunit. Interestingly, PP2A
A-C heterodimers containing these mutant C subunits showed
a severe reduction in B subunit binding, while association with
polyomavirus MT was either unaffected or less affected. Sim-
ilarly, an active PP2A in complex with MT did not appear to be
essential for subsequent pp60“™“ association and activation
because two of the catalytically inactive C subunit mutants
were found in MT complexes containing activated pp60“".

MATERIALS AND METHODS

Plasmids and mutagenesis. Sequence comparison was performed with Laser-
gene software (DNASTAR). The generation of pGRES-2 vector constructs ex-
pressing the H59Q and H118Q mutants is described elsewhere (46). The con-
struction of a pcDNA I Amp vector expressing hemagglutinin (HA)-tagged wt
PP2A C subunit has been previously described (47). Site-directed mutagenesis
was performed on C subunit cDNA cloned in pcDNA I Amp vector according to
the manufacturer’s instructions with the Muta-Gene phagemid in vitro-mutagen-
esis kit (Bio-Rad). The following single-stranded oligonucleotides containing the
desired nucleotide change were used in the mutagenesis reactions: D57N, 5’
GTCTGTGGAAATGTGCATG 3'; D85N, 5" TTTATGGGAAATTATGTTG
3’; and R89A, 5" TTATGTTGACGCAGGATATTAT 3'. The entire cDNA of
every mutant was sequenced to confirm successful mutagenesis and to ensure
that no additional mutation had occurred. Mutant and wt C subunit cDNAs,
including the epitope tag sequence, were cloned into the dexamethasone-induc-
ible vector pGRE 5-2 (41). An inducible vector was chosen in order to minimize
the potential deleterious effects of wt and mutant C subunits (if any) while lines
were being carried in culture and to provide an uninduced control in analyses of
their effects.

Cells and cell culture. NIH 3T3 lines expressing wt polyomavirus MT and a
geneticin resistance gene (16) were transfected by the calcium phosphate pre-
cipitation method (58). Twenty micrograms of pGRES5-2 vector only or vector
containing wt or mutant C subunits was cotransfected together with 2 pg of a
plasmid conferring resistance to hygromycin B. The selection medium contained
200 to 300 pg of hygromycin B/ml and 400 pg of geneticin/ml. After 14 days, cell
clones were pooled and expanded to mass cultures. After 24 h of induction with
25 mM dexamethasone, the pooled clones were tested for expression of epitope-
tagged protein by immunoblotting with 12CAS antibody. Cell lines producing the
recombinant protein were maintained at 37°C in Dulbecco’s modified Eagle’s
medium-10% calf serum containing hygromycin B and geneticin. All C subunits
were expressed at 10 to 50% of the level of endogenous wt C subunit. Of note,
basal levels were substantial, with very little induction in the presence of dexa-
methasone. Therefore all experiments presented in this paper were carried out
without the addition of dexamethasone.

Immunoprecipitations, immunoblotting, and in vitro kinase assays. The de-
tails of preparation of cell lysates and immunoprecipitation of C subunits with
12CAS antibody cross-linked to protein A-Sepharose beads have been described
previously (47). Control, vector-only cell lysate was used in an amount equal to
that required for the C subunit cell line expressing the lowest level of C subunit.
After being washed, the immune complexes were in most cases split into three
parts. One part was analyzed by sodium dodecyl sulfate-10% polyacrylamide gel
electrophoresis (SDS-10% PAGE) (38), while the others were tested for phos-
phatase activity towards two different PP2A substrates (phosphorylase a and
Histone H1). However, in cases where immune complexes were also analyzed for
associated kinase activity, immune complexes were divided into four parts. Im-
munoblotting (67) was performed with mouse monoclonal anti-HA tag antibody
(16B12; 1:5,000; BAbCo), rabbit anti-B subunit (no. 16) and anti-A subunit
(R39) antibodies from our laboratory (1:5,000), mouse monoclonal anti-MT
antibody (F4; supernatant diluted 1:40) (53), mouse monoclonal anti-phospho-
tyrosine antibody (4G10), mouse monoclonal anti-pp60°*™ antibody 327 (ascites
diluted 1:6,000) (39), rabbit anti-Shc antibody (1:2,500; Upstate Biotechnology
Inc.), and anti-PI 3-kinase antibody (1:2,000; Upstate Biotechnology Inc.). Im-
munoblots were developed with enhanced chemiluminescence (NEN). Kinase
activity present in the anti-epitope tag immunoprecipitates was assayed by incu-
bating the immunoprecipitates in 30 pl of kinase buffer (50 mM Tris-HCI [pH
7.5], 10 mM MnCl,) containing 10 p.Ci of [y-*>P]JATP. The assay mixtures were
incubated for 20 min at room temperature with occasional shaking. After the
supernatant was removed, the immune complexes were washed once with kinase
buffer and then heated for 3 min at 95°C in sample buffer and analyzed by
SDS-10% PAGE.

Phosphatase assays. Phosphatase activity present in anti-epitope tag immu-
noprecipitates was assayed with phosphorylase a and histone H1. y-3?P-labeled
phosphorylase a substrate was prepared from phosphorylase b (Gibco-BRL)
according to the manufacturer’s instructions. Histone H1 was phosphorylated by
mitotic p34°?? purified from nocodazole-arrested HeLa cells as described pre-
viously (44). The amounts of lysates used for immunoprecipitation were normal-
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Single
Mutations 57 59 85 89 118
Introduced NQ N A Q
H.sap.PP2a 54 vCGDVHGOFHDLMELFRIGGKSPDTNYLF.MGDYVDRGYYSVETV. . ..o oo e .. .. TLLVALKVRYRERITILRGNHESR 121
S.cer.PP2A 114 ICGDVHGQFHDLLELFKIGGPCPDTNYLF.MGDYVDRGYYSVETV. ..o vee e eeenann.. SYLVAMEVRYPHRITILRGNHESR 181
H.sap.PP1 61 ICGDIHGQYYDLLRLFEYGGFPPESNYLF.LGDYVDRGKQSLETT. . oo voe e oeeennnn. CLLLAYKIKYPENFFLLRGNHECA 128
S.cer.PPl 60 ICGDIHGQYYDLIRLFEYGGFPPESNYLF.LGDYVDRGKQSLETI. . . ovvnveeernnn... CLLLAYKIFYPENFFILRGNHECA 127
H.sap.PP2B 96 VCGDIHGQFFDLMKLFEVGGSPANTRYLF. LGDYVDRGYFSIEHVLGTEDIS INPHNNINECVLYLWVLKILYPSTLFLLRGNHECR 181
S.cer.PP2B 116 ICGDIHGQYYDLLKLFEVGGDPAEIDYLF. LGDYVDRGAFSFE. ... .vvveeeenn... CLIYLYSLKLNNLGRFWMLRGNHECK 183
PP-lambda 17 VWWGDLHGCYTNLMNKLDTIGFDNK¥DLLISVGDLVDRG. . ....... AENV......... ECL EL....ITFP.WFRAVRGNHEqQu 79
Phosphoesterase DxH------- (~25) ——=~=-=~ GDxxD-=-=-=-=-———————===~ (~25) —————==o - GNHD/E

signature motif

FIG. 1. Sequence alignment of the catalytic domains of representative PPP family members to identify conserved residues. Sequences of three examples of the major
PPP family members from two different species (Homo sapiens [H.sap.] and Saccharomyces cerevisiae [S.cer.]) and, in addition, the sequence of a related phosphatase
from bacteriophage N (PP-lambda) were aligned with DNASTAR Lasergene sofware. Shown is a portion of the alignment containing the phosphatase domains
(sequences containing the phosphoesterase signature motif), with amino acids displayed in the single-letter code. The numbers to the left and right of each sequence
indicate the position within the full-length sequence. H.sap.PP2A is the human PP2A « catalytic subunit (SwissProt accession no., P05323 and P13197) (3, 64).
S.cer.PP2A is encoded by the S. cerevisiae gene PPH21 (SwissProt accession no., P23594) (55, 61). H.sap.PP1 is the human protein phosphatase 1 alphal catalytic subunit
(SwissProt accession no., P08129, P22802, and P20653) (4, 63). S.cer.PP1 is the protein phosphatase 1 catalytic subunit encoded by the S. cerevisiae gene GLC7
(SwissProt accession no., P32598) (48). H.sap.PP2B is the human protein phosphatase 2B catalytic subunit 1 (SwissProt accession no., P16298) (32). S.cer.PP2B is the
protein phosphatase 2B catalytic subunit Al encoded by the S. cerevisiae gene CNAI (SwissProt accession no., P23287) (23, 40). PP-lambda is the gene product of the
bacteriophage \ orf 221 (SwissProt accession no., P03772) (18). Invariant residues are shown in boldface with an increased font size. The phosphoesterase signature
motif as it was defined by Zhuo et al. (71) is shown below the alignments. Single-amino-acid substitutions present in the human PP2A « catalytic subunit mutants used
for this study are shown above the corresponding amino acids of the wt sequence (arrows). The position of each substitution is indicated by the number above the

substituted amino acid.

ized according to epitope-tagged C subunit expression levels. Assays were per-
formed at a linear range and with subsaturating amounts of each substrate.

RESULTS

Identification of catalytically important residues in the
PP2A C subunit. To study the role of PP2A catalytic activity in
the MT complex, C subunit residues potentially involved in
catalysis first had to be identified. For this purpose, we aligned
PP2A C subunit sequences with sequences of related serine/
threonine phosphatases. This alignment (Fig. 1) revealed a
limited number of invariant or highly conserved residues (5),
suggesting a common catalytic mechanism. Based on this align-
ment, we targeted two invariant histidines, H59 and H118, for
mutagenesis (46). During the course of our study, Zhuo and
coworkers defined a motif which appears to be necessary for
the catalytic mechanism of a variety of enzymes involved in the
hydrolysis of phosphate esters (71). The crystal structures of
PP1 and PP2B, published shortly thereafter, confirmed the
existence of this conserved phosphoesterase signature motif in
these enzymes and, in addition, identified it as a metallophos-
phoesterase motif (27, 31, 36). The consensus sequence of the
motif is shown in Fig. 1. The residue after the second D in the
GDXXD is an arginine (R) in all serine/threonine phospha-
tases cloned to date. These results, taken together with data
from the mutational analysis of bacteriophage \ phosphatase
and PP1, suggested that many of the invariant residues were
located at the active site, participating in metal ion binding,
substrate binding, and catalysis (70). Based on this informa-
tion, we chose to mutate three of the other absolutely con-
served residues, D57, D85, and R89.

Using site-directed mutagenesis, we individually substituted
these amino acids in the predicted catalytic core of the PP2A
C subunit (Fig. 1). “Safe” substitutions least likely to disturb
the overall structure of the active site were chosen (6). Two of
these mutants, H59Q and H118Q, were used in a separate
study and therefore are described elsewhere (46). However,
activity and subunit binding data for these mutants are also

presented in this study to allow comparison with the additional
mutants reported here.

To test the mutated C subunits for stability and catalytic
activity, HA epitope-tagged wt and mutant C subunits were
cloned into the eukaryotic expression vector pGRES-2 and
then stably introduced into MT-expressing NIH 3T3 cells.
Epitope tagging allows the recombinant C subunits to be dis-
tinguished from the intracellular enzyme. In addition, as we
have shown previously, trimeric cellular and viral PP2A com-
plexes can be coimmunoprecipitated via the epitope tag (47).
Western blots of whole-cell lysates from the transfected cells,
probed with the anti-epitope tag antibody, showed that pooled
cell clones of wt and mutant C subunits expressed stable pro-
teins (data not shown). The mutant R89A consistently mi-
grated more slowly in SDS-PAGE than the other mutants or wt
C subunit. Sequencing of the full-length cDNA confirmed that
the observed mobility shift was not caused by any mutation
other than the one which was intentionally introduced.

Phosphatase assays were performed on epitope tag immu-
noprecipitates of recombinant wt and mutant C subunits with
phosphorylase a and histone H1 as substrates. Similar amounts
of immunoprecipitated wt and mutant C subunits (D57N,
H59Q, D85N, R89A, and H118Q) were compared (Fig. 2,
bottom). All mutants displayed activity levels similar to that
seen with immunoprecipitates from vector control cells which
did not express any recombinant C subunits (Fig. 2, top). In-
terestingly, mutation of several amino acids conserved in all
PPP family members but not in N phosphatase (Ser93 and
Ser171), or of even less conserved residues (His63, Ser75, and
Cys165), resulted in only a partial loss or no loss of catalytic
activity (data not shown). Thus, the loss of activity seemed to
correlate well with the predicted roles and the degree of con-
servation of the mutated residues.

Mutations that inactivate C subunit affect its ability to form
B subunit-containing, but not MT-containing, complexes in
vivo. To exclude the possibility that the loss of catalytic activity
was due to severe structural changes of the mutant C subunits,
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FIG. 2. Analysis of the phosphatase activity in immunoprecipitates of
epitope-tagged wild-type and mutant C subunits. Lysates of cell lines expressing
the control vector (GREonly) or epitope-tagged wt (wt-36) or mutant C subunits
were immunoprecipitated with 12CAS5 antibody. After being washed, the immu-
noprecipitates were split into three parts and analyzed by SDS-PAGE and
immunoblotting or tested for catalytic activity towards phosphorylase a and
cdc2-phosphorylated histone H1 as substrates. The C subunit mutants are re-
ferred to by the mutated position preceded by the wt residue and followed by the
introduced amino acid. The immunoblot below the graph shows that comparable
amounts of immunoprecipitated wt and mutant C subunits were tested for
catalytic activities. This anti-epitope tag antibody immunoblot of anti-epitope tag
C subunit immunoprecipitates was generated from one of the four experiments
used for the determination of the phosphatase activities and is representative of
the other blots. Phosphatase activities of the vector control and mutant C subunit
immunoprecipitates are presented below the graph as percentages of the activity
obtained for immunoprecipitated wt C subunit. The mean values * standard
deviations of four independent experiments are depicted in column graphs. The
data for H59Q and H118Q are from Ogris et al. (46). The values obtained for the
vector control, GREonly, are most likely due to nonspecific binding of endoge-
nous phosphatases from the cell lysates.

we analyzed the abilities of these mutants to form a hetero-
dimer with the A subunit. Anti-epitope tag immunoprecipitates
from MT-transformed NIH 3T3 cells expressing epitope-
tagged wt and inactive C subunits were probed by immuno-
blotting for the presence of A subunit (Fig. 3). Three of the five
inactive mutants, H59Q, D85N, and R89A, were able to com-
plex with substantial amounts of A subunit, while two, DS7N
and H118Q, were impaired in binding, although small amounts
of A subunit could be repeatedly immunoprecipitated with
these mutants (data not shown). In addition, H118Q, for un-
known reasons, demonstrated substantial variability in binding
A subunit, at times associating at higher levels (data not
shown). The fact that H59Q, D85N, and R89A bind substantial
amounts of A subunit suggests that these mutants fold prop-
erly. Therefore, the loss of catalytic activity caused by these
mutations indicates a direct role for these residues in catalysis.
Given that DS7N and H118Q also bind some A subunit yet
show no activity, these residues likewise probably play more
than a structural role in PP2A activity.

MT-expressing NIH 3T3 cells allow the simultaneous study
of the ability of the A-C heterodimer to complex with cellular
B subunit or with MT (47). MT is produced at a low level
(~10%) relative to PP2A in these cells, and therefore, trimeric
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FIG. 3. Complex formation of mutant PP2A C subunits with cellular and
viral PP2A regulatory subunits and with pp60°*". Lysates of cell lines expressing
the control vector (GREonly) or epitope-tagged wt (wt-36) or mutant C subunits
(see Fig. 2 for nomenclature) were immunoprecipitated with 12CAS5 antibody
and analyzed by SDS-PAGE and immunoblotting. The Western blot was sequen-
tially probed with antibodies recognizing the epitope-tagged C subunit, A sub-
unit, B subunit, polyomavirus MT (PYMT), and pp60*" (c-src). Two different
exposures (exp.) of the MT panel are shown. MT in complex with wt and inactive
C subunits migrates as a doublet in SDS-PAGE, although the relative abundance
of the two bands varies depending on the particular C subunit. The altered
migration of the R89A mutant C subunit in SDS-PAGE was constantly seen and
seems to be due to the substitution of the R, since several other amino acid
changes at this position caused the same effect (data not shown). In the A subunit
panel, background signal from bovine serum albumin (BSA), which was used for
preblocking of the protein A-Sepharose beads, is indicated with brackets. The
data shown are representative of results obtained from four independent exper-
iments.

PP2A complexes containing B subunit and MT exist within the
same cell (47). To test if the catalytically inactive C subunit
mutants are able to form PP2A complexes containing MT or B
subunit, anti-epitope tag C subunit immunoprecipitates were
also probed for the presence of B subunit and MT (Fig. 3).
While all of the catalytically inactive mutants that still effi-
ciently formed a complex with the A subunit retained the
ability to complex with polyomavirus MT, they were all se-
verely impaired in binding to the B subunit. The mutants D57N
and H118Q were impaired in binding of both the cellular B
subunit and MT, most likely due to their decreased ability to
form the heterodimeric A-C core. However, like the other
three mutants that bind A subunit well, D57N shows a more
severe loss of B subunit binding than of MT binding (Fig. 3 and
data not shown). H118Q, on the other hand, shows similar
defects in binding both B subunit and MT. These results sug-
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gest that PP2A catalytic activity or, at a minimum, these par-
ticular active-site residues are important for complex forma-
tion with a cellular B-type subunit but not for complex
formation with the viral B-type subunit, MT.

Interaction with some inactive C subunit mutants leads to a
shift in the ratio of the 56- and 58-kDa forms of MT. MT
predominantly migrates in SDS-PAGE as two major bands, a
more abundant 56-kDa band and a less abundant 58-kDa
band. The 58-kDa form appears to be due to additional serine
phosphorylation (43). Interestingly, MT in complex with cer-
tain inactive C subunit mutants showed a relative increase in
the 58-kDa species compared to MT in complex with wt C
subunit (Fig. 3). The change in the ratio of the two MT bands
was most pronounced for MT in complex with H59Q. In ad-
dition, a smaller change was seen for MT bound to D85N,
while MT bound to R89A demonstrated even less change.
Finally, D57N-associated MT showed no reproducible differ-
ence from wt C subunit-associated MT. The observed differ-
ences among these three mutants was probably not due to
residual PP2A activity, since we were unable to detect activity
for any of the three mutants in multiple experiments.

Inactive C subunit mutants allow assembly of MT-pp6
complexes. Association of MT with pp60“* family tyrosine
kinases and activation of the associated kinase is a necessary
step in MT-transformation. While PP2A interaction with MT
is required for pp60°** binding, the role of PP2A phosphatase
activity in this process is unclear. We therefore tested the
ability of the inactive PP2A mutants to support assembly of an
MT-pp60°*" complex by probing epitope tag immunoprecipi-
tates of each mutant for the presence of pp60°**. For these
experiments, the same blots that were probed for the presence
of C, A, and B subunits and MT were further probed with
antibodies against pp60“* (Fig. 3). As expected, DS7N and
H118Q, the mutants that bound little MT in this experiment,
did not coimmunoprecipitate much pp60°*“. On the other
hand, the inactive mutants D85N and R89A, which bound wt
levels of MT, bound levels of pp60“™ which were at least
comparable with that bound by wt C subunit (Fig. 3 and data
not shown). In fact, D85N consistently bound pp60° at a
level higher than the wt level (data not shown). These results
clearly indicate that PP2A catalytic activity is not essential for the
assembly of an MT-pp60“"¢ complex. Surprisingly, H59Q,
which is competent to interact with A subunit and MT, bound
very little pp60°*". Although the reason for this is not known,
it is interesting to note that this mutant induced the most
pronounced shift in the MT with which it complexed.

PP2A activity does not appear to be necessary in cis for
MT-associated pp60°*“ to be functional. Although catalyti-
cally inactive PP2A can support MT complex formation with
pp60~", it was still possible that the lack of PP2A activity in
these complexes might reduce the activity of the associated
pp60°. As a first test of this possibility, we carried out in vitro
kinase assays on immunoprecipitates of epitope-tagged wt and
inactive mutant C subunits. MT, pp60°*“, and the 85-kDa
subunit of PI 3-kinase, known substrates for the associated
kinase, were examined. As seen in Fig. 4, these proteins were
phosphorylated in the immunoprecipitates of wt C subunit and
of those inactive C subunit mutants which retained the ability
to form MT complexes containing pp60°*“. Thus, the lack of
PP2A activity did not appear to dramatically reduce the activity
of the associated pp60°".

Activated, MT-associated pp60“* is known to phosphory-
late several tyrosine residues in MT which, when phosphory-
lated, serve as docking sites for SH2 or PTB domain-contain-
ing proteins like PI 3-kinase (66) or Shc (10, 26). To determine
if pp60°* in MT complexes containing inactive PP2A was

Oc-src
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FIG. 4. The pp60°* complexed with the catalytically inactive C subunit
mutants, D85N and R89A, is activated similarly to pp60“*" complexed with wt
C subunit. In vitro kinase assays were performed on anti-epitope tag immuno-
precipitates prepared from cell lines expressing the control vector (GREonly) or
epitope-tagged wt (wt-36) or mutant C subunits (see Fig. 2 for nomenclature).
After incubation of the immunoprecipitates with [y->’P]JATP, proteins were
separated by SDS-PAGE and phosphoproteins were visualized by autoradiogra-
phy. The positions of the 43- and 68-kDa markers, pp60“* (c-src), the 85-kDa
subunit of PI 3-kinase (PI3K) and MT (PYMT) are indicated. The data shown
are representative of results obtained from two independent experiments.

functionally active, we investigated whether the MT in these
complexes was tyrosine phosphorylated in vivo and associated
with PI 3-kinase and Shc. Immunoprecipitates of wt C subunit
and of inactive C subunits competent to form MT complexes
containing pp60°*< (D85N and R89A) were sequentially
probed with anti-phosphotyrosine antibodies, anti-Shc anti-
bodies, and anti-p85 PI 3-kinase subunit antibodies. The re-
sults presented in Fig. 5 indicate that MT associated with the
inactive mutants D85N and R89A is indeed phosphorylated on
tyrosine in vivo and associates with both PI 3-kinase and Shc.
Consistent with the increased amount of pp60°** associated
with D85N, this mutant showed a relative increase in phospho-
tyrosine content and Shc-PI 3-kinase binding in vivo. Thus,
D85N- and R89A-associated MTs are most likely phosphory-
lated on Y250 and Y315, the known docking sites of Shc and
PI 3-kinase. Consistent with the fact that H59Q binds almost
no pp60°*, little tyrosine phosphorylation could be detected
in the MT coimmunoprecipitating with this mutant (data not
shown).

DISCUSSION

In an MT-transformed cell, nearly all of the MT binds to the
heterodimeric A-C form of PP2A (54), occupying an estimated
1/10 of the total PP2A in the cell (32a, 68). A fraction of these
complexes further associate with pp60°*" family kinases, and a
portion of these complexes in turn are phosphorylated to dif-
ferent extents on three tyrosines, facilitating the recruitment of
PI 3-kinase, Shc, and PLCy1, leading to the final MT signaling
complex(es) known to be essential for MT-mediated transfor-
mation. In this study, we investigated the importance of PP2A
activity for assembly of the MT signaling complex in vivo by
performing an in vivo analysis of PP2A catalytic activity and
subunit composition facilitated by efficient immunoprecipita-
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FIG. 5. The inactive C subunit mutants capable of forming complexes with
MT and pp60“** also associate with Shc and PI 3-kinase. Lysates of cell lines
expressing the control vector (GREonly) or epitope-tagged wt (wt-36) or mutant
C subunits (see Fig. 2 for nomenclature) were immunoprecipitated with 12CAS5
antibody. Only those inactive C subunit mutants which retained the ability to
bind substantial amounts of pp60°*“ were analyzed. The Western blot was
sequentially probed with antibodies recognizing the 85-kDa subunit of PI 3-ki-
nase (PI3K), Shc, phosphotyrosine (the phosphotyrosine-containing MT band
[P-TYR] is indicated), and MT (PYMT). All lanes shown are from the same
experiment and gel, but they were not all originally adjacent. The data shown are
representative of results obtained from three independent experiments.

tion of PP2A complexes via epitope-tagged C subunits (47).
The results are summarized in Table 1. Several PP2A C sub-
unit residues essential for catalysis were identified. These res-
idues, along with one other that was identified in a separate
study (46), were shown to be important for complex formation
with a cellular B-type subunit but not with the viral B-type
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subunit, MT. Most catalytically inactive PP2A C subunits ca-
pable of forming heterodimers with A subunit could also bind
to MT, indicating that these residues, and thus PP2A catalytic
activity, are not necessary for the formation of these com-
plexes. Furthermore, two catalytically inactive C subunit mu-
tants supported the subsequent association of pp60**, PI
3-kinase, and Shc to form what appeared to be fully functional
MT complexes. The pp60“™* in these complexes appeared to
be properly activated; the MT in them was phosphorylated on
tyrosine in vivo, and PI 3-kinase and Shc were associated at wt
levels. Thus, although the association of pp60°*", PI 3-kinase,
and Shc was previously shown to depend on PP2A binding,
PP2A activity, at least in cis, is not required for these associ-
ations.

The functional significance of the dependence of MT-pp60°"
association on PP2A binding is not clear. One possibility is that
this dependence ensures that every MT complex containing
pp60*<, PI 3-kinase, Shc, or PLCy1 will have a molecule of
PP2A bound as well. If this were the case, it would be consis-
tent with the possibility that PP2A regulates other MT-associ-
ated proteins once the complex is formed, something PP2A is
known to do in vitro, at least for PI 3-kinase (12, 24). Our
initial efforts to probe for differences in associated PI 3-kinase
activity between wt C subunit and the inactive mutants com-
petent to form a complete MT complex have been unsuccess-
ful, in large part, perhaps, because only a very small amount of
PI 3-kinase is present in immunoprecipitates of epitope-tagged
wt and mutant C subunits.

Another possibility is that PP2A binding is important for
correct localization of the MT complex (7). MT mutants that
do not bind PP2A but retain the membrane binding sequence
display a dramatically altered subcellular distribution (7). Im-
proper localization of MT not associated with PP2A might
even be the explanation for the lack of pp60°*™ binding seen
for MTs that do not bind PP2A. However, PP2A association
alone is not sufficient for proper localization of MT and sub-
sequent pp60“" association. An intact MT membrane anchor
site is required for membrane localization (42) and for pp60°*"©
binding. Thus, PP2A binding, in combination with an intact
membrane binding sequence, may be important for proper
localization of MT and subsequent association of pp60°.

Several differences between MT-bound PP2A and B sub-
unit-bound PP2A have been found in substrate specificity and
in the determinants in the A-C heterodimer necessary for the
stable association of the respective B-type subunit (47, 56, 57).
For example, the C terminus of the PP2A C subunit is required

TABLE 1. Summary of PP2A C subunit mutant activities and complexed proteins

Conservation of Activity (— background)

Coimmunoprecipitation of proteins?

rame mutated residue” (Towt)® A subunit® B subunit MT Sre/ She p85(PI3K)
Wit36 Not applicable 100 ++ ++ ++ ++ ++ ++
D57N Invariant 0 +/— +/— +/— - NA NA
H59Q Invariant 0 ++ +/= ++ +/= NA NA
DS85N Invariant 0 ++ +/— ++ ++ +4 ++
R89A Invariant 0 ++ +/— ++ ++ ++ ++
H118Q Invariant 0 +/— +/— +/— _ NA NA

“ Wt36, wt C subunit. See the legend to Fig. 2 for nomenclature of the mutants.

? Invariant, absolutely conserved among all PPP family members.

¢ Background activity from immunoprecipitates prepared from control cells containing only empty vector (see Fig. 2) was subtracted, and values of =0 were reported

as 0.

@ 4+ +, substantial amount binds; +/—, small amount binds; —, not detectable; NA, not assayed. All values are relative to C subunit. PI3K, PI 3-kinase.
¢ Long exposures of all experiments, such as the one shown in Fig. 3, clearly show that a small amount of A subunit associates with D57N and H118Q (data not

shown).
/In some experiments, H59Q binds a small amount of Src (data not shown).
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for binding the B subunit but is dispensable for polyomavirus
MT binding (47). Our present study provides yet another ex-
ample of a difference between MT and B subunit binding to
the A-C heterodimer. All of the inactive C subunit mutants
were severely impaired in their interaction with B subunit,
while MT binding was not affected in four of the five inactive
mutants. Therefore these active-site residues, and perhaps
PP2A activity, appear to be important for complex formation
with the cellular B subunit but not for complex formation with
MT. It is tempting to speculate that B subunit’s requirement
for these active site residues as well as for an intact C terminus,
a known site of covalent modifications, could be part of a
potential mechanism which normally regulates PP2A complex
formation with B subunit. MT binding to the A-C heterodimer
would be predicted to be immune to such regulation.

Another possibility consistent with our current findings is
that PP2A serves an essential structural, noncatalytic role in
the assembly of a transformation-competent MT complex. A
structural role for PP2A might involve alterations in the con-
formation of MT upon PP2A binding, thereby affecting MT’s
affinity for pp60“*“. Alternatively, although there is no evi-
dence at present for a direct interaction between PP2A and
pp60°, PP2A might interact directly with pp60°*, helping
to stabilize its interaction with the MT complex.

Our data do not rule out the possibility that MT-associated
PP2A activity may act in frans in the assembly of the MT
complex because endogenous, wt PP2A complexed with MT
might be providing this activity for the MTs complexed with
inactive C subunits in the same cells. We have found that low
levels of okadaic acid, a cell-permeable PP2A inhibitor, have
no detectable effect on the activation of MT-associated pp60°"
(unpublished data). This suggests that PP2A activity may not
be necessary, even in trans, for MT complex assembly, but it is
possible that some residual PP2A activity was occurring in vivo
under the conditions used.

Four of the five inactive C subunit mutants analyzed in this
study showed an increase in a slower-migrating form(s) of the
associated MT, suggesting that catalytic activity of the MT-
associated PP2A might be important for the proper posttrans-
lational modification (most likely phosphorylation) of MT.
However, the fact that the MT found associated with the in-
active mutant DS7N appeared unchanged raises the possibility
that all the observed shifts might be due to other effects of the
inactivating C subunit mutations on the final MT complex. One
possibility is that inactivating mutations might alter the con-
formation of the mutant C subunit (or its associated A subunit)
so that, once bound in an MT complex, it interferes with the
normal dephosphorylation of MT by a phosphatase. A similar
scenario could be envisioned whereby the mutations alter the
ability of the mutant C subunits to induce conformational
changes in MT that affect the accessibility of certain sites on
MT to kinases or phosphatases. The exact location(s) of the
modification(s) in the MTs associated with the mutant C sub-
units have not been determined; therefore, it is unclear at this
point whether the differences in the ratios of the MT bands are
primarily due to changes in the extent of phosphorylation of
one particular site or to differential phosphorylation at multi-
ple sites. It will be of interest in the future to determine the
nature and location of the modification(s) responsible for the
dramatic shift seen with the mutant H59Q. Because this mu-
tant is unable to bind pp60°, it is possible that the modifi-
cation(s) responsible for the shift affects pp60° association.

Mutational analysis of active-site residues in PP2A has
lagged behind similar analyses of related phosphatases, prob-
ably due to the fact that bacterially expressed wt PP2A C
subunit is predominantly produced as an insoluble, inactive
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protein. To overcome this problem, we have performed anal-
yses on epitope-tagged C subunits expressed in mammalian
cells. The PP2A C subunit residues targeted for mutation in
this study (Asp57, Asp85, and Arg89) are among the first
reported amino acids in PP2A shown to be catalytically impor-
tant by a genetic and biochemical analysis. The only other
putative active-site mutations described to date for PP2A are
those in the H59Q and H118Q mutants that were used in this
study. Data for these two mutants were reported originally in
a separate study describing a novel cellular protein that asso-
ciates with them (46).

The identity of the metallophosphoesterase motif residues
(27, 31, 36) among almost all of the protein-serine-threonine
phosphatases (PSTPases) (5) suggests a common mechanism
for all PSTPases, including PP2A. From crystallographic and
mutational studies of related phosphatases, one could predict
that PP2A residues His59, Asp57, and Asp85, along with other
residues, would help coordinate two divalent metal ions
present in the active site. A similar prediction would suggest
that Arg89 in PP2A might help several other residues and the
two active-site metal ions bind the phosphate oxygens of the
substrate and play a role in catalysis (34, 70). A metal-activated
water molecule most likely makes a nucleophilic attack on the
substrate phosphorus atom in an S,2 reaction. His118 in PP2A
would be predicted to act as a general acid, protonating the
leaving-group oxygen of the substrate serine or threonine res-
idue. Our data are in good agreement with the predicted role
of the signature motif residues for PP2A catalysis, since single-
substitution mutations of these putative PP2A active-site res-
idues (Asp57, His59, Asp85, Arg89, and His118) abolished the
catalytic activity of PP2A. Thus, our results not only provide
some of the first experimental data on PP2A catalytic-site
residues but also support the model of an absolutely conserved
catalytic core among the PPP family of serine/threonine phos-
phatases. Additional mutational studies using the approach
described in this study should continue to extend our under-
standing of PP2A catalysis, regulation, and function in normal
and MT-transformed cells.
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