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The initiation of simian virus 40 (SV40) DNA replication is regulated by the phosphorylation state of the viral
initiator protein, large T antigen. We describe the purification from HeLa cell nuclei of a 35-kDa
serine/threonine protein kinase that phosphorylates T antigen at sites that are phosphorylated in vivo and
thereby inhibits its ability to initiate SV40 DNA replication. The inhibition of both origin unwinding and DNA
replication by the kinase is reversed by protein phosphatase 2A. As determined by molecular weight, substrate
specificity, autophosphorylation, immunoreactivity, and limited sequence analysis, this kinase appears to be
identical to casein kinase I, a ubiquitous serine/threonine protein kinase that is closely related to a yeast kinase
involved in DNA metabolism. The HeLa cell phosphorylation cycle that controls the initiation of SV40 DNA
replication may also play a role in cellular DNA metabolism.

Protein phosphorylation has emerged as an important
regulatory mechanism in nuclear as well as cytoplasmic
processes. Cellular protein kinases and phosphatases partic-
ipate in, among other events, the regulation of differentia-
tion, transcription, DNA repair, and mitosis. The transition
from the G, to the S phase of the cell cycle is also dependent
on the function of phosphorylation cascades. In Saccharo-
myces cerevisiae, the functions of the Cdc28 and Cdc7
protein kinases are required to initiate DNA synthesis. In
higher eukaryotes, p34°/“? and other kinases have also been
implicated in controlling the cell’s commitment to begin
chromosomal replication. However, the downstream events
which couple Cdc28 and Cdc2 activation to the actual
initiation of DNA synthesis remain unknown.

The study of the replication of the genome of the papova-
virus simian virus 40 (SV40) has advanced our understanding
of mammalian chromosomal replication because, except for
the SV40 large T antigen, all of the factors required for
control and execution of replication are present in the host
cell. In the initial steps in SV40 DNA replication, T antigen
binds as a double hexamer to the viral 64-bp minimal origin
of replication and unwinds the duplex DNA, thereby provid-
ing a template for new DNA synthesis (3, 5, 13, 20, 21, 40,
47). This origin-unwinding activity of T antigen is controlled
by its phosphorylation state (reviewed in references 13 and
29). Unphosphorylated T antigen expressed in Escherichia
coli is inactive in reghcatlon until phosphorylated on threo-
nine 124 by p34°“‘ kinase (25). T antigen purified from
mammalian cells is phosphorylated on up to seven serines
and two threonines clustered at the amino- and carboxy-
terminal regions (36). This heavily phosphorylated T antigen
is not able to efficiently unwind the origin of replication and
initiate SV40 DNA replication in vitro. The mammalian
cellular kinase that inactivates T-antigen function has not yet
been identified. A number of kinases have been shown to
phosphorylate T antigen in vitro, several on sites which are
not phosphorylated in vivo (17). The DNA-activated protein
kinase phosphorylates T antigen on serine 120 and several
other sites (6), and rabbit reticulocyte casein kinase I phos-
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phorylates T antigen on serine 120 and/or 123, as well as
several carboxy-terminal sites (17, 42); no functional effects
of these kinases on T-antigen activity have been demon-
strated.

In vitro studies have also shown that T antigen is activated
by site-specific dephosphorylation. Initial studies demon-
strated that underphosphorylated T antigen bound more
tightly to origin DNA and was more active in the initiation of
replication than heavily phosphorylated T antigen (reviewed
in references 13 and 29). Subsequently, a cellular factor
which markedly stimulated both the origin-unwinding activ-
ity of T antigen and in vitro SV40 DNA replication was
found to be the catalytic subunit of protein phosphatase 2A
(PP2A,) (43, 44). PP2A_ removes phosphoryl groups from
one or more of serines 120, 123, 677, and 679 (37). These
sites have been found to have a rapid phosphate turnover in
infected cells (34). Phosphorylated T antigen is able to bind
to the origin as a double hexamer; however, the complexes
dissociate rapidly and do not unwind the duplex DNA. In
contrast, PP2A -treated T antigen forms double hexamers on
the SV40 origin in a highly cooperative manner; these
dephosphorylated double hexamers have a slow off-rate and
efficiently unwind the origin region (45). These data suggest
that specific interactions between the hexamers are critical
for origin-unwinding activity and that the interactions are
regulated by the phosphorylation state of T antigen. While
single T-antigen tetramers or hexamers may be active as
nonspecific DNA helicases (39), the formation of specifically
dephosphorylated double hexamers appears to be required
for SV40 origin unwinding. The recent demonstration by
electron microscopy that the T-antigen double hexamer can
remain intact during the origin-unwinding process suggests
that the double hexamer may also be the active species in the
replication complex (47).

The factors that regulate the initiation of SV40 DNA
replication may be involved in the regulation of cellular
DNA replication as well. Both in vivo and in vitro, the
initiation of wviral replication depends on the host cell’s
position in its replication cycle. In vivo, SV40 DNA repli-
cation begins when the host cell enters the S phase, regard-
less of when during the cell cycle the cell was infected (27).
In vitro, S-phase cell extracts are 10-fold more efficient than
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G,-phase cell extracts at supporting both origin-specific
unwinding and complete replication of SV40 DNA (30).
Subsequent studies have demonstrated that addition of ei-
ther PP2A_ (43) or p34°“? kinase activity (11, 12) to G,-
phase cell extracts markedly stimulates their replication
activity. PP2A_ directly stimulates the initiation of replica-
tion by dephosphorylating T antigen, while stimulation of
replication by p34°9<? is indirect and requires an additional,
as yet unidentified factor(s) present in unfractionated cellular
extract. Neither the quantity nor the activity of protein
phosphatase 2A (PP2A) has been found to vary throughout
the cell cycle (33, 43). One possible explanation of the data
is that the kinase that phosphorylates target sites for PP2A_
may be more active in G,-phase extracts. These findings
suggest that a dynamic balance between cellular kinases and
phosphatases can control the initiation of SV40 DNA repli-
cation; these factors may also influence the initiation of
cellular DNA replication.

We undertook to identify the cellular kinase that inhibits
the activity of T antigen in the initiation of DNA replication.
We postulated that (i) the kinase would phosphorylate T
antigen on serines, on sites that were at least in part
accessible to PP2A_, (ii) phosphorylation would occur on
physiologic sites, (iii) phosphorylation would inhibit both
T-antigen-catalyzed origin unwinding and in vitro SV40
DNA replication, and (iv) this inhibition would be reversible
by PP2A_. A 35-kDa protein kinase was purified from HeLa
cell nuclear extracts that met these criteria. It appears to be
an isoform of casein kinase I. This kinase is highly homolo-
gous to an S. cerevisiae protein kinase that is involved in
DNA metabolism, supporting a role for the mammalian
nuclear casein kinase I in DNA metabolism as well.

MATERIALS AND METHODS

The following reagents were obtained from commercial
suppliers: DEAE-cellulose (DE-52) was from Whatman;
Mono-S 5/5, heparin-Sepharose, and Superdex-75 10/30 col-
umns were from Pharmacia; Affi-Gel Blue chromatography
medium was from Bio-Rad; and hydroxylapatite was from
Calbiochem. E. coli single-stranded DNA-binding protein
(SSB) was purified from E. coli RLM727 (obtained from M.
Wold, University of Iowa) by the method of LeBowitz (22).
PP2A_ was purified from bovine heart by a modification of
published methods (9). Protein concentrations were deter-
mined by the Bradford dye-binding assay with a commercial
reagent (Bio-Rad) and bovine serum albumin as a standard.

Preparation of HeLa cell nuclear extract. A total of 5.5 X
10'° HeLa cells were used in the purification. All steps were
carried out at 0 to 4°C. Log-phase cells were lysed in
hypotonic buffer (20 mM HEPES [N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid, pH 7.5], 1.5 mM MgCl,, 1
mM dithiothreitol [DTT], 0.1 mM phenylmethylsulfonyl
fluoride, 5 mM KCl) as described before (49). The nuclei
were removed from the lysates by centrifugation at 1,700 x
g for 10 min, resuspended in hypotonic buffer, and frozen in
liquid nitrogen for storage. To prepare the nuclear extract,
nuclear pellets were thawed on ice and washed once with
hypotonic buffer, once with hypotonic buffer containing
0.1% Nonidet P-40, and once again with hypotonic buffer.
The nuclei were then resuspended (3 ml per 10° nuclei) in
buffer B (20 mM HEPES [pH 7.5], 1 mM DTT, 1 mM EDTA,
10% sucrose, 0.02% Nonidet P-40) containing 400 mM NaCl,
0.1 mM phenylmethylsulfonyl fluoride, and 1 ug each of
leupeptin and pepstatin per ml and incubated on ice for 45
min, with occasional gentle mixing. The residual nuclei and
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cellular debris were removed by centrifugation at 25,000 X g
for 30 min, and the supernatant was used directly for
purification.

T-antigen kinase assay. The standard kinase reaction mixes
contained dialyzed column fractions incubated with 1 pg of
T antigen for 15 min at 37°C with 100 pM ATP-5 pCi of
[v-?P]JATP-30 mM HEPES (pH 7.5)-7 mM MgCl,-0.5 mM
DTT, in a final volume of 20 ul. Reactions were stopped by
the addition of 10 pl of electrophoresis sample buffer (625
mM Tris HC, pH 6.8, 10% SDS, 50% sucrose, 10 mM DTT).
The reaction mixes were then heated to 65°C for 10 min and
separated by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) on a 10% acrylamide gel. T antigen was visualized by
staining with Coomassie brilliant blue R250; then the gel was
dried and autoradiographed, the T-antigen bands were cut
out, and incorporated radioactivity was determined by
Cerenkov counting. Kinase activity was determined as the
number of picomoles of P; transferred to 1 pmol of T antigen
per minute.

T-antigen-dependent origin-specific DNA-unwinding assay.
The T-antigen-catalyzed origin DNA-unwinding assay was
modified from published methods (45). The unwinding sub-
strate contains two >?P-labeled duplex DNA fragments, a
280-bp fragment with 65 bp of SV40 sequence encompassing
the minimal origin of DNA replication, and a 220-bp frag-
ment derived from the vector that serves as an internal
control for nonspecific helicase activity. The DNA frag-
ments are generated by a Pvull plus Asp 718 digest of
pDV.XH and labeled with the Klenow fragment of DNA
polymerase I and [a-*?P]dCTP. pDV.XH contains the SV40
minimal origin of replication (nucleotides 5211 to 32), with
no additional SV40 sequence, cloned between the Xhol and
HindIII sites of pBluescript KS(—) (Stratagene) (45).

The unwinding reactions were performed essentially as
described before (45) except that 0.5 pg of T antigen was
incubated with dialyzed column fractions for 15 min at 37°C
in 30 mM HEPES (pH 7.5)-7 mM MgCl,-2 mM DTT-100 pg
of bovine serum albumin per ml-4 mM ATP before the
remainder of the components were added. The final reaction
mix also contained 10 ng of unwinding substrate, 100 ng of
sheared calf thymus DNA, 25 ng of E. coli SSB, and 40 mM
creatine phosphate. After a further 30 min of incubation at
37°C, the reactions were stopped by the addition of SDS,
proteinase K, and EDTA, and the reaction mixes were
analyzed on an 8% polyacrylamide gel in 90 mM Tris-borate
(pH 8.0)-2 mM EDTA as described before (43, 44). The
reaction mixes were visualized by autoradiography and
quantitated by a Phosphorimager (Molecular Dynamics).
Under the conditions of the assay, no unwinding of the
nonspecific 220-bp fragment was seen.

In vitro SV40 DNA replication was assayed as described
before (49) except that 0.6 ug of T antigen was first incubated
with 0.4 U of kinase and/or 400 ng of PP2A_ for 15 min at
37°C as described above. Each reaction mix contained 100
ng of pUC.HSO and 100 pg of Hel.a cytoplasmic extract.
Okadaic acid (2 pM), a potent inhibitor of PP2A, was added
after the preincubation step to prevent further dephosphor-
ylation of T antigen by PP2A present in the cytoplasmic
extract.

ATP affinity labeling. ATP affinity labeling was performed
by a modification of the method of Clertant and Cuzin (7).
[@-*?P]ATP (1.55 uM, 1.93 x 107 cpm/pmol) was oxidized
for 20 min at room temperature with 0.5 mM sodium
metaperiodate (Sigma) and 0.5 mM HCI and then quenched
by the addition of glycerol to 8.3%. Then, 12.5 pl of oxidized
ATP (final ATP concentration, 0.78 uM) was incubated with
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5.1 pg of the Superdex column load (with or without 4 mM
unlabeled, unoxidized ATP) or with 10 pl of even-numbered
Superdex fractions in a final volume of 25 pl in the presence
of 7.7 mM sodium cyanoborohydride. After overnight incu-
bation on ice, the reaction mixes were fractionated by
SDS-PAGE on a 10% acrylamide gel, silver stained, dried,
and autoradiographed.

For immunoblot analysis, proteins were separated by
SDS-PAGE on a 10% gel and then electrophoretically trans-
ferred to a polyvinylidene fluoride (Immobilon-P; Millipore)
membrane in 12.5 mM Tris-HCI-86 mM glycine (pH 8.3)-
20% methanol. The membrane was blocked with 3% nonfat
dry milk in 20 mM Tris-HCI (pH 7.5)-500 mM NaCl-0.05%
Tween 20 and then probed overnight at 4°C with a 1:500
dilution of a rabbit antiserum raised against a peptide derived
from the casein kinase I sequence (32) in the absence or
presence of 250 ng of the immunogenic peptide (provided by
M. Cobb, University of Texas Southwestern). Immunoreac-
tive proteins were detected with alkaline phosphatase-con-
jugated goat anti-rabbit immunoglobulin G (Bio-Rad) and the
chemiluminescence substrate AMPPD (Tropix) per the man-
ufacturers’ instructions.

RESULTS

The observation that the site-specific dephosphorylation
of T antigen stimulates its activity in the initiation of DNA
replication led us to purify the cellular kinase that phospho-
rylates T antigen and inhibits its activity. A large number of
cellular kinases have been shown to phosphorylate T antigen
in vitro, frequently on nonphysiologic sites (6, 17, 23).
Preliminary studies demonstrated that incubation of T anti-
gen with a number of these kinases (cyclic AMP-dependent
protein kinase, casein kinase II, DNA-activated protein
kinase, and glycogen synthase kinase-3) had no effect on its
activity (unpublished results). Therefore, identification of a
kinase that phosphorylates T antigen was necessary but not
sufficient. Since the putative inhibitory kinase (operationally
referred to as the T-antigen kinase) was expected to block
the function of T antigen in the initiation of replication, we
also measured the ability of protein fractions to inhibit the
T-antigen-catalyzed origin-specific unwinding of duplex
DNA (the unwinding assay) (8, 44, 45, 48). All assays were
performed with T antigen that had been immunoaffinity
purified from recombinant baculovirus-infected Sf9 cells (26,
49). We used insect cell-produced T antigen because it is
phosphorylated quantitatively on threonine 124 but is signif-
icantly underphosphorylated on the inhibitory serine resi-
dues compared with the protein produced in mammalian
cells (6, 19). Preliminary studies have shown that baculovi-
rus-produced T antigen is active in origin unwinding without
initial dephosphorylation, unlike T antigen produced in
mammalian cells (data not shown).

Copurification from nuclear extracts of a T-antigen kinase
and origin-specific unwinding inhibitor. Cytosolic and nu-
clear extracts from log-phase HeLa cells were assayed for
both T-antigen kinase activity and inhibition of origin un-
winding. A 400 mM NaCl extract of HeLa nuclei (see
Materials and Methods) was found to contain both a kinase
that phosphorylated T antigen and an activity that inhibited
the ability of T antigen to unwind the SV40 origin of
replication. The nuclear extracts were depleted of free DNA
by passage over DEAE-cellulose in buffer B (Materials and
Methods) with 300 mM NaCl, with quantitative recovery of
both kinase and unwinding inhibitor activity in the
flowthrough. The DEAE-cellulose flowthrough was dialyzed
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overnight into buffer B, clarified by centrifugation at 25,000
x g for 20 min, and loaded onto a 100-ml hydroxylapatite
column. Both the T-antigen kinase and the unwinding-
inhibitory activities adsorbed to hydroxylapatite and were
coeluted with 950 ml of buffer B containing 400 mM NaCl at
35 ml/h directly onto a coupled 10-ml Affi-Gel Blue column.
Both the T-antigen kinase and the unwinding-inhibitor activ-
ity adsorbed to the Affi-Gel Blue and were coeluted with 100
ml of 400 mM potassium thiocyanate in buffer B. The eluate
from Affi-Gel Blue was dialyzed into buffer B and applied to
a Mono-S 5/5 fast protein liquid chromatography (FPLC)
column. Protein was eluted from the Mono-S column with a
20-ml 0 to 1,000 mM NaCl gradient in buffer B at a flow rate
of 0.5 ml/min, and 0.5-ml fractions were collected. The salt
concentration was held at 250 mM for 10 fractions to elute a
single-strand nuclease activity that occasionally interfered
with the origin-unwinding assay. The fractions were assayed
for protein concentration, T-antigen kinase activity, and
unwinding inhibition (Fig. 1A). Peak activities coeluted
between 250 and 400 mM NacCl, suggesting that the protein is
heterogeneous and basic. We have not further characterized
the T-antigen kinase/unwinding inhibitor peak that eluted at
250 mM NaCl; most likely it represents the leading edge of
the kinase/inhibitor activity.

Peak fractions from the Mono-S column were pooled and
dialyzed into buffer B. Dialyzed proteins were applied to a
1-ml heparin-Sepharose column, which was then washed
with 5 ml of buffer B and eluted with a 20-ml 0 to 1,000 mM
NaCl gradient at a flow rate of 0.25 ml/min, and 0.5-ml
fractions were collected (Fig. 1B). Kinase and unwinding-
inhibitor assays again demonstrated cofractionation of the
two activities, which eluted in a broad peak between 300 and
600 mM NaCl. After dialysis into buffer B, peak fractions (a
total of 5 ml) were pooled and concentrated to 350 wl with a
Centricon-10 microconcentrator (Amicon).

One half of the concentrated heparin-Sepharose peak
material was further fractionated by gel filtration (Fig. 1C).
The sample was applied to a Superdex 75 10/30 column
equilibrated in buffer B with 200 mM NaCl and eluted at a
flow rate of 0.5 ml/min, and 200-ul fractions were collected.
Even-numbered fractions were dialyzed into buffer B and
then assayed both for the ability to phosphorylate T antigen
and the ability to inhibit the T-antigen-catalyzed origin-
specific unwinding of linear duplex DNA. As in each previ-
ous step, the two activities cochromatographed, supporting
the hypothesis that the kinase is also the inhibitor of the
unwinding reaction. The size of the inhibitory kinase, esti-
mated from its behavior during gel filtration, is 35 kDa. The
overall yield of the purification, measured as recovery of
unwinding-inhibitor activity, was 24%, with a 4,000-fold
purification (Table 1). We speculate that the 140% recovery
of the inhibitor in the DE-52 flowthrough is due to the
removal of kinase-binding factors, specifically double-
stranded DNA (unpublished data), on the anion-exchange
matrix. We initially attempted to calculate the purification
from the recovery of the T-antigen kinase activity. We
found, however, that in the initial chromatographic steps,
large amounts of kinase were lost, while there was good
recovery of the inhibitor. We attribute this result to the
presence of additional nuclear kinases which can phosphor-
ylate T antigen but do not inhibit its activity in the unwinding
of the origin of replication.

ATP binding and autophosphorylation of the T-antigen
kinase. To further identify the kinase in the gel filtration
fractions, we took advantage of the fact that a number of
ATP-binding proteins can be covalently labeled with radio-
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FIG. 1. T-antigen kinase and an inhibitor of T-antigen-catalyzed
origin unwinding copurify from HeLa cell nuclear extracts. A 400
mM NaCl extract from HeLa nuclei was fractionated by step
elutions from DEAE-cellulose, hydroxylapatite, and Affi-Gel Blue
(Materials and Methods). The fractions containing the T-antigen
kinase/unwinding inhibitor were further fractionated by cation-
exchange (Mono-S, panel A), heparin-Sepharose (panel B), and gel
filtration (Superdex 75 10/30, panel C) chromatography. Panel C also
shows autoradiographs of T-antigen phosphorylation and origin-
specific unwinding assayed in the presence of the indicated fractions
from the Superdex column. 4, protein concentration; [, kinase
activity with T antigen as the substrate; @, inhibition of T-antigen-
catalyzed origin unwinding; - — —, NaCl concentration. The molec-
ular size markers used were bovine serum albumin (68 kDa),
ovalbumin (45 kDa), chymotrypsinogen (25 kDa), and cytochrome ¢
(12.5 kDa).
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TABLE 1. Purification of T antigen kinase

Total Amt (ug) causing Inhibitor Total Purification
Step protein 50% u.m{v'gnding activity? activity Yield (%) (fold)
(mg) inhibition (U/ug) )
Nuclear extract 1,395 25.0 0.04 55,800
DE-52 flowthrough 873.6 11.2 0.09 78,000 140 2.2
Affi-Gel Blue eluate 19.8 0.45 2.2 44,000 79 56
Mono-S peak 33 0.20 5.0 16,250 29 125
Heparin-Sepharose 1.8 0.13 7.7 13,731 25 192
Superdex 75 0.08 0.006 166.7 13,333 24 4,167

“ One unit produces 50% inhibition of T-antigen-dependent SV40 origin DNA unwinding in a standard assay.

active ATP and ATP analogs. We used oxidized ATP as an
affinity-labeling reagent (7). Oxidation of the 2'-3’ bond of
ribose in [a-*’P]ATP with sodium metaperiodate generates a
reactive dialdehyde that then forms a Schiff’s base with
primary amines in the nucleotide-binding site of the target
protein. Subsequent reduction with sodium cyanoborohy-
dride leaves the oxidized ATP covalently attached to the
kinase. Preliminary experiments demonstrated that both
glycogen synthase kinase-3 and the catalytic subunit of the
cyclic AMP-dependent protein kinase could be specifically
labeled with this reagent (data not shown). Therefore, dia-
lyzed samples (10 pl) from even-numbered fractions from
the gel filtration column were incubated overnight with
periodate-oxidized [a-**P]JATP and sodium cyanoborohy-
dride. The samples were then fractionated by SDS-PAGE,
silver stained, and autoradiographed (Fig. 2).

The predominant polypeptide coeluting with the kinase
and unwinding-inhibitor activities was 35 kDa (Fig. 2A,
fractions 52 and 54). The size of the polypeptide on the
silver-stained gel is identical to the M, predicted by the
Stokes radius of the activities, indicating that the protein is a

A

markers
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445746 348 50 b2 Bl 56

globular monomer. This 35-kDa polypeptide also bound
oxidized ATP (Fig. 2B, lane 3). While the material loaded on
the gel filtration column contained a number of ATP-binding
proteins, most did not exhibit saturable binding, as demon-
strated in Fig. 2B (lanes 1 and 2). Unlabeled ATP added at a
5,000-fold molar excess successfully competed with oxidized
ATP for binding to the 35-kDa polypeptide, while the other
major polypeptide displayed only a small decrease in ATP
binding. The peak fractions (fractions 52 to 54) also con-
tained two lower-molecular-weight polypeptides in lesser
abundance, neither of which bound oxidized ATP (Fig. 2B,
lane 3).

An additional characteristic of many protein kinases is the
ability to autophosphorylate. A 5-ul aliquot from Superose
fraction 52 was incubated in the presence of 100 pM
[y->*P]ATP in a standard kinase reaction mix without added
substrate for 30 min at 37°C and then analyzed by SDS-
PAGE and autoradiography. The 35-kDa polypeptide is the
major phosphorylated product under these conditions (Fig.
2B, lane 4; also see Fig. 7, discussed below). These findings,
taken together, are consistent with the hypothesis that the
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FIG. 2. T-antigen kinase/unwinding inhibitor copurifies with a 35-kDa ATP-binding protein. Protein fractions eluting from the Superdex
75 column were incubated with oxidized [a->?P]ATP and then analyzed by SDS-PAGE, silver staining, and autoradiography. (A)
Silver-stained gel of Superdex column load and peak fractions (44 to 60). A 35-kDa polypeptide coelutes with both the kinase and unwinding
inhibitor activities. (B) Autoradiograph of [«->2P]JATP-labeled proteins (lanes 1 to 3). Lanes 1 and 2, Superdex column load incubated without
(lane 1, —) or with (lane 2, +) 4 mM unlabeled ATP. Oxidized [a->*P]JATP binding to the 35-kDa protein was specifically displaced by excess
unlabeled ATP. Lane 3, autoradiograph of Superdex fraction 54 after incubation with oxidized ATP. Lane 4, autophosphorylation of Superdex
fraction 52. Double-headed arrow indicates the 35-kDa ATP-binding protein.
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FIG. 3. Time course of heat inactivation of the T-antigen kinase
and unwinding inhibitor. A highly purified kinase/inhibitor fraction
was incubated at 50°C for the indicated times and chilled on ice, and
then aliquots were assayed for both T-antigen kinase activity (OJ)
and the ability to inhibit T-antigen-dependent origin unwinding (®).
The results are plotted as the percentage of activity remaining
compared with that in a nonheated control.

protein that inhibits the activity of T antigen in the initiation
of SV40 DNA replication is a 35-kDa monomeric T-antigen
kinase.

Thermal inactivation of both kinase and inhibitor activities.
The association between the kinase and the unwinding
inhibitor was further explored by determining the thermo-
stability of the two activities. Peak inhibitory fractions from
the heparin-Sepharose column were incubated for various
times at 50°C and then transferred to ice. Aliquots were
taken at each time point and assayed for both T-antigen
kinase activity and inhibition of T-antigen-dependent origin
unwinding. Both activities displayed similar lability at 50°C,
with 50% loss of activity after 3 min (Fig. 3). Thus, the
cofractionation of the two activities through six chromato-
graphic steps, including separations based on charge, ligand
affinity, and size, and their identical rates of thermal dena-
turation strongly support the conclusion that the kinase and
inhibitory activities reside in the same 35-kDa protein.

T-antigen kinase phosphorylates in vivo sites. It was impor-
tant to determine whether the kinase phosphorylates T
antigen on sites that are phosphorylated in vivo in virus-
infected cells. Previous studies have established that T
antigen produced in mammalian cells is phosphorylated on
up to nine sites, two threonines and seven serines (35, 36).
Activation of T antigen by PP2A_ is achieved by removal of
phosphoryl groups from specific serine residues (37). T
antigen phosphorylated with the T-antigen kinase incorpo-
rated up to 4 mol of P; per mol of T antigen, approximately
90% on serines (data not shown). We compared two-dimen-
sional phosphopeptide maps of T antigen metabolically
labeled in vivo with 32P; and T antigen phosphorylated in
vitro by purified kinase (Fig. 4). Sequential trypsin and
pronase digests of in vivo-phosphorylated T antigen gener-
ated approximately nine major phosphopeptides (Fig. 4A).
Identical proteolysis of in vitro-phosphorylated T antigen
generated a smaller set of phosphopeptides, most of which
were identical to those found in in vivo-phosphorylated T
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FIG. 4. The kinase phosphorylates T antigen on sites that are
?hosphorylated in vivo. Two-dimensional phosphopeptide maps of
2P-labeled T antigen were prepared as described previously (37,
43). (A) In vivo-labeled T antigen. (B) In vitro-phosphorylated T
antigen. (C) Mixture of equal quantities (by radioactivity) of meta-
bolically labeled and in vitro-labeled T-antigen phosphopeptides. T
antigen was metabolically labeled in vivo with *?P, in recombinant-
adenovirus-infected 293 cells and immunoaffinity purified or phos-
phorylated in vitro with [y->?P]JATP by purified kinase. Radiolabeled
T antigen was isolated by SDS-PAGE and then sequentially digested
with trypsin and pronase. Electrophoresis was performed in the
horizontal direction, followed by ascending chromatography. The
origin is indicated by the arrow.

antigen (Fig. 4B). Three apparently novel peptides appeared
to be phosphorylated by the kinase as well, although at much
lower efficiencies. A two-dimensional phosphopeptide map
containing equal amounts (by counts per minute) of in vivo-
and in vitro-labeled T antigen confirmed that the purified
T-antigen kinase phosphorylates T antigen on a subset of
peptides that are physiologically phosphorylated in infected
cells (Fig. 4C). We are unable to determine the specific sites
phosphorylated on T antigen from these peptide maps.
Inhibition of unwinding and SV40 DNA replication reversed
by PP2A.. Two major predictions of the hypothesis that the
site-specific phosphorylation of T antigen is responsible for
blocking the initiation of SV40 DNA replication are that (i)
phosphorylation of T antigen by the kinase should similarly
inhibit its ability to support in vitro SV40 DNA replication
and (ii) the inhibition of T-antigen activity by the kinase
should be reversible by dephosphorylation with PP2A_.. To
test these predictions, T antigen was incubated with and
without purified kinase and then added to origin-unwinding
and in vitro SV40 DNA replication reaction mixes (49) (Fig.
5). In the unwinding assay, phosphorylation of T antigen
inhibited origin-specific unwinding by approximately 91%
(Fig. 5A, lane 3 compared with lane 5; see also Fig. 1C).
Phosphorylation of T antigen likewise inhibited in vitro SV40
DNA replication by up to 89% (Fig. 5B, lane 2 compared
with lane 4). Concurrent addition of PP2A_ to the preincu-
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FIG. 5. T-antigen kinase inhibits both unwinding and SV40 DNA
replication, and the inhibition is reversible by PP2A.. (A) Unwind-
ing inhibition assays were performed as described in the text, with
0.4 U of purified kinase and 400 ng of PP2A_, in the preincubation mix
where indicated. (B) In vitro SV40 DNA replication reactions in
HeLa extract were performed as described before (49) except that T
antigen was first treated with 0.4 U of kinase and/or 400 ng of PP2A_
as indicated. ori, 280-bp fragment containing the SV40 minimal origin
of replication; ns, nonspecific 220-bp fragment from the vector.

bation reaction mix completely reversed the inhibition of
both origin unwinding and DNA replication. Addition of
PP2A_ to both reaction mixes in the absence of kinase also
stimulated the T-antigen activity, most likely by removing
residual inhibitory phosphoryl groups from the baculovirus-
produced T antigen (Fig. 5A, lane 3, and Fig. 5B, lane 2) (6,
19).

Inhibition of the complete replication reaction could po-
tentially be due to phosphorylation of proteins present in the
replication extract rather than to phosphorylation of T
antigen. However, the only protein required in the origin-
unwinding reaction besides T antigen is E. coli SSB, which is
not a substrate for the T-antigen kinase (data not shown).
PP2A_-mediated reversal of inhibition was not due to direct
inactivation of the kinase, since PP2A_ added after phos-
phorylation of T antigen similarly reversed the inhibition
(data not shown). These data are most consistent with the
hypothesis that the kinase inhibits T-antigen function by
phosphorylating physiologic, PP2A_-accessible sites on T
antigen.

Identification of the inhibitory kinase as casein kinase I. We
performed a number of studies to further characterize the
kinase. T antigen and the acidic substrates phosvitin and
casein were all phosphorylated at a similar rate, while the
basic substrate histone H1 was not phosphorylated (Fig. 6).
ATP was utilized as a phosphate donor about 10-fold more
efficiently than GTP (data not shown). To determine whether
the 35-kDa kinase was autophosphorylated in an intra- or
intermolecular reaction, equal amounts of kinase were added
to increasing volumes of reaction mixture (approximate
kinase concentration, 85 to 280 nM) and allowed to phos-
phorylate for 5 min before the reaction was stopped by the
addition of SDS-PAGE sample buffer. The degree of phos-
phorylation of the 35-kDa protein was the same regardless of
its concentration in the reaction mix, demonstrating that the
autophosphorylation reaction is intramolecular (Fig. 7).
When the autophosphorylation reaction was allowed to
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FIG. 6. T-antigen kinase is a casein kinase, not a histone kinase.
Autoradiograph of 32P-labeled kinase substrates. Heparin-Seph-
arose-purified kinase was incubated with 1 jug of T antigen (lane 1),
phosvitin (lane 2), casein (lane 3), or histone H1 (lane 4) in the
presence of 100 uM [y->?P]ATP for 10 min at 37°C and then analyzed
by SDS-PAGE and autoradiography.

continue to completion, up to approximately 6 mol of
phosphate per mol of kinase were added, 90% on threonine
residues and 10% on serine residues, as determined by
phosphoamino acid analysis (data not shown). Autophos-
phorylation of the kinase had no detectable effect on its
activity.

The properties of this kinase are similar to those described
for casein kinase I, a basic, low-molecular-weight mono-
meric messenger-independent protein kinase that preferen-
tially phosphorylates acidic substrates (41). To determine
whether the T-antigen kinase was related to casein kinase I,
we compared equal amounts (determined by kinase activity
on T antigen) of highly purified casein kinase I (from bovine
thymus) and the T-antigen kinase (from HeLa cell nuclei) by
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FIG. 7. Kinase autophosphorylation reaction is intramolecular.
Purified kinase (0.3 pg) was incubated in a volume of 10 to 100 pl for
5 min at 37°C in the presence of 100 uM [y->?P]ATP and then
isolated by SDS-PAGE. Kinase autophosphorylation was deter-
mined by Cerenkov counting of individual 35-kDa kinase bands
excised from the gel, and the results are expressed as moles of P;
incorporated per mole of kinase.
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FIG. 8. T-antigen kinase is recognized by anti-casein kinase I
peptide antibody. Equal quantities (by T-antigen kinase activity) of
bovine thymus casein kinase I (CKI, lanes 1 and 3) and heparin-
Sepharose-purified T-antigen kinase (TK, lanes 2 and 4) were
probed with a 1:500 dilution of a rabbit antiserum raised against a
peptide derived from the casein kinase I sequence in the absence
(lanes 1 and 2) or presence (lanes 3 and 4) of 250 ng of the
immunogenic peptide (32). Sizes are shown in kilodaltons. Arrow
indicates 35-kDa kinase.

immunoblotting with a rabbit antiserum raised against a
synthetic peptide derived from the bovine casein kinase
sequence (32) (Fig. 8). Casein kinase I and the T-antigen
kinase appear to be closely related, as determined both by
size on SDS-PAGE (35 kDa) and by immunoreactivity. The
kinases reacted equally well with the antiserum, and the
immunoreactivity was specifically blocked by the inclusion
of the antigenic peptide. This antiserum may potentially
recognize any of the known isoforms of casein kinase I (32).

To further identify which isoform of casein kinase I we
had purified, the amino acid sequence of one tryptic peptide
was obtained by the method of Aebersold et al. (1). The
sequence, FEEAPDYMY, is identical to amino acids 268 to
276 in the bovine casein kinase Ia isoform, which is also 35
kDa. This peptide sequence is not present in bovine casein
kinase Iy and differs from the bovine casein kinase If amino
acid sequence in two potential tryptic cleavage sites. The
complete sequence of mammalian casein kinase I8 is not
known, although it is reportedly 50 kDa. Thus, the HeLa
nuclear T-antigen kinase is apparently the o isoform of
casein kinase I.

DISCUSSION

Alterations in the phosphorylation state of SV40 large T
antigen regulate its activity in the initiation of SV40 DNA
replication. Using a functional assay, the inhibition of T-an-
tigen-catalyzed SV40 origin unwinding, we have purified a
35-kDa serine/threonine protein kinase. This kinase, which
appears to be a nuclear form of casein kinase I, phosphory-
lates T antigen on physiologic sites and blocks its activity in
both origin unwinding and in vitro SV40 DNA replication.
The use of a functional assay was critical to the purification,
since any number of cellular kinases may phosphorylate T
antigen on sites that do not affect its activity.

How does the phosphorylation of T antigen affect the
initiation of SV40 DNA replication? In the initial steps of
SV40 DNA replication, T antigen forms hexamers in an
ATP-dependent manner, two of which then bind to the SV40
origin of replication (24, 28, 47). In the absence of specific
inhibitory phosphoryl groups on T antigen, the two hexa-
mers interact to form a stable complex that then unwinds the
origin region to provide a template for DNA synthesis (45).
Phosphorylated T antigen also binds to the origin as a double
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hexamer, but the complex is significantly less stable and is
unable to unwind the origin duplex DNA. The results
presented here demonstrate that PP2A and a nuclear form of
casein kinase I reciprocally control the ability of T antigen to
initiate SV40 DNA replication in vitro, presumably by
controlling the ability of T-antigen hexamers to coopera-
tively interact while bound to the origin of replication.

What sites on T antigen does this kinase phosphorylate?
Phosphopeptide mapping studies have shown that PP2A_
removes phosphoryl groups from serines 120 and 123 and, to
a lesser extent, serines 677 and 679 of T antigen purified from
SV40-infected cells (37). Since the inhibition of origin un-
winding and replication by casein kinase I is reversed by
PP2A_, it seems likely that casein kinase I is phosphorylating
one or more of these serine residues. Additionally, casein
kinase I from rabbit reticulocytes has been shown to phos-
phorylate T antigen on serines 120 and/or 123 and serines 677
and/or 679; serine 639 may also have been a target (17).
Casein kinase I is a serine/threonine kinase which recognizes
sites that have several acidic residues amino-terminal to the
target residue; for example, serine in the peptide
DDDDVASLPGLRRR (2, 16). Significantly, phosphoserine
in the sequence S(P)XXS [where S(P) is phosphoserine and
X is any amino acid] also creates a casein kinase I recogni-
tion site, indicating that casein kinase I activity on certain
substrates can be regulated by the phosphorylation state of
the substrate (14, 15, 42). Casein kinase I recognition sites in
T antigen identified by inspection of the sequence include
serine 639 in the sequence DDDDEDS(639) and serine 679 in
the sequence SSQS(679). The sequence SQHS(123), encom-
passing amino acids 120 to 123 in T antigen, could potentially
be sequentially phosphorylated on serine 120 (e.g., by the
DNA-activated protein kinase [6]) and then on serine 123 by
the HeLa nuclear casein kinase I (42). It remains to be
determined whether phosphorylation of one or several of
these sites is responsible for the inhibition of T-antigen
activity or whether additional sites are involved. The sim-
plest prediction is that mutation of the critical serine resi-
due(s) to a nonphosphorylatable amino acid would produce a
constitutively active T antigen. Mutant T antigen in which
alanine is substituted for serine at position 679 indeed
exhibits enhanced binding to the SV40 origin in vitro and
increased viral replication in vivo (38), suggesting that the in
vitro effects of casein kinase I may be due at least in part to
phosphorylation of serine 679. Mutants in which alanine is
substituted for serine at either position 120 or 123, while
active in in vitro assays (38, 44a), are defective in viral
replication in vivo (35, 38). SV40 DNA replication in vivo
and in vitro normally begins only when the cell enters the S
phase (27, 30, 43). Mutations of serines 120 and 123 may be
lethal in vivo because they disrupt the ability of T antigen to
delay the initiation of viral replication until the cell enters the
appropriate phase of the cell cycle.

Casein kinase I is highly homologous to a yeast protein
kinase involved in DNA repair. The kinase that we isolated
from HeLa nuclei as the inhibitor of in vitro DNA unwinding
is a 35-kDa protein that appears to be identical to bovine
casein kinase Ia. Casein kinase I is a basic, messenger-
independent protein kinase that has been isolated from
membranes, mitochondria, cytosol, and nuclei as a mono-
mer of between 25 and 55 kDa (41). A large number of
nuclear, cytosolic, and membrane-bound proteins have been
identified as substrates for casein kinase I, but the effect of
phosphorylation on their function is not known (41). A
cytoplasmic form of casein kinase I phosphorylates glycogen
synthase on serine 10, resulting in its inactivation, but only
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after the casein kinase I recognition site has been formed by
phosphorylation of serine 7 by the cyclic AMP-dependent
protein kinase (15). The control of the nuclear casein kinase
I is not understood, although an erythrocyte membrane-
associated form appears to be regulated by phosphatidyl-
inositol 4,5-bisphosphate (4). A pair of essential but func-
tionally redundant casein kinase I-related genes (YCKI and
YCK2) have been cloned from S. cerevisiae, but their
biologic function remains unknown (31). The protein most
closely related to the bovine casein kinase Ia sequence
identified through a search of the GenBank and EMBL
libraries (10) is HRR25 (18), an essential S. cerevisiae
protein kinase. HRR25 is 62% identical and 78% similar to
the predicted bovine casein kinase I amino acid sequence
(32). Yeast cells with mutations in HRR2S are sensitive to
DNA damage resulting from endonuclease cleavage, DNA-
alkylating agents, and X irradiation and have defects in
nuclear segregation and meiotic cell division, suggesting an
essential role for this kinase in DNA repair (18). The cellular
substrates for HRR25 are not known. Since deletion of
HRR2S leads to the accumulation of cells in the G, phase of
the cell cycle, perhaps HRR25 normally functions in a
pathway that suppresses replication until damaged DNA is
repaired.

The initiation of SV40 DNA replication has previously
been demonstrated to be controlled by cellular events. We
have here identified a nuclear form of casein kinase I that
directly controls the ability of T antigen to unwind the SV40
origin of replication. This kinase, in conjunction with PP2A,
is part of a molecular switch which can turn SV40 DNA
replication off and on. A closely related yeast protein kinase
appears to play an essential role in DNA metabolism. The
nuclear form of casein kinase I may play a role in mammalian
DNA replication as well (46).
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