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Cell Cycle Control of DNA Replication by a
Homologue from Human Cells of the
p34°“? Protein Kinase

GENNARO D’URsO, ROBERT L. MARRACCINO, DANIEL R. MARSHAK, JAMES M. ROBERTS

The regulation of DNA replication during the eukaryotic
cell cycle was studied in a system where cell free replica-
tion of simian virus 40 (SV40) DNA was used as a model
for chromosome replication. A factor, RF-S, was partially
purified from human S phase cells based on its ability to
activate DNA replication in extracts from G, cells. RF-S
contained a human homologue of the Schizosaccharomyces
pombe p34°? kinase, and this kinase was necessary for
RF-S activity. The limiting step in activation of the p34
kinase at the G, to S transition may be its association with
a cyclin since addition of cyclin A to a G; extract was
sufficient to start DNA replication. These observations
suggest that the role of p34““Z in controlling the start of
DNA synthesis has been conserved in evolution.

HE TIMING OF EVENTS DURING THE SOMATIC CELL CYCLE
can be explained by the hypothesis that any one event does
not begin until certain previous ones have been completed

(1). Consequently, mutations that prevent particular cell cycle

functions can cause cell cycle arrest (2). The arrest points often
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coincide with the time in the cell cycle when the affected gene
products are required. Mutations in the Saccharomyces cerevisiae
CDC28 gene (3), or the Schizosaccharomyces pombe cdc2 gene (4) both
arrest the cell cycle at two points—just before the onset of DNA
synthesis and just before entry into mitosis. In S. cerevisiae, the
control point at the G,-S boundary is called START and represents
the major point at which cell growth and division are coordinated
(5). In S. pombe the major coordination point for growth and
division is at G,-M, the second point in the cell cycle regulated by
cdc2, although under certain conditions growth and division can also
be coordinated at G;-S (6). The a2 and CDC28 genes are
homologous (7) and functionally interchangeable (8). They encode
a 34-kD serine-threonine protein kinase, designated p34 (9).

The mitotic function of p34 has been evolutionarily conserved.
Maturation promoting factor (MPF), initially isolated from verte-
brate eggs, can induce meiotic maturation of G,-arrested oocytes
without new protein synthesis (10). MPF was later isolated from
somatic cells of various species and shown to be active during
mitosis, but inactive or latent during interphase (17). One compo-
nent of human MPF is a 34-kD serine-threonine kinase that is 63
percent identical (amino acid sequence) to the cdc2 protein kinase
(p34°*) of S. pombe (12). Furthermore, the human cdc2 gene can
rescue the mitotic function of ¢dc2 in S. pombe cdc2 mutants (13).

It is not known whether the G, -S function of p34 occurs in higher
eukaryotes. In mammalian cells, as in S. cerevisiae, the start of DNA
synthesis reflects a commitment to complete the remainder of the
cell division cycle (14). Hence, the focus of many regulatory signals
that promote or inhibit cell duplication ultimately is on the transi-
tion from G, into S. Cells that cease proliferation usually exit dur-
ing G, and enter a resting state called G, (15). The kinetics of
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passage through G, suggest that a single event during G, regulates
commitment to DNA replication (16). This event, called the restric-
tion point, may be analogous to the p34-dependent START tran-
sition in the yeast cell cycle. In fact, the human cdc2 gene can
substitute for the S. pombe cdc2 gene in both its G,-S and G,-M roles
(13). Experiments in which G, cells were fused to S phase cells
suggested that the transition from G, into S phase occurs when a
diffusible activator accumulates above a certain threshold (17).
However, the relation between that factor and the p34 kinase
remains unclear.

We investigated the mechanism that controls the start of DNA
replication during the mammalian cell cycle using cell-free replica-
tion of simian virus 40 (SV40) DNA as a model for chromosome
replication. Our experiments were based on two observations. First,
cell-free replication of SV40 DNA is catalyzed entirely by cellular
replication proteins (18), except for the action of the virally encoded
T antigen, which participates in the initiation of DNA replication
(19, 20). Second, we have shown earlier that replication in this
system is cell cycle—dependent (21). Cellular extracts become active
in supporting DNA synthesis from the SV40 origin as cells exit G,
and enter the S phase of the cell cycle. We suggest that the activation
of DNA replication in S phase extracts reflects the appearance at the
G, to S transition of a limiting and essential cellular replication
factor, called RF-S.

Purification of RF-S. We purified RF-S from MANCA cells—a
human Burkitt lymphoma cell line (22)—by assaying the ability of
protein fractions from S phase cells to activate DNA synthesis in
extracts from G, cells. To prepare a synchronous population of G,
cells, exponentially growing cells were first arrested in metaphase
with nocodazole, then released for 1 to 2 hours from the mitotic
block and newborn G, cells harvested by centrifugal elutriation (21).
Similar results were obtained with G, cells prepared by elutriation of
exponentially growing cells, but the synchrony of this population
was not as good as with the technique described above. S phase
extracts were prepared from cells harvested 4 hours after release
from hydroxyurea induced synchronization at the G,-S boundary.
Measurements of [*H]thymidine incorporation into cellular DNA
in vivo indicated that this corresponded to the time of maximal
DNA synthesis. The synchrony of this cell population was further
supported by flow cytometry analysis of cellular DNA content,
which showed that more than 90 percent of cells were in S phase,
and measurement of the mitotic index, which demonstrated that
more than 98 percent of the cells were in interphase.

RF-S was partially purified from soluble extracts of S phase cells
by anion-exchange chromatography (DEAE cellulose), cation-
exchange chromatography (Biorex 70), ammonium sulfate precipi-
tation, and gel filtration (Superose-12). Gel filtration indicated that
the molecular mass of RF-S was 250 kD. The extent of RF-§
purification could not be measured directly since inhibitors of DNA
synthesis co-fractionated with RF-S until the ammonium sulfate
step. Therefore, we estimated the extent of RF-§ purification by the
specific activity of H1 kinase (Table 1), an activity that copurified
with RF-S (see below). The large increase in specific activity of H1
kinase early in the purification could be attributed to both an
increase in enzyme purity and removal of inhibitors of enzyme
activity. We have also purified RF-S from untreated, exponentially
growing cells to demonstrate that the presence of this factor was not
a consequence of hydroxyurea-induced cell synchronization.

Replication was assayed by the addition of protein fractions to a
G, cell extract and with subsequent measuring of the incorporation
of [**P]dCMP (deoxycytosine monophosphate) into DNA (Fig.
1A) and visualizing the replication products (Fig. 1C). The addition
of protein fractions containing RF-S to G, extracts increased their
replication activity to the same level as an extract from S phase cells.
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As in control reactions from S phase cells, activation of DNA
synthesis in G, extracts by RF-S required both the SV40 origin of
replication and large T antigen. RF-S had no detectable replication
activity in the absence of G, extract.

We assayed fractions from the final stage of RF-S purification
(Superose 12) for their ability to phosphorylate a peptide that is a
substrate for the p34““ kinase. This peptide, designated CSH103,
contains the p34““? phosphorylation site within SV40 large T
antigen (23). A peak of peptide kinase activity copurified precisely
with RF-S activity (Fig. 1A). Histone H1 kinase activity showed the
same profile (24). Immunoblots of the same fractions with antiserum
to a carboxyl-terminal peptide of human p34°*® showed a peak of
this protein which coincided with the peak of kinase and RF-§
activities (Fig. 1, B and C). Antiserum to the conserved PSTAIRE
region of p34““” (13) also recognized a 34-kD antigen in RF-S.

We used pl3 Sepharose affinity chromatography to show that
p34°““? was necessary for RF-S activity. The protein p13, which is
the product of the suc gene in S. pombe, binds p34“““ with high
affinity (25, 26). Passage of RF-S over pl3 Sepharose removed at
least 80 percent of the CSH103 peptide kinase activity (Fig. 2A).
This treatment also depleted the replication activity of RF-S (Fig.
2B). RF-S activity and CSH103 peptide kinase activity were
unchanged after passage over a control column of Sepharose 4B
(Fig. 2, A and B).

Addition of either highly purified recombinant clam cyclin A or
sea urchin cyclin B (27) associated with xenopus p34 to human G,
extracts activated DNA replication. Sea urchin cyclin B—xenopus
p34 kinase and RF-S kinase were equally effective in activating DNA
synthesis (Fig. 3). Some of our results also show that clam cyclin

Table 1. Purification of RF-S. Manca cells, grown as described (21), were
synchronized in S phase with 2 mM hydroxyurea for 12 hours. Four
hours after release, cells were collected (1200 rpm for 5 minutes), washed
twice with cold tris-buffered saline (TBS) and resuspended in hyptonic
buffer [20 mM Hepes-KOH (pH 7.5), 5 mM KCI, 0.5 mM MgCl,, 0.25
mM dithiothreitol (DTT), 0.1 mM phenylmethylsulfonylfluoride (PMSF),
leupeptin (0.5 wg/ml), and aprotinin (0.5 pg/ml)] at 4 X 108 cells/ml.
Cells were incubated on ice for 10 minutes and lysed by vortexing.
Extracts were adjusted to 150 mM NaCl, incubated for 30 minutes on ice,
and centrifuged for 10 minutes at 10,000 rpm (Sorvall HB-4); the
supernatant was then centrifuged at 100,000¢ for 1 hour. The final
supernatant (S-100, 15 to 20 mg of protein per milliliter) was diluted to
50 mM NaCl in buffer A [25 mM Hepes-KOH (pH 8.0), 10 percent (v/
v) glycerol, 0.25 mM EDTA, 0.25 mM EGTA, 0.25 mM DTT, 0.1 mM
PMSEF, leupeptin (0.5 pg/ml), aprotinin (0.5 pg/ml)] and applied to a 20-
ml DEAE-cellulose column equilibrated in buffer A containing 50 mM
NaCl. The column was washed with two volumes of loading buffer and
cluted with buffer A containing 150 mM NaCl. Fractions containing the
peak of protein were pooled, diluted to 50 mM NaCl with buffer A, and
applied to a 5-ml Biorex 70 column. The column was washed with two
volumes of buffer A containing 50 mM NaCl, and the protein was eluted
with buffer A containing 300 mM NaCl. The peak of protein was pooled,
precipitated with 40 percent NH,SO,, dissolved in 200 pl of buffer A
containing 200 mM NaCl, and centrifuged at 250,000¢ for 20 minutes.
The supernatant was applied to a Superose-12 column (flow rate, 0.4 ml/
min); 0.5-ml fractions were collected, dialyzed in buffer A containing 50
mM NaCl, and 10 percent (w/v) sucrose, frozen in liquid nitrogen, and
stored at —70°C. The activity of 1 pg of each fraction was measured by
phosphorylation of histone H1 (24).

Total Total Recove Specific
Procedure protein activity (%) Y activity
(mg) (cpm) (cpm/mg)
100,000¢ 379.3 2.8 x 10° 2.8 755.7
DEAE cellulose 76.0 1.7 x 10° 17.0 2.3 x 10*
Biorex-70 22,6 1.0 x 107 100.0 4.6 x 10°
(NH,),SO, 4.4 7.5 x 10° 75.0 1.7 x 10°
Superose 12 0.5 6.5 x 10° 65.0 1.3 x 107
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A-xenopus p34 complexes had replication activity equivalent to
REF-S. These experiments confirmed that p34“““ was necessary for
activation of replication in G, extracts by RF-S. It remains possible
that proteins associated with p34 within these complexes contrib-
uted to replication activity.

Activation of RF-S during the cell cycle. An important predic-
tion of the hypothesis that RF-S activates DNA replication during
the cell cycle is that RF-S would be absent from G, cells. We
confirmed this by showing that fractionation of G, extracts by the
same protocol used to obtain RF-S yielded material that was unable
to activate replication in our standard RF-S assay.

Activation of the p34 kinase during the G, to S transition
correlates with assembly of the p34 protein into a multi-protein
complex. Cytosolic extracts of G, and S phase cells were fractionated
directly by Superose 12 chromatography and assayed for p34 kinase
activity toward peptide CSH103. No kinase activity was detected in
extracts from newborn G; cells (Fig. 4A). However, a broad peak of
kinase activity with an apparent molecular size of 200 to 300 kD was
detected in S phase extracts, consistent with the previously deter-
mined apparent molecular size of RF-S. Analysis of the same
fractions by immunoblotting with antiserum to p34 revealed that
p34 was monomeric in G, cells but was present in at least one large
complex in S phase cells (Fig. 4B). This complex corresponded to
the peak of kinase activity. Monomeric p34 was selectively removed
during the purification of RF-S from S phase extract (compare Fig.
1B and Fig. 4B).

To identify components of the p34 complex we analyzed Super-
ose 12 fractions from our final step in the purification of RF-S by
immunoblotting for the presence of cyclins A and B, two proteins
that show cell cycle—dependent association with p34°<? (28), as
discussed below. Antiserum specific for cyclin A recognized a
protein with an apparent molecular size of 60 kD (Fig. 5A), and
antiserum specific for cyclin B recognized a protein with an apparent
molecular size of 62 kD (Fig. 5B). These are the expected sizes of
human cyclin A and cyclin B, respectively. Both cyclins were most
abundant in the fractions containing RF-S and both cofractionated
with p34“?. We do not know whether association of p34 with
cyclin A or B (or another unidentified cyclin) was responsible for
REF-S activity.

Our observations showed that activation of the p34 kinase in S

Fig. 1. Cofractionation of p34“*? with RF-S. (A) Replication activity (closed
symbols) and p34 kinase activity (open symbols) of Superose-12 fractions.
Replication reactions with a plasmid (100 ng) containing the SV40 core
origin of replication (nucleotides 5210 to 5231), 100 pg of S-100 cell
extract, and 0.5 pg of SV40 large T antigen were incubated for 2.5 hours as
described (21). Replication activity in G, extracts plus 6 pl of the indicated
Superose-12 fractions are shown. The amount of DNA synthesis was
quantitated by measuring incorporation of [*2P]dCMP into trichloroacetic
acid precipitable material. T antigen was prepared by immunoaffinity
chromatography from lysates of Ad5SV112-infected HeLa cells. For peptide
kinase reactions, the Superose-12 fractions were incubated at 37°C for 10
minutes in a 20-ul, reaction mixture containing 25 mM Hepes-KOH (pH
7.5), 8 mM MgCl,, 1 mM DTT (dithiothreitol), 200 mM NaCl, 100 pM
adenosine triphosphate (ATP), 5 uCi of [y-3?P]ATP, and peptide CSH103
(500 uM). Bovine serum albumin (BSA) was then added (5 mg/ml, final)
and protein was precipitated by addition of trichloroacetic acid (10 percent
final). The supernatant was spotted on P-81 paper (Whatman); the paper
was washed extensively in 10 mM phosphoric acid, and dried. The 2P
incorporated into peptide CSH103 was quantitated by scintillation count-
ing. (B) Immunoblot of Superose-12 fractions analyzed with antiserum to
the COOH-region of p34°*?. Superose-12 fractions were resolved by
SDS-PAGE, transferred to nitrocellulose (BA85; Schleicher & Schuell) by
semidry electroblotting, blocked for 30 minutes with TBS (tris-buffered
saline) containing 0.05 percent Tween 20, and incubated overnight with
antiserum to p34 (1:500). Blots were washed with TBS containing Tween,
dried, and autoradiographed. (C) DNA replication products of reactions
containing G, extracts supplemented with Superose -12 fractions used in
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Fig. 2. Depletion of RF-S activity with pl3-Sepharose. Kinase activity
toward peptide CSH103 (A) and replication activity (B) after passage
through Sepharose 4B (open symbols) or p13-Sepharose (closed symbols).
REF-S from the ammonium sulfate stage of the purification (approximately 50
ug in 100 ul of buffer A containing 200 mM NaCl) was placed on a 200-pl
Sepharose-4B column or a 200-pl column of p13 Sepharose (5 mg of p13
per milliliter of Sepharose) equilibrated in buffer A containing 200 mM
NaCl. RF-S was allowed to penetrate and adsorb to the column for 30
minutes. Fractions were then collected, those containing the protein peak
were pooled and diluted to 50 mM NaCl, and RF-S was concentrated by
centrifugation in Centricon-30 filters (Amicon). Replication and kinase
activities were assayed as described (Fig. 1, legend).

phase correlated with its association with cyclin proteins. This
association may be a rate-limiting step in the activation of the p34
kinase at the G, to S transition since addition of recombinant clam
cyclin A to a G, extract was sufficient to activate SV40 DNA
replication (Fig. 6). This observation further supported the hypoth-
esis that activation of the cyclin-associated p34 kinase was necessary
for the onset of DNA synthesis.

Activation of DNA replication by RF-S. The identification of
cellular replication proteins that are activated by p34 will be
necessary in order to understand the mechanism by which p34
initiates DNA synthesis. T antigen can be specifically phosphoryl-
ated on Thr'?* by the p34—cyclin B complex (29). Phosphorylation
of this site is essential for the binding of T antigen to the core
replication origin (site II) and initiation of DNA replication.
Because our assay depends on the viral T antigen, it was important
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(A). Also shown are control reactions with G, or S phase extracts.
Replication products were visualized by autoradiography after electropho-
resis through 1 percent agarose in TBE [89 mM tris-borate, 89 mM boric
acid, 2 mM EDTA].
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to determine whether RF-S was stimulating DNA synthesis by
increasing the activity of T antigen or, alternatively, that of a cellular
replication factor.

We determined that RF-S was not activating DNA synthesis by
altering the activity of T antigen. We demonstrated that the T
antigen used in our experiments (Fig. 1, legend) was functionally
active before incubation with RE-S by showing that it could bind to
the core replication origin and that its binding activity was not
increased by incubation with RF-S (Fig. 7A). T antigen (residues 1
to 259) produced in Escherichia coli, which was unphosphorylated at
Thr'?#, would only bind the core origin after incubation with RF-S.

Prior treatment of HeLa T antigen with RF-S also was not
sufficient to activate DNA synthesis. By using RF-S that had been
affinity-coupled to p13 Sepharose we were able to treat T antigen
with approximately 1.5 times more RF-S kinase activity than would
be necessary to activate G, DNA replication (30) and then purify the
treated T antigen free from the RF-S kinase. This T antigen
remained unable to activate G, replication while it remained fully
active in supporting replication in extracts from S phase cells.

Since G, extracts contain cellular phosphatases, RF-S may have
been required to maintain the preexisting phosphorylation state of T
antigen. This is unlikely since the phosphorylation of T antigen was
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Fig. 4. Superose-12 chromatography of §-100 extracts from G, and S phase
cells. (A) CSH103 peptide kinase activity in Superose-12 fractions from G,
cells (closed symbols) and from S phase cells (open symbols). (B) Immuno-
blot analysis of p34“*Z in Superose-12 fractions from G, and S phase cells.
An S$-100 extract of G, or S phase cells (200 pl at 15 to 20 mg/ml) was
adjusted to 200 mM NaCl and fractionated by fast performance liquid
chromatography on a Superose-12 column in buffer A containing 200 mM
NaCl as described (Fig. 1, legend). Immunoblots of Superose fractions of G,
and S phase cell extracts were performed as described (Fig. 1, legend), except
that blots were incubated with antiserum to the PSTAIRE domain of p34
(13). Single letter amino acid abbreviations: P, Pro; S, Ser; T, Thr; A, Ala;
I, Iso; R, Arg; E, Glu.
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Fig. 5. Cylcins A and B are complexed with p34 in RF-S. Immunoblots of
Superose 12 fractions analyzed with antiserum to the carboxyl-terminal
region of p?.»4"“"2 and then with antiserum to cyclin A (A) or cyclin B (B).
Polyclonal antiscrum (43) to cyclin A was prepared in rabbits to a bacterially

ressed fusion protein cont the carboxyl-terminal 46 amino acids of
human cyclin A. Cyclin B polyclonal antiserum was raised in rabbits to
bacterially expressed human cyclin B. Proteins corresponding to p344Z,
cyclin A (p60), and cyclin B (p62) are indicated.

stable in G, extracts in the absence of RF-S (Fig. 7B). We treated E.
coli-produced T antigen with p34 kinase immunoprecipitated from
REF-S, removed the kinase by centrifugation, and then incubated the
phosphorylated T antigen in a G, extract for up to 2 hours under
conditions identical to those of the SV40 replication reactions. The
phosphate added to bacterial T antigen by RF-S was stable in the G,
extract. A control reaction performed without p34 antiserum (G6)
showed that the phosphate present on T antigen after incubation in
the G, extract was not added by cellular kinases present in the G,
extract. Although we have not shown directly that RF-S phospho-
rylated T antigen at Thr'?* in this experiment, we have found that
the phosphorylation of E. coli T antigen by RF-S could be blocked
by the addition of the CSH103 peptide, which corresponds to the
Thr'?# site of T antigen. Also, a mutation of Thr to Ala in T antigen
at residue 124 eliminates all phosphorylauon by p34 (29).

We concluded from these experiments that phosphorylatlon of
SV40 T antigen by RF-S was not responsible for the activation of
DNA replication in G, extracts. Therefore, it appears that at least
one cellular protein must be phosphorylated by RF-S before DNA
replication can begin. The essential cellular replication factor RF-A
is one candidate.

Cell cycle control of DNA replication. Kinetic analyses of SV40
DNA replication in vitro demonstrate that a presynthesis phase of
approxnnatcly 15 minutes precedes the start of DNA synthcsls
During this time a subset of rcphcauon proteins assemble into a
nucleoprotein complex at the origin (31). Within this initiation
complex the origin DNA becomes unwound thereby facilitating the
association of the DNA synthetic enzymes with the replication
origin (19). We have shown that this stage in DNA replication
occurs inefficiently in extracts from G, cells and that this deficit can
account for the inability of G, extracts to replicate DNA (21). Ina
purified system, three replication factors are required for the pre-
synthesis initiation reaction: SV40 T antigen, RF-A, and topoisom-
erase I (32). Two of these factors, T antigen (29) and RF-A (33), are
substrates of the p34 kinase.

Our data show that phosphorylation of T antigen is not sufficient
to explain the activation of DNA replication by RF-S. RF-A is a
cellular multiprotein complex that binds single-stranded DNA; it
stabilizes the unwound DNA structure that forms during the
presynthesis reaction and also participates in the elongation phase of
DNA synthesis (34). RF-A is phosphorylated at the start of S phase
in human and yeast cells (35). The RF-A kinase is probably p34“2
since this kinase can phosphorylate RF-A in vitro at the sites
phosphorylated in vivo (33). Thus, phosphorylation of RF-A may’
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Fig. 6. Activation of DNA replica-
tion by cyclin A. Extracts of G,, S,
or Gl containing the indicated
amount of recombinant clam cyclin
A (27) were incubated under repli-
cation conditions for 20 minutes at
37°C. Replication was then started
by the addition of T antigen and
DNA, and the extent of DNA syn-
thesis was quantified (Fig. 1).

DNA replication
(pmol dCMP incorporated)
3
t

G, G+ G+ S
200ng 800 ng
CycA CycA

contribute to the activation of DNA synthesis by RF-S by promot-
ing the formation of the underwound initiation complex; however,
it has not yet been shown directly that phosphorylation of RF-A
stimulates single-stranded DNA binding or origin unwinding. T
antigen, RF-A, and topoisomerase I are sufficient for the presynthe-
sis reaction in purified systems. In more crude systems, such as the
one used in our experiments, the requirements for the presynthesis
reaction are less clear and other cellular factors may have important
roles. We conclude that assembly of a functional presynthesis
complex at the replication origin may be regulated by the p34Z
kinase. In our cell-free assay this may require the activation of RF-A.
At cellular chromosomal replication origins activation of RF-A and
a specific T antigen-like initiator protein both might be required to
start DNA synthesis.

Whereas our data suggest a direct role for the p34 kinase in
activating DNA synthesis, they do not exclude the participation of
the p34 protein in earlier events that result in commitment to S
phase (for example, at the restriction point). In vivo multiple intra-
and extracellular signals may impinge on the activation process of
p34 at various points during progression from G, into S phase.
Stepwise modifications of p34 (or a cyclin) could monitor essential
cell cycle events throughout G, with the start of DNA replication
being dependent on its activation as a kinase at the G,-S boundary.

Regulation of p34. It is likely that activation of both the G,-S
and G,-M forms of the p34 kinase requires the association of p34
with a cyclin subunit and, furthermore, that the two forms can be
distinguished by their association with specific G, or G, cyclins. In
support of this, cyclin B is necessary for the G,-M activation of p34
in many species (36) including humans (37), and in S. cerevisiae a
unique class of cyclins, the CLN proteins, is necessary for the
activation of CDC28 at START (38). Specific G, cyclins have not
yet been identified in higher eukaryotic cells. Pardee and co-workers
have suggested that passage of mammalian cells through the restric-
tion point requires the synthesis during G, of a critical and labile
68-kD protein (39). More recently, other evidence suggested that
cyclin A may take part in activating S phase in somatic cells because
cyclin A is present early in S phase and the cyclin A—p34 complex has
kinase activity during S phase, before the activation of the cyclin
B—p34 complex (40). However, direct evidence that cyclin A plays a
role in the activation of DNA replication in vivo is lacking.

Consistent with the hypothesis that cyclin accumulation leads to
the activation of the p34 kinase in S phase, we found that p34 was
present predominantly as a monomer in early G, cells and was
assembled into a larger molecular size complex in S phase cells.
Monomeric p34 could be found in G, and S phase but kinase
activity was found only in the 250-kD complex from S phase cells.
Addition of pure recombinant cyclin A was sufficient to activate
DNA replication in a G, extract, suggesting that accumulation of a
cyclin could be the rate-limiting step for activation of the p34 kinase
at the G, to S transition. It is important to recognize that some
aspects of cell cycle regulation may not be apparent in our in vitro
assay and therefore we cannot conclude that cyclin accumulation
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would be sufficient to start S phase in vivo.

Our experiments did not directly address the question of which
cyclin acts in vivo to activate the p34 kinase at the start of S phase.
Immunoblotting experiments showed that both cyclin A and B were
present in RF-S, and we observed that both recombinant clam cyclin
A and sea urchin cyclin B when complexed with xenopus p34 had
REF-S activity. It is paradoxical that two complexes of p34, one of
which has been shown to induce mitosis in vivo (36, 37), could both
start DNA synthesis in vitro. In vivo the cyclins may control the
subcellular localization of p34. This function would not be apparent
in our cell free assay. Also, since different cyclin-p34 complexes do
not appear to have qualitatively different substrate specificities (41),
there was little reason to expect that our assay would distinguish
between different cyclins or cyclin-p34 complexes. Indeed some
functions, such as promoting the activation of p34, could be shared
by multiple different cyclins.

In summary, RF-S, a multiprotein complex from S phase cells that
contains a homologue of the p34““Z protein kinase, can activate
DNA synthesis in extracts from G, cells. On the basis of our results
we suggest that accumulation of a cyclin during G, leads to the
activation of the p34 kinase at the start of S phase. DNA synthesis
would begin when phosphorylation of specific replication proteins

Fig. 7. (A) Effect of RF-S Without E. coli

on binding of HeLa and E. A Tantigen Tantigen (1-259)
coli T antigen to the SV40 e R e
replication origin. SV40 T
antigen purified from either
HeLa cclls (see above), or
from E. coli (29) was incu-
bated with or without 1 pg
of RF-S in 30 mM Hcpes,
pH 7.4, 7 mM MgCl,, 0.5
mM DTT, 0.5 mM ATP, 10
percent  glycerol, BSA at
100 pg/ml in 25-pl total
volume at 37°C for 30 min-
utes. Binding to the SV40
core origin (nucleotides
5210 to 138) (42) was mon-
itored by immunoprecipita-
tion of T antigen-DNA
complexes essentially as de-
scribed (29): The immunc
complexes were disrupted in
1 percent SDS, 25 mM 2
EDTA and heated to 65°C i
for 15 minutes. The relcased — -

DNA was scparated on a 5

percent  acrylamide  gel

(acrylamide:bis 20:1) and

the extent of binding was

determined by autoradiog-

raphy. The extent of binding without T antigen is shown as a control. The
T antigen purified from E. coli contained residues 1 to 259. This region of T
antigen is necessary and sufficient for origin specific binding. Full-length T
antigen (1 to 708) from HeLa cclls was uscd. (B) (Left) Escherichia coli T
antigen (residues 1 to 259) was phosphorylated with RF-S and the stability
of the added phosphate determined upon incubation in G, extracts for 1 and
2 hours under replication conditions. RF-S was precipitated with antiserum
to p34 carboxyl terminal (G6), washed, and mixed with 250 ng of E. coli T
antigen for 20 minutes at 37°C in a 10-pl rcaction mixture containing 20
pM ATP, 10 uCi of [y-32PJATP, and insulin at 33 pg/ml (as carrier) in
kinase buffer. The immunc precipitatc containing thc p34 kinasc was
removed by centrifugation and the supernatant, containing the phosphoryl-
ated T antigen, was mixed with 150 pg of G, extract, 1 pg of HeLa T
antigen, and sufficient deoxy- and ribonucleotides, phosphocreatine, ‘and
creatinc phosphokinase to reconstruct replication conditions. Portions were
removed at 1 and 2 hours, the samples were resolved by PAGE and
visualized by autoradiography. (Right) Identical to above cxperiment except
that the p34 antiserum (G6) was climinated from the immunoprecipitation
of RF-S.

HelLa
T antigen
-+ - +

Core -
origin

B +G6 -G6

Hours
in G,
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by the p34“““ kinase promoted the formation of functional initiation
complexes at chromosomal replication origins.

10.

11.

12.

13.
14.

15.

16.
17.

18.
19.

20.

21
22.

23.
24.

25.

REFERENCES AND NOTES

. T. A. Weinert and L. H. Hartwell, Science 241, 317 (1988); L. Hartwell and T.
Weinert, ibid. 246, 629 (1989); T. Enoch and P. Nurse, Cell 60, 665 (1990); M.
Dasso and J. W. Newport, ibid. 61, 811 (1990).

. L. H. Hartwell, J. Culotti, J. R. Pringle, B. J. Reid, Science 183, 46 (1974).

. S. 1. Reed, Genetics 95, 561 (1980); J. Piggott, R. Rai, R. Carter, Nature 298, 391
(1982); P. Russell, S. Moreno, S. Reed, Cell 57, 295 (1989); S. Reed and C.
Wittenberg, Proc. Natl. Acad. Sci. U.S.A. 87, 5697 (1990).

. P. Nurse and Y. Bissett, Nature 292, 558 (1981).

. G. Johnston, J. Pringle, L. Hartwell, Exp. Cell. Res. 105, 79 (1977); L. Hartwell
and M. Unger, J. Cell Biol. 75, 422 (1977).

. P. Fantes and P. Nurse, Exp. Cell. Res. 115, 317 (1977); F. Cross, J. Roberts, H.

Weintraub, Annu. Rev. Cell Biol. 5, 341 (1989).

A.T. Lorincz and S. I. Reed, Nature 307, 183 (1984); J. Hindley and G. Phear,

Gene 31, 129 (1984).

. D. H. Beach, B. Durkacz, P. M. Nurse, Nature 300, 706 (1982); R. Booher and
D. Beach, Mol. Cell. Biol. 6, 3523 (1987).

. S. I. Reed, J. A. Hadwiger, A. Lorincz, Proc. Natl. Acad. Sci. U.S.A. 82, 4055

(1985); V. Simanis and P. Nurse, Cell 45, 261 (1986).

Y. Masui and C. Markert, J. Exp. Zool. 177, 129 (1971); D. Smith and R. Ecker,

Dev. Biol. 25, 233 (1971); W. Dunphy and J. Newport, Cell 55, 925 (1988).

P. Sunkara, D. Wright, P. Rao, Proc. Natl. Acad. Sci. U.S.A. 76,2799 (1979); H.

Weintraub et al., C. R. Acad. Sci. Paris 295, 787 (1982); W. Dunphy and J.

Newport, J. Cell Biol. 106, 2047 (1988).

G. Draetta, L. Brizuela, J. Potashkin, D. Beach, Cell 50, 319 (1987); M. J. Lohka,

M. K. Hayes, J. L. Maller, Proc. Natl. Acad. Sci. U.S.A. 85, 3009 (1988); J. Gautier,

C. Norbury, M. Lohka, P. Nurse, J. Maller, Cell 54,433 (1988); W. Dunphy, L.

Brizuela, D. Beach, J. Newport, ibid., p. 423.

M. G. Lee and P. Nurse, Nature 327, 31 (1987).

A. Pardee, R. Dunbrow, J. Hamlin, R. Kletzien, Annu. Rev. Biochem. 47, 715

(1978); A. Zetterberg, Curr. Opinion Cell Biol. 2, 296 (1990).

R. Kram, P. Mamont, G. Tomkins, Proc. Natl. Acad. Sci. U.S.A. 70, 1432 (1970);

R. Baserga, The Biology of Cell Reproduction (Harvard Univ. Press, Cambridge, MA,

1985).

A. Pardee, Proc. Natl. Acad. Sci. U.S.A. 71, 1286 (1974); A. W. J. Pledger, C. D.

Stiles, H. N. Antoniades, C. D. Scher, ibid. 75, 2839 (1978).

P. N. Rao and R. T. Johnson, Nature 225, 159 (1970).

B. Stillman, Annu. Rev. Cell. Biol. 5, 197 (1989).

J. Borowiec and J. Hurwitz, EMBO J. 7, 149 (1988); J. M. Roberts, Proc. Natl.

Acad. Sci. U.S.A. 86, 3939 (1989); R. Parsons, M. Anderson, P. Tegtmeyer, J.

Virol. 64, 509 (1990).

R. Tjian, Cell 13, 165 (1978); D. Shortle, R. Margolskee, D. Nathans, Proc. Natl.

Acad. Sci. U.S.A. 76,6128 (1979); J. Li and T. Kelly, ibid. 81, 6973 (1984); B.

Stillman and Y. Gluzman, Mol. Cell. Biol. 5, 2051 (1985); C. Wobbe, F. Dean, Y.

Murakami, L. Weissbach, J. Hurwitz, Proc. Natl. Acad. Sci. U.S.A. 82, 5710

(1985).

J. M. Roberts and G. D’Urso, Science 241, 1486 (1988); J. Cell Sci. Suppl. 12,171

(1989).

H. Nishikori ef al., Cancer Genet. Cytogenet. 12, 39 (1984).

D. R. Marshak, M. Vandenberg, Y. Bae, I. Yu, in preparation.

Each protein fraction (1 pg) was incubated for 10 minutes at 30°C in (final volume,

25 wl) kinase buffer (Fig. 1, legend) containing 20 uM ATP, 5 p.Ci of [y-32P]ATP,

and histone H1 (40 wg/ml; Boehringer Mannheim). Reactions were analyzed by

SDS-PAGE. The extent of histone H1 phosphorylation was determined by

excising the portion of the gel containing histone H1 and determining the amount

of radioactivity by scintillation counting.

J. Hayles, S. Aves, P. Nurse, EMBO J. 5, 3373 (1986); J. Hindley, G. Phear, M.

9 NOVEMBER 1990

26.
27.

28.
29.

30.

31.
32.

33.
34.

35.
36.

37.

38.

39.
40.

41.
42.

43.

Stein, D. Beach, Mol. Cell. Biol. 7, 504 (1987); S. Moreno, J. Hayles, P. Nurse,
Cell 58, 361 (1989).

L. Brizuela, G. Draetta, D. Beach, EMBO J. 6, 3507 (1987)

Clam cyclin A, sea urchin cyclin B, and their complexes with xenopus p34 were
gifts of M. Solomon and M. Kirschner (M. Solomon et al., Cell, in press). Briefly,
clam cyclin A and sea urchin cyclin B were expressed as glutathione transferase
fusion proteins in E. coli and purified on glutathione agarose. Clam cyclin
A—xenopus p34 and sea urchin cyclin B—xenopus p34 were prepared by coupling
glutathjone transferase-cyclin fusion proteins to glutathione agarose, which were
then incubated with xenopus embryonic extracts. The cyclin-p34 complexes were
eluted by buffer containing glutathione.

A. Murray and M. Kirschner, Science 246, 614 (1989).

1. Mohr et al., Proc. Natl. Acad. Sci. U.S.A. 86, 6479 (1989); D. McVey et al.,
Nature 341, 503 (1989).

Schizosaccharomyces pombe pl3 was purified from E. coli as described (26) and
covalently coupled to CNBr-activated Scpharose (Sigma) according to the manu-
facturer’s instructions (10 mg of p13 per millilter of Sepharose). RE-S (in buffer A
plus 200 mM NaCl) was passed five times over a 200-pl column of p13 Sepharose.
The beads were then washed extensively with buffer A plus 200 mM NaCl, and
finally with buffer A plus 50 mM NaCl. The T antigen was treated with 15 units
of RF-§ kinase coupled to pl3 Scpharose in the absence of cell extract for 10
minutes under replication conditions plus BSA at 100 pg/ml. RF-S units are
defined in the legend to Fig. 4. The beads were then centrifuged, T antigen was
added to G, or S phase extract, and replication was assayed (21).

F. Dean, M. Dodson, H. Echols, J. Hurwitz, Proc. Natl. Acad. Sci. U.S.A. 84, 16
(1987).

T. Tsurimoto, M. Fairman, B. Stillman, Mol. Cell. Biol. 9, 3839 (1989)

A. Dutta and B. Stillman, personal communication.

M. Fairman and B. Stillman, EMBO J. 7, 1211 (1988); M. Wold and T. Kelly,
Proc. Natl. Acad. Sci. U.S.A. 85, 2523 (1988); T. Tsurimoto and B. Stillman,
EMBO J. 8, 3883 (1989).

S. Din, S. Brill, M. Fairman, B. Stillman, Genes Dev. 4, 968 (1990).

R. Booher and D. Beach, EMBO J. 6, 3441 (1987); L. Moreno, J. Hayles, P.
Nurse, Cell 58, 361 (1989); R. Booher, C. Alfa, J. S. Hyams, D. Beach, ibid., p.
485; see also K. Swenson, K. Farrell, J.Ruderman, ibid. 47, 861 (1987); J. Pines
and T. Hunt, EMBO J. 6, 2987 (1987); A. Murray and M. Kirschner, Nature 339,
275 (1989); J. Minshull, J. Blow, T. Hunt, Cell 56, 947 (1989); J. Gautier et al.,
ibid. 60, 487 (1990).

G. Draetta and D. Beach, Cell 54, 17 (1988); L. Brizuela, G. Draetta, D. Beach,
Proc. Natl. Acad. Sci. U.S.A. 86,4362 (1989); J. Pines and T. Hunter, Cell 58, 833
(1989).

F. Cross, Mol. Cell. Biol. 8, 4675 (1988); J. Hadwiger, C. Wittenberg, H.
Richardson, M. De Barros Lopes, S. Reed, Proc. Natl. Acad. Sci. U.S.A. 86, 6255
(1989); H. Richardson, C. Wittenberg, F. Cross, S. Reed, Cell 59, 1127 (1989);
C. Wittenberg, K. Sugimoto, S. Reed, ibid. 62, 225 (1990).

P. Rossow, V. Riddle, A. Pardee, Proc. Natl. Acad. Sci. U.S.A. 76, 4446 (1979);
R. Croy and A. Pardee, ibid. 80, 4699 (1983).

A. Giordano et al., Cell 58, 981 (1989); J. Pines and T. Hunter, Nature 346, 760
(1990).

J. Minshull, R. Golsteyn, C. Hill, T. Hunt, EMBO J. 9, 2865 (1990).

C. Guitterez, Z. Guo, J. Roberts, M. De Pamphlis, Mol. Cell. Biol. 10, 1719
(1990).

The polyclonal antisera to human cyclins A and B were supplied by J. Pines and T.
Hunter.

. We thank M. Morrow for technical assistance; D. Beach and P. Nurse for

antiserum to human p34 kinase; S. Pelech for antiserum to the conserved
PSTAIRE amino acid domain of p34; J. Newport for p13 Sepharose; M. Solomon
and M. Kirschner for the cyclin-p34 complexes; and numerous colleagues for help
throughout the course of this work. Supported in part by a grant from the Lucille
P. Markey Charitable Trust, a grant from the NIH, and a Lucille P. Markey
Scholarship in the biomedical sciences. (J.M.R.).

28 June 1990; accepted 26 September 1990

RESEARCH ARTICLES 791





