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ABSTRACT Protein phosphatase 1 (PP-1) is known to be
a critical component of eukaryotic cell cycle progression. In
vitro, our previous studies showed that cdc2 kinase phosphor-
ylates Thr-320 (T320) in PP-1, and that this leads to inhibition
of enzyme activity. To examine directly the phosphorylation of
PP-1 in intact mammalian cells, an antibody has been pre-
pared that specifically recognizes PP-1Ca phosphorylated at
T320. Cell synchronization studies revealed in a variety of cell
types that T320 of PP-1 was phosphorylated to high levels only
during early to mid-mitosis. The phosphorylation of T320 of
PP-1 was reduced by the cyclin-dependent protein kinase
inhibitor, olomoucine, and increased by the PP-1yPP-2A in-
hibitor, calyculin A. Immunofluorescence microscopy using
phospho-T320 antibody indicated that in NIH 3T3 cells the
phosphorylation of PP-1 began to increase from basal levels
in prophase and to peak at metaphase. Immunostaining
indicated that phospho-PP-1 was localized exclusively to non-
chromosomal regions. Furthermore, in cell fractionation
studies of mitotic cells, phospho-PP-1 was detectable only in
the soluble fraction. These observations suggest that phos-
phorylation by cdc2 kinase in early to mid-mitosis and inhi-
bition of PP-1 activity is likely to contribute to the increased
state of phosphorylation of proteins that is critical to the
initiation of normal cell division.

Protein phosphorylation is widely recognized as the major
mechanism that controls cell cycle progression. A family of
cyclin-dependent protein kinases (CDKs) have been identified
and found to be enzymes critical for the initiation and com-
pletion of DNA replication and cell division from yeast to
mammals (1–5). The activity of CDKs is modulated through
phosphorylation of their catalytic subunits and by association
with activating or inhibiting proteins. For example, mitotic
transition is mediated by the cdc2 kinaseycyclin B complex,
and activated cdc2 kinase has been found to drive dramatic
structural reorganizations in the nuclear envelope, spindle
apparatus, and chromosomal DNA by phosphorylation of a
variety of substrates including histone, Eg5, lamin, vimentin,
and plectin (6–12).
Evidence suggests that serineythreonine protein phospha-

tases function as crucial regulators of cell proliferation (4,
13–15). In particular, protein phosphatase 1 (PP-1), which is
highly conserved in all eukaryotes, has been found to play a
pivotal role in the cell cycle. Genetic studies have indicated
that mutation of the enzyme in yeast, Aspergillus, and in
Drosophila leads to a variety of defects in mitosis (16–18).
Microinjection of anti-PP-1 antibody into B cells before cell
division arrests cells at metaphase, whereas injection of PP-1
into anaphase cells accelerates cytokinesis (19). Expression of

inhibitor-2, a specific PP-1 inhibitor, changes during the cell
cycle, peaking during S phase and mitosis (20). Thus, the
tightly balanced activity of CDKs and PP-1 appears to be
required for normal cell division. However, the substrates that
are targets for PP-1 action remain to be identified and
characterized. Potential substrates include the tumor suppres-
sor, p110 retinoblastoma (RB) protein, and cdc25 phospha-
tase. The catalytic subunit of PP-1 physically associates with
RB during mitosis and G1 and is believed to act as a positive
regulator of its function, in direct opposition to the cdkycyclin
action (21). PP-1 is believed to dephosphorylate and inactivate
cdc25 phosphatase, which activates cdc2 kinase by dephospho-
rylating Tyr-15 at the onset of mitosis (15, 22).
Recently, our studies of mammalian PP-1 have shown in vitro

that the catalytic subunit of PP-1 is phosphorylated at Thr-320
(T320) by cdc2 kinase and that this results in its inhibition (23).
Similar results have been observed for an isoform of PP-1 from
Schizosaccharomyces pombe (24). Thus, it seemed of consid-
erable interest to determine at exactly what stage of the cell
cycle phosphorylation of PP-1 occurs in growing and dividing
cells. Our previous studies revealed the usefulness of phos-
phorylation state-specific antibodies for the analysis of in situ
phosphorylation of various substrates (25–28). In the present
study, we have developed such an antibody that specifically
recognizes PP-1 phosphorylated at T320. Indirect immunoflu-
orescence and cell fractionation studies using the phospho-
T320 antibody have shown that PP-1 is phosphorylated in
intact cells predominantly during early and mid-mitosis by
mitotic CDKs. Phosphorylation of T320 in PP-1 is observed in
many cell types arrested at mitosis, indicating that this phos-
phorylation is a general regulatory mechanism in mammalian
cells. These results, together with our previous studies, suggest
that phosphorylation and the associated inhibition of PP-1
activity are likely to contribute to the increased phosphoryla-
tion of substrates for cdc2 kinaseycyclin B that are necessary
for entry into mitosis. Moreover, the subsequent dephosphor-
ylation and activation of PP-1 are likely to contribute to
completion and exit from mitosis.

MATERIALS AND METHODS

Antibodies. Rabbit polyclonal PP-1Ca antibody was pre-
pared as described (29). PP-1Ca phosphorylation-state-
specific rabbit antisera, G-97 and G-98, were raised against the
chemically phosphorylated synthetic peptide, Gly-Arg-Pro-Ile-
(phospho-Thr)-Pro-Pro-Asn (residues 316–323 of PP-1Ca).
Serum antibodies were prepared by injecting New Zealand
White rabbits with phosphopeptide coupled to thyroglobulin.
The IgG fraction was affinity-purified on a Sepharose-4B
column (Pharmacia) coupled to antigen peptide. Character-
ization of antibody on immunoblots was carried out using
nonphosphorylated or phosphorylated PP-1C. PP-1Ca andThe publication costs of this article were defrayed in part by page charge

payment. This article must therefore be hereby marked ‘‘advertisement’’ in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

Copyright q 1997 by THE NATIONAL ACADEMY OF SCIENCES OF THE USA
0027-8424y97y942168-6$2.00y0
PNAS is available online at http:yywww.pnas.org.

Abbreviations: PP-1, protein phosphatase 1; CDK, cyclin-dependent
protein kinase; RB, retinoblastoma; DAPI, 49,69-diamidino-2-
phenylindole.
‡To whom reprint requests should be addressed.

2168



PP-1Cg1 were expressed in Sf9 cells using baculovirus and
purified (unpublished data). PP-1Ca and PP-1Cg1 were incu-
bated with purified cdc2ycyclin complex for up to 90 min in 50
mM TriszHCl (pH 7.5), 10 mMMgCl2, 100 mM NaCl, 0.1 mM
EDTA, 0.1 mMATP (or [32g-P]ATP). Proteins were separated
by SDSyPAGE [10% acrylamide (wtyvol)] and transferred
electrophoretically to immobilon-P (Millipore). For analysis of
PP-1 phosphorylation in cells, cells were suspended in 50 mM
TriszHCl (pH 7.0) containing 0.1 M b-glycerolphosphate, 15
mM sodium pyrophosphate, 150 mM NaCl, 10 mM sodium
fluoride, 4 mM benzamidine, 1 mM EDTA, 0.5 mM EGTA,
1% SDS, and protease inhibitors. After gentle sonication,
proteins [bicinchoninic acid (BCA) assay; Pierce] were re-
solved by SDSyPAGE (10% acrylamide) and transferred to
immobilon-P. Membranes were probed with phospho-PP-1C
antibody (0.3 mgyml), and either 125I-labeled protein A (New
England Nuclear) or ECL (Amersham), and autoradiography.
Transfection and Retroviral Infection. PP-1 was expressed

with an N-terminal tag (ID4) that encoded part of rhodopsin
(30). Briefly, the EcoRI–XhoI fragment of rabbit PP-1Ca
cDNA was subcloned into a shuttle vector plasmid pBluescript
SK (Stratagene). The T320A mutant cDNA was prepared by
replacing the codon for T320 with that of alanine, using
standard PCR methods. PCR products were excised and
subcloned into the ID4 plasmid. The resulting tagged wild-type
and mutant PP-1Ca cDNA were excised from the plasmid and
ligated into the XhoI and BamHI sites of the retroviral
expression vector, pLXSN, for the transfection experiments.
DNA sequencing analysis indicated that the correct mutation
was obtained. The retroviral vectors expressing wild-type
PP-1Ca and the T320A mutant were transiently transfected
into a ‘‘packaging’’ cell line, BOSC-23, as described (31). After
2 days transfection, recombinant virus was collected and used
to infect the T cell hybridoma, KMls-8.3.5. Transfectants were
selected as single colonies in 96-well plates in the presence of
500 mgyml G418. Each of the 15 different colonies that
survived the G418 treatment were isolated, and the expression
of recombinant PP-1Ca was analyzed by immunoblotting using
PP-1Ca polyclonal antibody. The transfectants showing high-
est expression of PP-1Ca were used for further analysis.
Cell Synchronization and Fractionation. KMls cells were

grown in suspension culture at 1–4 3 105 cellsyml in RPMI
1640 medium supplemented with 10% fetal bovine serum.
Synchronization at the G1yS boundary was achieved with a
sequential thymidine and aphidicolin block as described (32).
Cells (2 3 105) were blocked with 2 mM thymidine for 12 h,
released from the block by three washes in fresh media devoid
of serum, and resuspended in complete media containing 240
mM thymidine. After 9 h, aphidicolin was added to a final
concentration of 5 mgyml for an additional 12 h. The G1yS cells
were released from the block by three washes with fresh media.
Synchronization of cells at the G2yMboundary was carried out
by incubating 23 105 cells with 400 ngyml nocodazole for 16 h.
The cell synchronization stage was determined using a FAC-
Scan flow cytometer (Becton Dickinson). For subcellular
fractionation, 2 3 108 KMls cells synchronized at the G2yM
phase were washed with PBS, pelleted at 2000 3 g, and
resuspended in 10 ml of hypotonic homogenization buffer (20
mM Hepes, pH 7.5y10 mM KOAcy1 mM MgSO4y0.5 mM
EDTAy1 mM DTTy10 mM NaFy0.6 mM phenylmethylsulfo-
nyl f luoridey0.1 mM microcystiny5 mg/ml leupeptiny5 mg/ml
pepstatin Ay10 mg/ml chymostatin). Cells were allowed to
swell for 10 min on ice and broken with a Dounce homogenizer
(10 strokes). The homogenate was centrifuged at 15,0003 g for
15 min to separate the soluble fraction from the particulate
fraction. The particulate fraction was resuspended in homog-
enization buffer containing 1% SDS plus 150 mM NaCl and
completely dissolved by brief sonication on ice.
Indirect Immunofluorescence. NIH 3T3 cells were grown

overnight on 30 mm Nunclon tissue culture dishes, fixed for 15

min in 4% paraformaldehyde-PBS, permeabilized by incuba-
tion for 5 min at 2208C in methanolyacetone (50:50; volyvol)
(or alternatively, permeabilized for 10 min in PBS containing
0.1% Triton X-100), and air dried. Cells were washed and
blocked by PBS containing 1% BSA and 5% fetal bovine
serum. Cells were incubated with primary antibody for 2 h at
room temperature, washed with PBS, and incubated for 45 min
with Texas red-conjugated goat anti-rabbit immunoglobulin
(Rockland, Gilbertsville, PA). After washing three times with
PBS, cells were stained for DNA with 49,69-diamidino-2-
phenylindole (DAPI) for 10 min and the coverslips were
mounted with Fluoromount (Fisher).

RESULTS

Characterization of Phospho-T320-Specific Antibodies. To
assess the specificity of the phosphorylation-state-specific an-
tisera, PP-1Ca and PP-1Cg isoforms were phosphorylated in
vitro by purified cdc2ycyclin B. Both isoforms share the
consensus sequence for cdc2 phosphorylation (TPPR) but
differ slightly (a, GRPITPPRN; g, TRPVTPPRG). Serum
G-97 (Fig. 1A) and G-98 (data not shown) both equally
detected phosphorylated PP-1. PP-1Ca was also incubated
with cdc2 kinase for various times. Phosphorylation was mon-
itored by [32P]phosphate incorporation and G-98 immunore-
activity was compared (Fig. 1B). Immunoreactivity increased
with time of incubation reaching a maximum at '60 min, a
result that paralleled that measured by [32P]phosphate incor-
poration. Quantitative analysis indicated that the antibodies
could detect nanogram quantities of phosphorylated PP-1C
with several hundred-fold specificity over nonphosphorylated
PP-1C (data not shown).
PP-1C Is Phosphorylated During the G2yM Phase of the

Mammalian Cell Cycle. We analyzed phosphorylation of
PP-1C using the phospho-T320 antibodies in nonsynchronized
cells and in cells synchronized at various stages of the cell cycle.
KMls cells were synchronized at the G1yS phase using thymi-
dine–aphidicolin block. Cells were then released through S

FIG. 1. Phosphorylation of PP-1C in vitro and detection by phos-
phorylation-state-specific antibodies. (A) Sf9 PP-1Ca (Left) and PP-
1Cg (Right) were phosphorylated by purified cdc2ycyclin B (New
England Biolabs) and nonradioactive ATP for 90 min. The samples
were resolved by SDSyPAGE (10% acrylamide) and immunoblotted
with G-97 antibody (anti-T320 phosphorylation-state-specific PP-1Ca
antibody). (B) Sf9 PP-1Ca was incubated with cdc2ycyclin B for
various times in the presence of [g-32P]ATP (Left) or nonradioactive
ATP (Right). Samples were resolved by SDSyPAGE. [32P]-Labeled
PP-1Ca was detected by autoradiography. Samples incubated with
nonradioactive ATP were transferred to Immobilon-P, followed by
immunoblotting with G-98 antibody and autoradiography. The region
of the gel or immunoblot containing PP-1C is shown. No immunore-
activity was observed in any other part of the immunoblot.
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phase for up to 4 h. G2yM phase cells were synchronized using
nocodazole and then released through the G1 phase for 4 h.
Immunoblotting using an antibody which recognizes PP-1Ca
irrespective of its phosphorylation state indicated that the total
amount of PP-1Ca did not change during the cell cycle (Fig.
2B). The highest level of phosphorylation of T320 of PP-1C, as
measured by the G-97 antibody, was detected in G2yM phase
cells arrested with nocodazole (Fig. 2A). When cells were
released from nocodazole block, the levels of phosphorylated
PP-1 gradually decreased as the number of mitotic cells
diminished. Similar results were obtained using the G-98
antibody. However, in addition to PP-1C, several cross-
reacting bands were detected in the G2yMcell lysates (data not
shown). The additional phosphoproteins detected by G-98
appear to be unidentified mitotic phosphoproteins that pre-
sumably have phosphorylation site sequences similar to that of
PP-1C. Phosphorylation of PP-1C at the G2yM phase was
found to be common to other cells in addition to KMls cells
(NIH 3T3, CHO, COS-7, and PC-12). These results indicated
that phosphorylation of PP-1 at T320 by cdc2 during the
mitotic phase of the mammalian cell cycle is a ubiquitous
regulatory mechanism. Quantitation of the results obtained in
the KMls cells, using standardization with known amounts of
phosphorylated and nonphosphorylated PP-1, indicated that
phosphorylation was increased up to '25-fold and that the
maximal stoichiometry of phosphorylation of phospho-T320 at
the G2yM phase of the cell cycle was'0.1 molymol. However,
because nocodazole treatment did not arrest all cells and cells
were not arrested at exactly the same point, we consider this
to be an underestimate of the maximal level of phosphoryla-
tion. Thus the degree of synchrony of the various cell prepa-
rations influenced the fold-increase in phosphorylation ob-
served.
Phosphorylation of PP-1Ca in Cells Stably Expressing

Wild-Type PP-1Ca or PP-1Ca T320A. To distinguish recom-
binant proteins from endogenous PP-1Ca, an ID4-tagged
PP-1Ca expression vector was used. The epitope tag, which

was fused to the N terminus of PP-1Ca, did not affect the
activity of the enzyme or phosphorylation of the C terminus by
cdc2 kinase when expressed and purified in Escherichia coli
(data not shown). We obtained several clones, most of which
expressed the recombinant wild-type and mutant proteins at
low levels ('1–5%) compared with that of endogenous PP-
1Ca. In a few clones, which were used for subsequent analysis,
recombinant wild-type and mutant proteins were expressed at
the same level which was '10% of that found for endogenous
PP-1Ca (Fig. 3B). Little phosphorylation of transfected wild-
type PP-1Ca or PP-1Ca T320A was detected in unsynchro-
nized cells (Fig. 3A Left) (longer exposure of the blot showed
that transfected wild-type PP-1Cawas phosphorylated to a low
extent). In cells synchronized at the G2yM phase of the cell
cycle, a significant increase in phosphorylation of T320 of
recombinant wild-type PP-1Ca was detected (Fig. 3A Right).
However, no phosphorylation of the PP-1Ca T320A mutant
could be detected with the G-97 antibody. The pattern of
phosphorylation of endogenous PP-1Ca was similar to that
obtained in the studies shown above. However, phosphoryla-
tion of the endogenous protein was consistently slightly lower
in cells expressing PP-1CaT320A (Fig. 3A Right, and data not
shown), suggesting that the nonphosphorylatable T320A mu-
tant may dephosphorylate endogenous PP-1Ca due to its
higher activity during the mitotic phase. Notably, the low
expression of the T320A mutant precluded an analysis of the
functional consequences of the mutation, and the growth
characteristics of cells stably expressing the T320A mutant
were apparently normal.
PP-1 Phosphorylation Is Blocked by a CDK Inhibitor and

Stimulated by the PP-1y2A Inhibitor, Calyculin A. The phos-

FIG. 2. Phosphorylation of PP-1C during the cell cycle. T cell
hybridoma KMls-8.3.5 were synchronized at the G1yS or G2yM
boundaries, and arrested cells were released by incubating with fresh
medium for the indicated time periods. Equal amounts of protein (20
mg) were resolved by SDSyPAGE (10% acrylamide) and transferred
to Immobilon-P. (A) Lysates from asynchronous (lane C), G1yS, G2yM
phase cells, or cells released from drug treatment were analyzed by
immunoblotting using G-97 antibody (PP-1C, Mr ' 37). (B) Total
PP-1Ca was measured in the same samples using an anti-PP-1Ca
antibody. The stages of the cell cycle were confirmed by fluorescence-
activated cell sorter analysis (data not shown). PP-1Ca is present in
'5-fold higher amounts than PP-1Ca in KMls cells (data not shown).
The signal obtained with the G-97 antibody in KMls cells therefore
represents predominantly PP-1Ca.

FIG. 3. T320 phosphorylation in cells stably transfected with
wild-type PP-1Ca or a PP-1CaT320A mutant. T cell hybridoma KMls
were infected with retrovirus stocks expressing either ID4-tagged
wild-type PP-1Ca (T320) or ID4-tagged PP-1Ca in which T320 was
mutated to alanine (T320A). Single clones that expressed similar levels
of ID4-tagged PP-1Ca or PP-1Ca T320A were analyzed in this
experiment. (Left) Control asynchronous cells. (Right) Untransfected
(2), wild-type PP-1Ca-transfected (T320), and PP-1Ca T320A-
transfected (T320A) cells were synchronized at the G2yM phase using
400 ngyml nocodazole treatment for 16 h. Whole cell lysates were
prepared as described and aliquots (20 mg protein) were resolved on
SDSyPAGE, followed by immunoblotting with either G-97 antibody
(A) or anti-PP-1Ca antibody (B). The ID4-tagged PP1C (T-PP-1Ca)
migrated with a slightly higher molecular weight than endogenous
PP1Ca.
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phorylation state of PP-1 seemed likely to reflect the relative
activities of cdc2 kinase and protein phosphatase(s) at all
stages of the cell cycle. To investigate this further, NIH 3T3
cells were synchronized at the G2yMphase of the cell cycle and
incubated with either olomoucine, a specific inhibitor of CDK
activity (33), okadaic acid or calyculin A, specific inhibitors of
PP-1 and PP-2A, or a combination of olomoucine and calyculin
A (Fig. 4). Treatment with olomoucine significantly reduced
the level of phospho-T320 of PP-1C. Okadaic acid at a
concentration of 100 nM had no significant effect on phos-
phorylation of T320. Higher concentrations of okadaic acid
(up to 1mM) also had little effect (data not shown). In contrast,
treatment with 100 nM calyculin A stimulated phosphorylation
of T320'3-fold. When both calyculin A and olomoucine were
added simultaneously, the result obtained was similar to that
observed with calyculin A alone. Based on the lack of effect of
okadaic acid and the sensitivity to low concentrations of
calyculin A, these results raise the possibility that PP-1 is
responsible for its own dephosphorylation following the de-
crease in cdc2 kinase activity at anaphase (34).
Subcellular Localization of T320 Phosphorylation of PP-1C

in Mitotic Cells. The high level of specificity of the G-97
antibody allowed a detailed analysis of the subcellular local-
ization of phosphorylated PP-1C in cells using indirect immu-
nofluorescence microscopy (Fig. 5). This type of analysis had
the further advantage that the distribution of phosphorylated
PP-1C could be studied in populations of growing cells that
had not been exposed to any drug treatment. Immunofluo-
rescence analysis indicated that the 2 cells (of 13 cells shown
in Fig. 5A) that were mitotic as revealed by DAPI staining
exhibited a high level of staining using the G-97 antibody.
Comparison of these two labeled cells indicated that a higher
level of staining was present in the cell in metaphase compared
with the late anaphase cell. Further examples of individual
cells at various stages of mitosis are shown in Fig. 5 B–F. G-97
immunofluorescence was first detected at prophase (Fig. 5B),
peaked at metaphase (Fig. 5D), and faded through late an-
aphase (Fig. 5F). At prophase, phospho-PP-1 was detected in

the nucleus most likely between condensing chromosomes. In
later mitotic stages, including prometaphase, metaphase, and
anaphase, immunofluorescence was present mainly in non-
chromosomal regions. To further analyze the subcellular lo-
calization of phosphorylated PP-1, KMls cells were arrested at
the G2yM phase of the cell cycle, and soluble and particulate
fractions were prepared. Immunoblotting analysis indicated
that both a and g isoforms of nonphosphorylated PP-1 were
present in both soluble and particulate fractions (Fig. 6). In
contrast, phosphorylated PP-1 was present only in the soluble
fraction.

DISCUSSION

Using immunoblotting and immunofluorescence methods, to-
gether with a phosphorylation-state-specific antibody that
recognizes only the phosphorylated form of T320, we have
observed that PP-1 is maximally phosphorylated during early
and mid-mitosis. Because any attempt to block dephosphory-
lation in cell extracts by phosphatase inhibitors would lead to
inhibition of PP-1 itself, it is not feasible to directly study the
consequences of the phosphorylation of PP-1 in intact cells.
However, the immunofluorescence analysis used here allows a
quantitative assessment of the cellular pool of PP-1 that would
be subject to regulation by phosphorylation. Our results indi-
cated that '10% of PP-1C in KMls cells synchronized with
nocodazole was phosphorylated at the G2yM phase. However,
we believe that this is an underestimate of the true stoichiom-
etry because the cells were not completely synchronized.
Moreover, the immunofluorescence studies indicated how
precisely the peak of PP-1C phosphorylation occurred during
mitosis. Finally, the cell fractionation studies indicated that
phosphorylated PP-1C was present only in the soluble fraction
(which represents '40% of the total). Our previous in vitro
studies (23) as well as those of Yanagida and colleagues (24)
indicated that phosphorylation of PP-1 at T320 by cdc2 kinase
resulted in inhibition of enzyme activity. Together then, the
results suggest that the activity of a significant fraction of the
soluble pool of cellular PP-1 is decreased during mitosis.
Several genetic studies have indicated that PP-1 activity is

critical for exit from mitosis. In Aspergillus, the bimG11 gene
is necessary to complete the separation of daughter nuclei at
anaphase (17). In Drosophila, mutation of one of four PP-1
isoforms, PP-1 87B, delays progress through mitosis, and the
mutation is characterized by defective spindle elongation,
defective chromosome segregation, and excessive chromosome
condensation (18). In S. pombe, mutation of one of two PP-1
isoforms, the dis2 gene, results in a failure to exit from mitosis
(16). Similar results were found when the one PP-1 gene,
GLC7, was mutated in Saccharomyces cerevisiae (35). Several
biochemical studies have also examined the role of PP-1 in cell
cycle progression. In Xenopus egg extracts, PP-1 activity was
found to be high during interphase, to decrease at the onset of
mitosis, and to increase slightly during mid-mitosis (36). In this
study, injection of inhibitor-2, a specific inhibitor of PP-1,
resulted in early entry into mitosis, while injection of PP-1
lengthened interphase. In a study using REF-52 fibroblasts,
injection of inhibitory PP-1 antibodies into late G2 cells
blocked the cells at metaphase, while injection of PP-1 into
anaphase cells accelerated cytokinesis and completion of
daughter cell separation (19).
Based on the present study, together with the genetic and

biochemical studies, we propose a potential model for the role
of phosphorylation of PP-1 by cdc2 kinase. PP-1 phosphory-
lation begins to increase from a very low basal level in
prophase, to peak in metaphase, to decrease in anaphase, and
to return to basal levels by telophase. Thus, phosphorylation of
PP-1 parallels the activity of cdc2 kinase through M phase (4).
Phosphorylation of PP-1 at T320 by cdc2 kinase inhibits
enzyme activity in vitro (23, 24). We speculate that increased

FIG. 4. Effect of phosphatase and cdk kinase inhibitors on the T320
phosphorylation of PP-1C. Asynchronous cells (lane 1) or NIH 3T3
cells synchronized at the G2yM phase using 400 ngyml nocodazole
treatment for 16 h (lanes 2–6) were incubated for an additional 1 h in
the absence of inhibitors (lanes 1 and 2), in the presence of 300 mM
olomoucine (lane 3), 100 nM okadaic acid (lane 4), 100 nM calyculin
A (lane 5), or 300 mM olomoucine plus 100 nM calyculin A (lane 6).
Whole cell lysates were prepared as described, and aliquots (15 mg
protein) were resolved on SDSyPAGE and immunoblotted with either
G-97 antibody (A) or anti-PP-1Ca antibody (B). Quantitation of three
individual experiments indicated the following averages: control, 2
(arbitrary) units; nocodazole, 45 units; olomoucine, 4 units; okadaic
acid, 46 units; calyculin A, 141 units; calyculin A plus olomoucine, 140
units.
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phosphorylation and inactivation of PP-1 during early to
mid-mitosis, together with activation of CDK, is likely to
contribute to the maintenance of high levels of phosphoryla-
tion of mitotic phosphoproteins that are necessary for the
transition through early to mid-mitosis. The decrease in phos-
phorylation of PP-1 and its subsequent activation during
anaphase would then be required for the dephosphorylation of
certain mitotic phosphoproteins that are required for exit from
mitosis.
An important feature of PP-1 isoforms is that most but not

all contain the C-terminal site of phosphorylation for cdc2
kinase (37). All mammalian PP-1 isoforms, two of the four
Drosophila genes (96A and 9C), and one of the S. pombe genes
(dis2) contain the site, but sds21, the other PP-1 gene in S.
pombe, and GLC7, the one PP-1 gene in Saccharomyces
cerevisiae, do not. In S. pombe dis2 is phosphorylated in vitro
by cdc2 kinase and inhibited, and is phosphorylated in intact
cells at the C-terminal site, T316 (homologous to T320 of
mammalian PP-1Ca) (24). In wild-type cells, dis2 is muchmore
abundant than sds21. Overexpression of sds21 resulted in
inhibition of cell growth, and a mutation that introduces the
cdc2 phosphorylation site into the C terminus of sds21 resulted
in normal cell growth (24). In contrast, overexpression of
wild-type dis2 did not disrupt cell growth. However, when T316
of dis2 was replaced by alanine, colony formation was severely
inhibited (24). Thus, PP-1 phosphorylation by cdc2 kinase is
important for regulation of isoforms of PP-1 that are expressed
at high levels. In mammalian cells, PP-1 is an abundant
multifunctional protein phosphatase whose activity is required
for the regulation of many cell processes during interphase as
well as in late mitosis. Therefore, in mammalian cells, phos-

phorylationydephosphorylation of PP-1 appears to provide a
mechanism that balances the requirement for active PP-1
during late mitosis and interphase with a requirement for a
pool of inactive PP-1 that is necessary during early to mid-
mitosis.
The expression of cdc2 kinase is fairly constant, and the

protein is present in both the cytosol and nucleus during the
cell cycle, whereas cyclin B translocates from the cytosol to the
nucleus at the onset of mitosis (38, 39). PP-1 is present in both
the cytosol and nucleus in interphase cells (16, 40). It has also
been suggested that PP-1 may be recruited from the cytosol to
the nucleus at the G2 phase (19). Our immunofluorescence
results indicate that phospho-PP-1 is present within the nu-
cleus in early mitotic cells. Thus, at least initially, PP-1 is
phosphorylated within the nucleus, suggesting that inhibition
of PP-1 activity might be relevant to nuclear substrates for cdc2
kinase. A variety of proteins are phosphorylated by cdc2 kinase
as a requirement for entry into mitosis. These include com-
ponents of the kinaseyphosphatase cascade that regulates cdc2
kinase, nuclear envelope proteins such as lamins, and micro-
tubule-associated proteins. Other proteins such as histones and
transcription factors are also phosphorylated (6–8, 10–12, 15,
22). In turn, dephosphorylation of critical phosphoproteins is
required for mitosis to end. PP-1 substrates at the end of
mitosis could be identical to those whose phosphorylation was
required for mitosis to begin. However, there may be inde-
pendent groups of PP-1 substrates that are involved only in
entry or in exit from mitosis. Our present results indicate that
while phospho-PP-1 is first observed within the nucleus, it
exists as a soluble protein after breakdown of the nuclear
envelope, being localized to nonchromosomal regions. Nota-
bly, the transcription factor Oct-1 is highly phosphorylated
during mitosis, resulting in translocation from the chromo-
some to the cytosol (41). In addition, many other mitotic
phosphoproteins exhibit a localization pattern similar to that
observed for the G-97 PP-1 antibody (42, 43).
PP-1 is highly regulated by the interaction of the catalytic

subunit with a variety of targeting proteins that serve to
localize the enzyme to discreet subcellular compartments as
well as to influence substrate specificity (13, 14, 44, 45). These
include proteins that target PP-1 to glycogen, myofibrils, and
the nucleus. Interestingly, in S. pombe, a protein termed sds22
that is required in late mitosis has been shown to bind both the
dis2 and sds21 PP-1 isoforms, to activate PP-1, and to alter its
substrate specificity (46, 47). The RB protein (p110RB), a
tumor suppressor, is known to be hyperphosphorylated by
cdc2, reaching a peak at mid-mitosis, and to be physically
associated with PP-1 from mid-mitosis to early G1 (21).

FIG. 6. Subcellular localization of PP-1Ca. KMls cells were syn-
chronized at the G2yM phase, pelleted, and fractionated; W, S, and P
indicate whole cell lysates, soluble, and particulate fractions, respec-
tively. Aliquots (20 mg protein) were subjected to SDSyPAGE and
immunoblotting with either G-97 antibody (Left) or anti-PP-1Ca
antibody (Right). Identical results were obtained for the subcellular
distribution of PP-1Cg.

FIG. 5. T320 phosphorylation of PP-1Ca analyzed in NIH 3T3 cells by indirect immunofluorescence. NIH 3T3 cells were fixed, permeabilized,
and stained with G-97 antibody followed by anti-rabbit IgG conjugated with Texas red as secondary antibody. (A) Low magnification view showing
several cells at various stages of the cell cycle. (B–F) Higher magnification showing individual cells in prophase (B), prometaphase (C), metaphase
(D), anaphase (E), and late anaphase (F). (A9–F9) DAPI-stained DNA of cells shown in A–F. The yellow arrowheads in A9 indicate 2 of 13 cells
that are mitotic. The differential staining of mitotic cells is not due to cell thickness because identical results were obtained using confocal microscopy
(data not shown). The results shown are representative of many individual experiments in which the same results were obtained.
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Moreover, RB-specific mitotic phosphatase activity, which is
believed to be primarily PP-1, was found to be higher at
anaphase than at metaphase (48). It is therefore possible that
in addition to inhibiting PP-1 activity, phosphorylation may
modulate the interaction between PP-1 and its associated
proteins, resulting in alteration of the substrate specificity of
PP-1.
In conclusion, the present results indicate that PP-1 phos-

phorylation at T320 by cdc2 kinase occurs during early to
mid-mitosis and that the associated inhibition of PP-1 activity
is likely to be an important factor in the balance between
protein phosphorylation and dephosphorylation that accom-
panies, respectively, entry into and exit from mitosis. This
regulatory mechanism is only one of many that are critical to
maintaining the correct progression through mitosis as well as
other phases of the cell cycle. PP-1 activity is also likely to be
regulated during the cell cycle by other mechanisms. For
example, inhibitor-2, sds22 or its homologs, or any one of many
PP-1 targeting proteins likely to exist could be involved in this
process. Future studies will be needed to identify substrates for
PP-1 that are important for the different phases of mitosis, as
well as the role that PP-1 phosphorylation might play in
regulating its intracellular localization and interactions with
other proteins.

Note Added in Proof. Similar results have been recently obtained in
studies of phosphorylation of PP-1 in S. pombe (49).
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