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ABSTRACT Recently, TAP42 was isolated as a high copy
suppressor of sit42, a yeast phosphatase related to protein
phosphatase 2A (PP2A). TAP42 is related to the murine a4
protein, which was discovered independently by its association
with Ig-a in the B cell receptor complex. Herein we show that
a glutathione S-transferase (GST)–a4 fusion protein bound
the catalytic subunit (C) of human PP2A from monomeric or
multimeric preparations of PP2A in a ‘‘pull-down’’ assay. In
an overlay assay, the GST–a4 protein bound to the phosphor-
ylated and unphosphorylated forms of C that were separated
in two-dimensional gels and immobilized on filters. The
results show direct and exclusive binding of a4 to C. This is
unusual because all known regulatory B subunits, or tumor
virus antigens, bind stably only to the AC dimer of PP2A. The
a4–C form of PP2A had an increased activity ratio compared
with the AC form of PP2A when myelin basic protein phos-
phorylated by mitogen-activated protein kinase and phos-
phorylase a were used as substrates. Recombinant a4 cleaved
from GST was phosphorylated by p56lck tyrosine kinase and
protein kinase C. A FLAG-tagged a4 expressed in COS7 cells
was recovered as a protein containing phosphoserine and
coimmunoprecipitated with the C but not the A subunit of
PP2A. Treatment of cells with rapamycin prevented the asso-
ciation of PP2A with FLAG-a4. The results reveal a novel
heterodimer a4–C form of PP2A that may be involved in
rapamycin-sensitive signaling pathways in mammalian cells.

Protein phosphatase 2A (PP2A) is involved in signal trans-
duction pathways that regulate multiple functions, including
those of yeast and mammalian cells. PP2A exists as a set of
ABC heterotrimers, composed of a core dimer of a 60-kDa (A)
subunit and a 36-kDa catalytic (C) subunit, plus a variety of
distinct regulatory (B) subunits (see refs. 1 and 2). Studies have
shown that the B and C subunits do not interact independently.
The A subunit, which is made of repeated ‘‘armadillo’’ se-
quence motifs, is required for assembly of the trimers (3–6).

The different regulatory B subunits of PP2A modify its
activity, substrate specificity, and subcellular localization (3,
7). The viral protein simian virus 40 small tumor antigen
suppresses the activity of host cell PP2A by binding to the AC
core dimer, replacing endogenous B subunits. This results in
activation of the mitogen-activated protein (MAP) kinase
pathway and serum-independent growth (8). By using the yeast
two-hybrid system, other proteins that interact with PP2A have
been discovered. The HIV-encoded protein vpr associates
with PP2A via the A subunit (9), activating the phosphatase
(10) as a means of producing cell cycle arrest. HOX11 is a
homeobox protein that binds to the C subunits of both PP1 and
PP2A to modify activity and G2yM progression (11). The
translation termination factor eRF1 binds to the AC dimer via
the C subunit and is thought to recruit PP2A to polysomes (12).

Rapamycin is an immunosuppressant macrolide compound
that has antifungal activity that induces G1 phase growth arrest
in Saccharomyces cerevisiae. Mutations of sit4, a gene encoding
a protein phosphatase (13) related to PP2A, also produce G1
phase arrest (14). A screen for high copy suppressors of ts-sit42

yielded an essential gene, TAP42 (15). The Tap42 protein binds
to both the Sit4 phosphatase and the yeast C subunits of PP2A,
encoded by the Pph21 and Pph22 genes. Binding to the Pph21
and Pph22 proteins did not require expression of the yeast
homologues of the A and B subunits of PP2A, suggesting that
Tap42 could bind the phosphatase C subunits independently.
Mutation of Tap42 conferred rapamycin resistance, suggesting
that this protein is involved in the target of rapamycin signaling
pathway (15).

The murine a4 protein is the closest match to Tap42 (24%
identity) and was originally discovered as a 52-kDa phospho-
protein associated with Ig-a in the B cell receptor complex
(16). The a4 protein was phosphorylated in response to
phorbol ester treatment of WEHI-231 cells (16), and it copre-
cipitated with a 70-kDa phosphotyrosine protein and with Tyr
kinase activity, leading to the proposal that a4 may be involved
in B cell signaling (17). However, if and how a4 participates in
signaling downstream of the IgM receptor is still unknown.
With the discovery of Tap42, its association with yeast phos-
phatases, and its putative involvement downstream of the
target of rapamycin protein, it became important to determine
whether a4 would bind mammalian PP2A. In this report, we
show the direct binding of glutathione S-transferase (GST)–a4
protein to the C subunit of PP2A in binding assays and
coimmunoprecipitation of FLAG-a4 and PP2A from cells.
Association of a4 and PP2A in cells is blocked by rapamycin.
The a4 behaves as a new type of phosphatase regulatory
subunit that alters specificity of C subunit and promotes
release of the A subunit.

MATERIALS AND METHODS

Materials. The AC heterodimer of PP2A was purified from
human red blood cells by a modification of the method of Usui
et al. (18). The monomeric C subunit of PP2A was prepared by
precipitating the AC dimer with 80% ethanol at room tem-
perature, collecting the protein by centrifugation, extracting
the pellet with 50 mM TriszHCl (pH 7.4), 5 mM MgCl2, 30 mM
2-mercaptoethanol, and 10% glycerol, followed by centrifuga-
tion to remove insoluble protein. This C subunit preparation
was free of any A subunit, based on immunoblotting, and all
activity was eluted at 36 kDa from Toyopearl 50S gel filtration
column (TosoHaas, Montgomeryville, PA). Rabbit antibodies
against residues 168–188 of the C subunit of PP2A were
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prepared and affinity-purified on immobilized peptide. Poly-
clonal antibodies against residues 48–61 of the C subunit of
PP1a were provided by Gregg Gunderson (Columbia Univer-
sity). Recombinant PP1Ca was provided by Ernest Y. Lee
(Miami University, Miami, FL). The anti-PP2A and anti-PP1a
antibodies did not cross-react with the other phosphatase C
subunit. Anti-A subunit antibodies (against residues 7–19)
were purchased from Calbiochem. Rabbit polyclonal antibody
against GST–a4 fusion protein was raised by immunizing two
rabbits with the GST–a4 fusion protein. Ig fraction of anti-
serum was prepared by 50% ammonium sulfate precipitation
and dialysis and used for Western blotting. PKC, phosphati-
dylserine, and diacylglycerol were purchased from Upstate
Biotechnology. COS-7 and 10T1y2 cells were grown in
100-mm dishes in DMEM plus 10% fetal calf serum, at 37°C
in a humidified atmosphere of 5% CO2y95% air.

Preparation of GST–a4 and Recombinant a4. Total RNA
was isolated from frozen mouse spleen by a guanidine thio-
cyanate extraction method (19). Oligonucleotides used for
PCR were 59-CGCGGATCCGCAGCGTCTGAAGAC-
GAGTTACTG-39 for the forward primer and 59-CGGAAT-
TCCGCCCATGTTCTGTCGGTTGCCGTAG-39 for the
backward primer. First-strand cDNA synthesis was done with
2.6 mg of RNA, by following the manufacturer’s protocol
(SuperScript preamplification system, GIBCOyBRL). Dou-
ble-stranded cDNA was synthesized by using the forward
primer and cDNA was amplified by 25 cycles of PCR, with
annealing at 55°C. DNA was digested and subcloned into the
BamHI and EcoRI sites of pGEX-4T-2 vector (Pharmacia
Biotech). Protein expression was induced by adding 0.5 mM
isopropyl b-D-thiogalactoside to transformed Escherichia coli
BL-21. The GST–a4 fusion protein was purified with gluta-
thione-agarose (Sigma), as described (20).

The GST–a4 bound to glutathione beads (0.5 ml) was
cleaved with tev protease (10 ml) at 4°C for 60 min and the a4
was recovered as two proteins of 42 and 35 kDa, consistent
with release of a4 from GST in the fusion proteins (see Fig. 1).

PP2A Binding Assays. In vitro binding assay (‘‘pull down’’)
was performed with purified PP2A and GST–a4 protein bound
to glutathione-agarose beads, in a buffer containing 25 mM
TriszHCl (pH 7.5), 75 mM NaCl, 0.25% Nonidet P-40, and 15
mM 2-mercaptoethanol for 3 h at 4°C. The beads were washed
once briefly with ice-cold buffer containing 25 mM TriszHCl
(pH 7.5) and 150 mM NaCl (TBS) and 53 Laemmli sample
buffer was added and boiled for 1 min. Proteins were resolved
by SDSyPAGE and quantitated by FluorImaging Western blot
(20) detection system (Amersham).

The a4 cDNA was subcloned into pGEX-2TK vector to
provide a site for phosphorylation by cAMP-dependent pro-
tein kinase (PKA). The GST–RRASV–a4 fusion protein and
GST–RRASV protein as a control were purified and phos-
phorylated by PKA according to the manufacturer’s protocol
(Pharmacia Biotech). Lysates of mouse fibroblasts (10T1y2
cells) were subjected to two-dimensional electrophoresis and
transferred onto filters as described (21). The membrane was
blotted against anti-PP2A (residues 168–188) antibody and
then incubated with 32P-labeled GST–RRASV–a4 protein or
GST–RRASV protein. Binding of the radiolabeled fusion
protein was detected with PhosphorImager (Molecular Dy-
namics).

Phosphatase Activity Measurement and Phosphorylation of
a4. Substrates for PP2A included 32P-labeled phosphorylase a
(phos a), prepared as described (22), and 32P-labeled myelin
basic protein (MBP) prepared by using activated MAP kinase.
Assay of PP2A used an established protocol (22), with either
purified PP2A heterodimer or the heterodimer bound to
GST–a4, with correction for the amount of PP2A activity
associated with GST alone. Phos a was used at 15 mM and MBP
was used at 1 mM. The assays were linear with respect to time
and concentration under the conditions used.

Recombinant a4 was cleaved from the GST fusion protein
and recovered as a4 proteins of 42 and 35 kDa. They were
phosphorylated in a reaction containing 20 mM TriszHCl (pH
7.4), 20 mM b-glycerophosphate, 10 mM MgCl2, 0.5 mM
MnCl2, 0.1% Nonidet P-40, and 1 mM ATP with [g-32P]ATP
(1,000 dpmypmol), plus 1 mM orthovanadate and 5 nM
calyculin A. The p56lck protein Tyr kinase, isolated from
LSTRA cell membranes, or PKC, premixed with CaCl2, phos-
phatidylserine, and diacylglycerol, was added as the kinase to
start the reaction and samples were analyzed at various times
by SDSyPAGE and autoradiography.

Expression of FLAG-a4 Fusion Protein in COS7 Cells.
Full-length a4 cDNA was subcloned into BamHI and EcoRI
sites of FLAG2 vector. COS7 cells were grown to 50%
confluency and transfected by lipofection according to the
manufacturer’s instructions (GIBCOyBRL). Plasmid DNA
(10 mg per 100-mm dish) was transiently transfected overnight
with serum-free medium and cells were then incubated with
10% fetal bovine serum for 36–48 h. The cells were metabol-
ically labeled for 3 h with [32P]orthophosphate at 0.2 mCiyml
in phosphate-free DMEM (1 Ci 5 37 GBq). The labeled cells
were washed with TBS and lysed on the plate with 0.4 ml of
ice-cold lysis buffer containing 0.5% Nonidet P-40, 25 mM
TriszHCl (pH 7.4), 75 mM NaCl, 30 mM 2-mercaptoethanol,

FIG. 1. Binding of GST–a4 with purified PP2A. (a) Bacterial GST–a4 fusion protein was purified, analyzed by SDSyPAGE, and visualized by
fluorescent protein staining with Orange Sypro (Molecular Probes). Molecular mass markers shown in the left lane are 205, 116, 97, 84, 66, 55,
45, and 30 kDa. (b) Immunoblotting with anti-PP2A subunit antibodies was used to assay binding of PP2A to GST–a4. Human PP2A (C monomer
or AC dimer) was incubated with equimolar amounts of either GST–a4 protein (a4) bound to glutathione-agarose or GST alone (GST) bound
to glutathione-agarose. After washing and elution, 50% of the eluted proteins were analyzed by immunoblotting with antibodies against A subunit
(anti-A) or C subunit (anti-C) of PP2A. For visual comparison, 5% of the PP2A added to the assay (load) was stained. (c) The C subunit of PP1
was incubated with GST–a4 (a4) or GST alone (GST), as described above. Immunoblotting used anti-peptide antibody against the PP1 C subunit
(anti-C).
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aprotinin (20 mgyml), leupeptin (20 mgyml), 2 mM Pefablock
(Boehringer-Mannheim), 1 mM Na3VO4, and 1 mM okadaic
acid. Lysed cells were scraped off, transferred into microtubes,
and centrifuged at 10,000 3 g for 5 min. The supernatants
(detergent-soluble fractions) were immunoprecipitated with
anti-FLAG M2 affinity gel (Kodak) and immunoblotted with
polyclonal antibody against a4 and anti-peptide (residues
168–188) antibody against C subunit of PP2A.

RESULTS

Binding of PP2A with GST–a4. The cDNA for a4 protein
was prepared from mouse spleen total RNA by reverse tran-
scription-coupled PCR and used to produce a GST–a4 fusion
protein in bacteria. About half the fusion protein was recov-
ered full length (70 kDa) and there were two additional forms
truncated from the C terminus by less than 10 kDa (Fig. 1a).
This was presumably due to partial degradation of the fusion
protein during isolation. This preparation of GST–a4 bound to
glutathione beads was used in a binding assay with different
purified forms of human PP2A. Both the AC heterodimer and
the monomeric C subunit forms of PP2A bound to GST–a4 in
a pull-down assay, indicative of stable association (Fig. 1b, a4
lanes). The same amount of PP2A, based on content of C by
immunoblotting, was added to each assay, and the same
fraction of the total C was recovered bound to GST–a4.
Therefore, association of C monomer and AC heterodimer
with GST–a4 was about the same. Under these conditions the
AC heterodimer is stable in solution, with no evidence for
spontaneous dissociation. However, with the AC heterodimer
a barely detectable amount of the A subunit was recovered
bound to GST–a4 (Fig. 1b). This indicated that the A subunit
was displaced from C bound to GST–a4.

There were two different controls to demonstrate specificity
of the binding interaction. (i) GST alone was incubated with
both forms of PP2A and showed no stable association (Fig. 1b,
GST lanes). (ii) The purified C subunit of PP1 did not show
binding to either GST or GST–a4 (Fig. 1c). The results show
specific binding of GST–a4 directly to the C subunit of PP2A.

The GST–a4 also was incubated with the ABC heterotrimer
of PP2A from red blood cells that had been purified by DEAE
chromatography. The fraction of the total C subunit of PP2A
that bound to GST–a4 was about the same as for monomeric
C or heterodimer AC in the assay (data not shown). Again, a
much smaller fraction of the A or B subunits, relative to C
subunit, was detected by immunoblotting proteins bound to
GST–a4. The results lead us to speculate that there was
transient formation of a GST–a4–ABC tetramer, and release
of the A and B subunits to yield GST–a4–C.

Another assay used radiolabeled GST–a4 fusion protein as
a probe for immobilized C subunit of PP2A. Only the GST–
RRASV–a4 protein was phosphorylated by PKA, not the
GST–4T2–a4 protein, showing that the only site of PKA
phosphorylation was in the RRASV insert in the spacer region,
not in a4 itself. Both GST–RRASV–a4 and GST–RRASV
were 32P-labeled to the same specific radioactivity and used to
probe PP2A separated by two-dimensional gel electrophoresis.
Only the GST–RRASV–a4 bound to the PP2A C subunit, not
the GST–RRASV (Fig. 2). The location of PP2A was detected
with a specific anti-peptide antibody. The immunoblotting
revealed the phosphorylated and unphosphorylated forms of
the C subunit at 36 kDa (Fig. 2 Top). The GST–RRASV–a4
appeared to bind to both these forms of PP2A (Fig. 2 Middle)
that were isolated from mouse 10T1y2 fibroblasts, showing
that phosphorylation of the C subunit of PP2A did not
influence binding of GST–a4. As a control the GST–RRASV
did not show any significant binding (Fig. 2 Lower) to PP2A C
subunit.

Effects of GST–a4 on PP2A Activity. The phosphatase
activity of PP2A was measured by release of 32Pi, using as

substrates 32P-labeled phos a and MBP 32P-phosphorylated at
Thr-97 by MAP kinase (23). Under the conditions of the assay,
purified PP2A heterodimer hydrolyzed MBP in preference to
phos a (Fig. 3). The preference is evident even with phos a at
a 15-fold higher concentration than MBP in the assays. The
activity ratio of MBPyphos a of 1.5 to 1.8 was observed in
multiple assays at a range of reactions times and with various
dilutions of PP2A. By comparison, the PP2A bound to GST–a4
on glutathione beads hydrolyzed MBP with a much higher
preference over phos a, giving a ratio of MBPyphos a of 19.
Addition of soluble GST–a4 to assays gave a dose-dependent

FIG. 2. Binding of 32P-labeled GST–a4 probe to PP2A from
fibroblasts. Cell lysates of mouse 10T1y2 fibroblasts were subjected to
two-dimensional gel electrophoresis and transferred onto nitrocellu-
lose filters. The filters were immunoblotted with antibody against C
subunit of PP2A (Top). Unphosphorylated and phosphorylated PP2A
was detected as two forms (arrows) at 36 kDa, separated by isoelectric
focusing. By using duplicate filters, one was incubated for 30 min with
32P-labeled GST–a4 probe (Middle) and the other was incubated with
32P-labeled GST probe (Bottom). Molecular mass standards are shown
on the right.
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increase in activity of PP2A toward MBP, relative to addition
of the same amount of GST alone (data not shown). These
assays measured the increase in activity of the small fraction
of the PP2A in the assay that was bound to GST–a4. When all
the PP2A in the assay was bound to immobilized GST–a4, the
MBPyphos a ratio gauged effects of GST–a4 on activity of
PP2A, regardless of the total amount of activity in the assay.
The 10-fold increase in the activity ratio shows that the
interaction of a4 with PP2A was regulatory, insofar as it
affected activity of the enzyme with different substrates.

Phosphorylation of a4 in Vitro and in Vivo. The GST–a4
protein purified from bacteria was not radiolabeled in vitro by
[g-32P]ATP plus either PKC or p56lck, though both kinases had
robust activity with MBP in parallel control reactions (data not
shown). Perhaps the N-terminal GST interfered with phos-
phorylation by blocking access to or altering the conformation
of a4. When the immobilized fusion protein was cleaved, a4
proteins of 42 and 35 kDa were recovered, corresponding to
full-length and C-terminal truncated forms. Reaction of these
proteins with either PKC or p56lck gave time-dependent ra-
diolabeling of both proteins (data not shown). This indicated
that recombinant a4 could be phosphorylated by either ki-
nases. The sites of Tyr and SeryThr phosphorylation appar-
ently were not in the C-terminal 7-kDa that was missing from
the smaller a4 protein that was labeled efficiently. Integration
of the total radiolabeling of the a4 proteins showed that the
same plateau was attained within 2 h with either kinase, but
reaction with both kinases was not additive. We conclude that
a4 can be phosphorylated by one or the other kinase but not
both.

To investigate phosphorylation of a4 in intact cells an
epitope-tagged version of a4 was transiently expressed in
COS7 cells. As a control, cells were transfected with empty
vector lacking the FLAG-a4 coding sequence. Metabolic
32P-labeling of the cells and immunoprecipitation with anti-
FLAG M2 antibody showed that an a4 protein was only
recovered from cells transfected with vector encoding
FLAG-a4 (Fig. 4a Left). This FLAG-a4 was a 32P-
phosphoprotein (Fig. 4a Right) that was excised from the gel,
hydrolyzed, and found to contain only phosphoserine, based
on phosphoamino acid analysis by high-voltage electrophoresis
(Fig. 4b).

In Vivo Binding of a4 with PP2A and Effect of Rapamycin.
The FLAG-tagged version of a4 was expressed in COS7 cells
to test for its interaction with endogenous PP2A. Cells were
transfected with either empty vector or with a vector encoding
FLAG-a4. Overexpression of the tagged a4 did not noticeably
affect cell growth over a period of 2 days, and the 47-kDa
protein was detected in cell lysates by immunoblotting with a
rabbit anti-a4 antibody (Fig. 5a Top). The 36-kDa C subunit
of PP2A was specifically coprecipitated with FLAG-a4, using
anti-FLAG M2 affinity gel. (Fig. 5a Bottom). Only a relatively
small fraction of the total PP2A in the cells was immunopre-
cipitated with the FLAG-a4 (estimated as 2–5%). Immuno-
blotting with an anti-peptide antibody revealed the 60-kDa A
subunit in lysates, but there was no A subunit detected in the
FLAG immunoprecipitates (Fig. 5a Middle). This result is
consistent with the in vitro binding assays showing selective
recovery of C subunit, with GST–a4 (Fig. 1). If the cells
expressing FLAG-a4 were treated with 100 nM rapamycin in
serum-free medium for 30 min before lysis and anti-FLAG
precipitation, then the FLAG-a4 was still recovered but not
the PP2A (Fig. 5b). Rapamycin interfered with the association
of PP2A and FLAG-a4 in living cells.

FIG. 3. Effects of a4 binding on PP2A phosphatase activity.
Phosphatase activity was measured by using 32P-labeled phos a and
32P-labeled MBP as substrates. (a) The AC dimer of PP2A was
incubated with 15 mM 32P-labeled phos a or 1 mM 32P-labeled MBP for
1 h at 30°C. (b) The AC dimer of PP2A was bound to GST–a4 on
agarose beads or beads with GST alone, as described in text. The PP2A
bound to GST–a4 was assayed as the difference in activity between the
GST–a4 and GST alone. Results shown are the average of two
experiments.

FIG. 4. FLAG-a4 in COS7 cells is phosphorylated exclusively on
serine. (a) Cells transfected with empty vector (lanes v) or FLAG-
tagged a4 (lanes a4) were metabolically labeled with 32P. After
immunoprecipitation with anti-FLAG M2 affinity gel, proteins were
analyzed by immunoblotting using anti-a4 antiserum (Left) and for 32P
by PhosphorImaging (Right). FLAG-a4 migrated as a protein of 47
kDa. Results were replicated in three independent experiments. (b)
The FLAG-a4 protein was excised from the gel and digested with
trypsin, and the tryptic peptides were acid-hydrolyzed to yield phos-
phoamino acids that were analyzed with internal standards by high-
voltage electrophoresis (24, 25). The standards, phosphoserine (pSer),
phosphothreonine (pThr), and phosphotyrosine (pTyr) were stained
with ninhydrin (lane 1) and radioactivity in the same lane was detected
by phosphorimaging (lane 2), showing that the FLAG-a4 only con-
tained radiolabeled phosphoserine.
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DISCUSSION

The results of this study show, to our knowledge, for the first
time that murine a4 protein binds directly to the C subunit of
PP2A and this occurs with the exclusion of other subunits.
Binding to GST–a4 was about the same for either the mono-
meric C subunit or the AC heterodimer of PP2A, and an
insignificant fraction of the A subunit was recovered bound to
GST–a4. To explain this observation, one can imagine that a4
and A subunit compete for the same site on the C subunit or
that they bind at separate sites but binding of GST–a4 pro-
motes dissociation of A. Either circumstance would distinguish
a4 from other known PP2A regulatory subunits, such as B
subunits or tumor virus antigens, because they require both A
and C subunits to form stable heterotrimers.

Binding of a4 altered the substrate specificity of PP2A, with
an increase in activity toward MBP labeled by MAP kinase,
relative to phosphorylase. The increased activity ratio may

reflect suppression of activity with the phosphorylase substrate
andyor enhancement of activity with the MBP substrate. In
this regard, a4 behaves like other B regulatory subunits of
PP2A. Binding of different B subunits to the AC form of PP2A
is known to produce suppression and enhancement of reac-
tivity with different substrates (see ref. 1). At the least the
results exclude the possibility that a4 simply acts as an inhibitor
of PP2A, because the GST–a4–C heterodimer was an active
phosphatase.

Examination of the interaction between a4 and PP2A was
prompted by the isolation of Tap42 in yeast. Sit4 is a yeast
phosphatase, and Tap42 was found as a high copy suppressor
of ts-sit4 (15). The Tap42 protein stably associated with Sit4,
and also with Pph21 and Pph22, the yeast PP2A homologues.
Some 10–20% of each of the protein partners was complexed
to one another, estimated from coprecipitation. Recently the
human version of Sit4, called PP6, was cloned and its sequence
was determined, but the recombinant protein was inactive in
inclusion bodies (26). This may be the primary partner for a4
in mammalian cells, though PP2A also is involved. Results with
the yeast proteins predicted that mammalian a4 would bind to
mammalian C subunit of PP2A, and the other PP2A subunits
would not be required for the interaction. What could not have
been anticipated from the genetics, and would not have been
guessed from the known biochemistry of PP2A, is that binding
of a4 directly to the C subunit seemed to cause release of the
A subunit. There is general agreement that most, if not all,
PP2A in cells is present as ABC heterotrimers (1, 6). On the
basis of our binding assays, a4 can bind monomer, dimer, and
trimer forms of PP2A, so we imagine there even may be
ABC–a4 tetramers transiently formed in cells, and these are
proposed as intermediates that release subunits to give an
a4–C heterodimer form of PP2A.

Interestingly, Tap42 conferred rapamycin sensitivity to
yeast, and binding of Tap42 to Sit4 and Pph21y22 was inhibited
by rapamycin treatment or nutrient withdrawal (14). Herein we
show that rapamycin treatment of mammalian cells prevented
association of FLAG-a4 with PP2A. This implies that a
rapamycin-sensitive pathway is conserved for formation of
Tap42–Sit4 and Tap42–Pph21y22 complexes in yeast and of
a4–C heterodimers (where the C could be either PP2A or PP6)
in mammalian cells. Because mutations of Tap42 in yeast
afforded a rapamycin-resistant phenotype, one might specu-
late knock out of the mouse a4 would give a similar phenotype.
A remaining challenge is to discover the basis for the effects
of rapamycin on Tap42 and a4, which may involve blocking
phosphorylation by target of rapamycin or another kinase.

Studies have revealed interesting differences between pro-
teins that function as phosphatase regulatory subunits in yeast.
The Sit4 phosphatase binds Tap42 and Sap155ySap190 pro-
teins (14, 27), whereas the Pph21yPph22 (PP2A) phosphatase
binds Tap42 and Tpd3 (A subunit) and Cdc55 (B subunit). The
Sit4 does not bind Tpd3 and the Pph21yPph22 do not bind
Sap155ySap190 (27). There must be divergent regions of Sit4
and Pph21yPph22 dictating the specificity for regulatory sub-
units. Tap42 is unusual in binding to both these ‘‘cousins’’ of
the phosphoserineyphosphothreonine phosphatase family,
presumably to sites composed of common sequences. It will be
important to investigate whether the same regulatory patterns
are conserved with the mammalian proteins.

When first described, a4 was a 52-kDa phosphoprotein
(pp52) that associated with the Ig-a protein of the B cell
receptor complex. The phosphorylation of p52 was induced by
phorbol 12-myristate 13-acetate in WEHI-231 B cells, and in
vitro kinase reactions with anti-a4 immunoprecipitates showed
phosphotyrosine, raising the possibility that a4 may be phos-
phorylated on both Tyr and SeryThr residues in cells (17). We
found that FLAG-a4 expressed in COS cells was a phospho-
protein that only contained phoshphoserine. Finding only
phosphoserine was consistent with our in vitro phosphorylation

FIG. 5. Binding of FLAG-a4 to PP2A in COS7 cells is inhibited by
rapamycin. (a) Cells were transfected with empty vector (lanes v) or
FLAG-tagged a4 (lanes a4). Lysates (5% of total, left lanes) and
immunoprecipitates with anti-FLAG M2 affinity gel (50% of total,
right lanes) were analyzed by immunoblotting using anti-a4 antiserum
(Top), anti-A subunit of PP2A antibody (Middle), and anti-C subunit
of PP2A antibody (Bottom). Expression of FLAG-a4 in these cells did
not alter the level of endogenous A (60 kDa) and C (36 kDa) subunits
of PP2A. Results were replicated in several experiments. (b) Cells were
transfected and processed as in above, except 100 nM rapamycin (lane
1) or vehicle alone (lane 2) was added in serum-free medium for 30
min before harvesting. The anti-FLAG precipitates were resolved by
SDSyPAGE and immunoblotted with a mixture of anti-a4 and anti-C
subunit antibodies to detect both proteins in a single step. Immuno-
blotting with each antibody separately confirmed the specificity of
staining. Cells transfected with empty vector gave no signals as shown
above. The results were replicated in independent experiments.

10628 Biochemistry: Murata et al. Proc. Natl. Acad. Sci. USA 94 (1997)



results. Recombinant a4 was phosphorylated by either a Tyr
kinase (p56lck) or a SeryThr kinase (PKC), but the reactions
were not additive, implying that the two modifications were
mutually exclusive. The GST–a4 fusion protein was not phos-
phorylated under the same conditions, presumably due to
steric interference by the GST. Though PP2A bound to
GST–a4, the kinases did not react with the fusion protein, so
we speculate that kinases and phosphatases interact at differ-
ent sites to the N and C termini of a4, respectively. Physio-
logical conditions that lead to Tyr phosphorylation of a4 have
yet to be found, but perhaps this occurs transiently in response
to activation of the B cell receptor. Phosphorylation of a4 was
not essential for binding to PP2A but deserves more attention
because it may modulate either binding affinity for PP2A, the
regulatory effects on PP2A activity, or association with other
proteins. Conversely, phosphorylation of the C subunit of
PP2A, which occurs at Tyr-307 near the C terminus (21), did
not seem to affect binding of a4.

One property of a4 remains curious. The 340 residue protein
has an calculated mass of 42 kDa, and cleavage of the GST–a4
fusion protein yielded a 42-kDa protein. In addition, the
FLAG-a4 protein migrated near the predicted size 47 kDa.
The yeast homologue Tap42 as the number in its name implies,
exhibited the predicted migration in gel electrophoresis. How-
ever, the a4 protein was originally purified from B cells as
pp52. How a4 becomes pp52, or if these are identical, is not yet
established. An anti-pp52 mAb was used to isolate the a4
clone. Our polyclonal serum against GST–a4 detected a
protein of 42 kDa expressed in highest levels in mouse skeletal
muscle, but it was present as well in mouse heart, kidney, liver,
and spleen and in various cell lines. The role of a4–C in various
cells and tissues remains to be determined. The wide distri-
bution of a4, its binding to phosphatases, and the sensitivity of
the binding to rapamycin raise the promise that further
investigation of the function of a4 will prove interesting and
worthwhile.
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