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ABSTRACT The Cdc7p protein kinase is essential for the
G;/S transition and initiation of DNA replication during the
cell division cycle in Saccharomyces cerevisiae. Cdc7p appears
to be an evolutionarily conserved protein, since a homolog
Hsk1 has been isolated from Schizosaccharomyces pombe. Here,
we report the isolation of a human ¢cDNA, HsCdc7, whose
product is closely related in sequence to Cdc7p and Hskl. The
HsCdc7 c¢cDNA encodes a protein of 574 amino acids with
predicted size of 64 kDa. HsCdc7 contains the conserved
subdomains common to all protein-serine/threonine kinases
and three “kinase inserts” that are characteristic of Cdc7p
and Hskl. Immune complexes of HsCdc7 from cell lysates
were able to phosphorylate histone H1 in vitro. Indirect
immunofluorescence staining demonstrated that HsCdc7 pro-
tein was predominantly localized in the nucleus. Although the
expression levels of HsCdc7 appeared to be constant through-
out the cell cycle, the protein kinase activity of HsCdc7
increased during S phase of the cell cycle at approximately the
same time as that of Cdk2. These results, together with the
functions of Cdc7p in yeast, suggest that HsCdc7 may phos-
phorylate critical substrate(s) that regulate the G;/S phase
transition and/or DNA replication in mammalian cells.

The important events of the eukaryotic cell cycle are that cells
must duplicate their genetic material precisely, and then
subsequently segregate the sister chromatids into two daughter
cells. The first event, DNA replication, is apparently regulated
at multiple distinct levels. Genetic and biochemical studies
indicate that the initiation of DNA replication occurs from
discrete chromosomal locations (replication origins) in all
eukaryotic cells. This event can occur asynchronously and over
an extended period of many hours. When DNA replication is
initiated, the cell must ensure that all its genome is replicated
and that the replication of every DNA section occurs once and
only once during the cell cycle. In the past several years,
identification and isolation of factors that interact with DNA
replication origins have greatly advanced our understanding of
the mechanisms of DNA replication.

In the budding yeast Saccharomyces cerevisiae, replication
origins, known as autonomously replicating sequences (ARSs),
are bound to the origin recognition complex (ORC) and
several other factors. ORC consists of six protein subunits,
designated Orcl-6, that are all essential for cell division and
for the initiation of DNA replication (1-5). Although the
binding of ORC to ARSs is detected at all stages of the cell
cycle (1), in vivo footprinting experiments have shown that
different patterns of nucleotide contacts are detected before
and after DNA replication (2, 6). Thus, it is proposed that
ORC functions to recruit other replication factors to replica-
tion origins in a cell cycle dependent manner and thereby to
establish a complex competent for initiation of DNA replica-
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tion. Homologs of the ORC genes have been identified in a
range of different eukaryotes including humans (7-10). Recent
studies have demonstrated that both Orcl and Orc2 are also
essential for the initiation of DNA replication in higher
eukaryotes, even though the characteristics of replication
origins in higher eukaryotes are poorly defined (8, 9).

Other factors that interact with ORC and/or origins have
been identified and isolated by various methods from budding
yeast. They include proteins named for their minichromosome
maintenance function (MCM proteins), Cdcop, Cdc7p, and
Dbf4p (11). There are six MCM proteins (MCM2, MCM3,
CDC46/MCMS5, CDC47, Cdc21, and Mis5) and they share
sequence homology in their DNA-dependent ATPase do-
mains. The MCM proteins were originally identified in a screen
for mutants unable to initiate DNA replication efficiently at a
particular origin (12, 13). Although the expression levels of
MCM proteins remain constant, the subcellular localization of
MCM proteins appears to be cell cycle dependent. The MCM
proteins become bound to chromatin during late mitosis and
remain there until they are gradually removed as S phase
progresses (12-14). This observation suggests that elimination
of MCM proteins from DNA after initiation of replication
prevents DNA rereplication in the same cell cycle. MCM
family members have also been identified from a wide range
of organisms including mammals (15).

Cdc6p and its fission yeast Schizosaccharomyces pombe
homolog Cdcl18 play an unique role in regulating DNA rep-
lication. In contrast to the ORC and MCM proteins, Cdcop
and Cdcl8 are expressed at specific stages of the cell cycle
(16-19). The protein level of Cdc6p peaks at the end of mitosis,
whereas Cdcl8 is expressed just prior to the G;/S phase
transition (17, 19). Cdc6p is essential for viability, and tem-
perature sensitive cdc6 mutants cause growth arrest with
partially unreplicated DNA at the restrictive temperature (5).
Overexpression of Cdcl8 leads to rereplication in the absence
of mitosis (19-21). Reduced activity of Cdcop and Cdcl8
results in premature mitosis without finishing replication (5,
17, 18). Recently, proteins highly related to Cdc6p have been
identified in Xenopus and humans (refs. 22 and 23; W.J. and
T.H., unpublished results) and it has been shown that the
Xenopus Cdc6-related protein is required for initiation of DNA
replication in Xenopus egg extracts (22).

The protein kinase Cdc7p is essential for the G;/S transi-
tion, with an execution point very similar to that of the MCM
protein Cdc46/Mcm5 (24). Although the expression level of
Cdc7p remains constant through the cell cycle, Cdc7p kinase
activity increases at the G;/S boundary (25). This increase is
due, at least in part, to its association with the regulatory
subunit Dbf4p whose transcript level reaches the maximum at
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the G;/S boundary (25). Genetic evidence indicates that
Cdc7p interacts with ORC and that Dbf4 interacts with the
origin of DNA replication (26), suggesting that the Cdc7/Dbf4
protein complex is directly involved in initiation of DNA
replication. The targets of the Cdc7/Dbf4 protein kinase are
not known; nonetheless, MCMs have been implicated as
candidates (24). An S. pombe Cdc7p homolog, Hsk1, has been
isolated, indicating that this protein kinase is also evolution-
arily conserved in eukaryotes (27). However, until now a
homolog of Cdc7p has not been identified in higher eu-
karyotes.

In this communication we report identification of a human
protein kinase, HsCdc7, whose structure is highly related to the
yeast Cdc7p and Hskl. HsCdc7 is predominantly localized in
the nucleus. Although HsCdc7 protein levels remained con-
stant throughout the cell cycle, its protein kinase activity
increased in the S phase of the cell cycle.

MATERIALS AND METHODS

Cloning. The expressed sequence tag (EST) databases of
higher eukaryotic sequences were searched for potential read-
ing frame sequences that might be involved in G;/S phase
transition and DNA replication with budding yeast cell division
control proteins. One of them (GenBank accession no.
N40295) showed ~50% homology to the kinase domain of
budding yeast Cdc7p (amino acids 291-359) and fission yeast
Cdc7p homolog Hskl (amino acids 261-249). cDNAs corre-
sponding to the EST sequence were isolated from HeLa and
human primary foreskin fibroblast (HSF8) cells using reverse
transcription-PCR (RT-PCR). The c¢cDNA fragment from
HeLa cells was radiolabeled and used as a probe for screening
a HeLa cDNA library constructed in A\GEXS5 (28). A screen of
10° phage plaques yielded nine positive clones. The 5" and 3’
DNA sequences of these clones were determined using the
dideoxy-sequencing method. Two clones contained an entire
OREF designated as HsCdc7. Conceptual translation of full-
length HsCdc7 cDNA reveals a 574 deduced amino acid ORF
with predicted size of 64 kDa.

Antibodies. Polyclonal antibodies were developed in rabbits
against a synthetic peptide, CASRITAEEALLHPFFKDMSL,
corresponding to the C-terminal residues 555-574 of HsCdc7
coupled to keyhole limpet hemocyanin via the added N-
terminal cysteine. Polyclonal antibodies against HsCdc7 were
purified from the serum of rabbit no. 6018 using a glutathione
S-transferase-HsCdc7 C-terminus (amino acids 538-574) fu-
sion protein affinity column. The 9E10 anti-Myc mAb was used
for immunoblotting, immunostaining and protein kinase assay
of the Myc-tagged proteins. Rabbit polyclonal antibodies
against human Cdk2 were used for protein kinase assays, as
described (29).

Mammalian Expression Constructs, Site-Directed Mu-
tagenesis, and Transient Transfection. For transient transfec-
tions, we used the cytomegalovirus-based pCS3 mammalian
expression vector, which provides an N-terminal (Myc)e
epitope tag (a gift from J. Cooper). The entire coding sequence
of HsCdc7 (amino acids 2-574) was generated by PCR am-
plification using Pfu polymerase (Stratagene) and subcloned
into the Xhol site of pCS3. The pCS3HsCdc7 (K-R) mutant of
HsCdc7, in which Lys90 in the kinase subdomain II was
replaced by Arg, was generated by quick change mutagenesis
method according to the manufacturer’s description (Strat-
agene) using oligonucleotides 5'-GAGAAAATTGCTGTAA-
GACACTTGATTCCAACA-3" and 5'-TGTTGGAAT-
CAAGTGTCTTACAGCAATTTTCTC-3'. The PCR and
mutagenesis products were verified by DNA sequencing. Hu-
man 293 and HeLa cells (obtained from ATCC) were trans-
fected with pCS3HsCdc7, pCS3HsCdc7 (K-R), and control
vector, pCS3, using the calcium phosphate precipitation
method, as described (30). Cells were lysed 36—48 hr post-
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transfection, and the resulting cell lysates were used for
immunoprecipitation, immunoblotting, and protein kinase as-
says.

Cell Cycle Analysis. Subconfluent 293 cells were fraction-
ated at specific stages of the cell cycle using centrifugal
elutriation, as previously described (30). Ninety percent of the
cells from each elutriation point were lysed and then subjected
to immunoblotting and protein kinase assays. The remaining
10% of the cells from each elutriation point were subjected to
flow cytometric analysis. For flow cytometric analysis, cells
were first fixed in 70% ethanol and then stained with pro-
pidium iodide (40 wg/ml final concentration) plus RNase A
(50 pg/ml final concentration) for more than 30 min at room
temperature. Samples of 10* cells were analyzed to determine
DNA content in Gy, S, G2/M phase on a Becton Dickinson
FACScan, as described (30).

Immunoblotting, Inmunoprecipitation, and Protein Kinase
Assays. Cells were lysed in Nonidet P-40 lysis buffer containing
50 mM Tris'HCI (pH 7.5), 150 mM NaCl, 1% Nonidet P-40, 1
mM PMSF, 1 mM DTT, 10 units/ml aprotinin, 20 pg/ml
leupeptin, and 10% glycerol. Cell lysates were cleared by
centrifugation, and protein concentrations were determined
using the Bio-Rad protein assay. For protein kinase assays,
endogenous HsCdc7 or the (Myc)s-tagged HsCdc7 and
(Myc)s-tagged HsCdc7 (K-R) mutant were immunoprecipi-
tated with anti HsCdc7 antibodies or the 9E10 anti-Myc mAb
as described above. The immune complexes were washed twice
with lysis buffer and twice with kinase buffer (50 mM Hepes,
pH 7.4/10 mM MgCl,/1 mM DTT/10 mM NaF/10 mM
B-glycerophosphate). After a 60 min incubation at 30°C in 25
wl kinase buffer containing 25 uM ATP, 5 pCi [y-?P]ATP (1
Ci = 37GBq), and 1 ug histone H1, the kinase reaction was
terminated by adding an equal volume of 2X sample buffer,
and the reaction products separated on denaturing SDS/
polyacrylamide gels prior to autoradiography. For immuno-
precipitation and immunoblotting analyses, the immune com-
plexes or proteins were separated on denaturing SDS/
polyacrylamide gels and transferred to Immobilon-P
membranes (Millipore) and then blotted with primary and
secondary antibodies and visualized by enhanced chemilumi-
nescence (Amersham), as described (31).

Immunofluorescence Staining. HeLa cells were grown on
glass coverslips and transiently transfected with the indicated
plasmids. Thirty-six hours after the transfection, cells were
fixed in PBS solution containing 3% formaldehyde and 2%
sucrose at room temperature. After permeabilization in PBS
containing 0.4% Triton X-100, cells were blocked with block-
ing solution (PBS containing 2% goat serum), and then
incubated with 9E10 mAb (1:1, 500 dilution) for 1 hr at room
temperature. After five washes in PBS, secondary antibody
incubations were performed with 1:200 dilutions of Texas
red-conjugated goat anti-mouse Ig. Five washes in PBS were
performed prior to staining with Hoechst dye 33258 (1 pg/ml),
and cells were then mounted and photographed with a fluo-
rescence microscope (Nikon).

RESULTS

Cloning and Analysis of HsCdc7 ¢cDNA. To identify novel
proteins that may be involved in DNA replication and cell cycle
control in higher eukaryotes, the EST databases were screened
with budding yeast cell division control proteins. A putative
reading frame of a partial human cDNA was found with
homology to the C-terminal kinase domain of the budding
yeast protein kinase Cdc7p and fission yeast Cdc7p homolog
Hsk1. A corresponding full-length human cDNA, HsCdc7, was
isolated from a HeLa cDNA library (see Materials and Meth-
ods). Analysis of the full-length cDNA demonstrated that
HsCdc7 contains the 11 conserved subdomains found in all
protein-serine/threonine kinases (Fig. 1 4 and B, and ref. 32).
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Fi1G. 1. (A) Nucleotide and deduced amino acid (single letter amino acid code) sequences of HsCdc7. HsCdc7 contains an ORF of 574 amino
acids and its kinase subdomains are indicated in the boxes. The asterisk represents the stop codon. (B) Multiple alignment of amino acid sequences
in HsCdc7, Cdc7p and Hsk1 kinase subdomains (I to XI), which correspond to the boxes in 4, using the BLAST program on the National Center
for Biotechnology Information database. Amino acid residues that are identical are indicated by single letters between the sequence lines, and amino
acid residues that are similar are indicated by +.

Sequence similarity analysis using the BLAST program on the Cdc7p, and Hskl1 are unusually large when compared with the
National Center for Biotechnology Information database in- insert sequences found in other protein-serine/threonine ki-
dicated that the kinase domain of HsCdc7 was most closely nases. The second and third kinase inserts of HsCdc7, for
related to Cdc7p and Hskl. As shown in Fig. 1B, the kinase instance, contain 158 and 98 amino acid residues, respectively
domain of HsCdc7 has 44% and 42% identity in amino acid (Fig. 1A4). Thus far, the biological functions of these large
sequence with Cdc7p and Hskl, respectively. This result was kinase inserts have not been determined.

consistent with our initial EST screen.

HsCdc7 Is a Protein Kinase. To determine whether HsCdc7

Besides the kinase subdomains, HsCdc7 has 39 amino acid has protein kinase activity, (Myc)e-HsCdc7 and (Myc)q-

residues at its N terminus and three additional sequences HsCdc7 (K-R) in which the conserved Lys in the kinase
(kinase inserts) between the kinase subdomains I and II, VII subdomain II (K90) was mutated to Arg to reduce catalytic
and VIII, and X and XI (Fig. 14). Cdc7p and Hsk1 also have activity, were expressed using the cytomegalovirus-based eu-
kinase inserts at the same locations (27). However, the se- karyotic expression vectors, pCS3HsCdc7 and pCS3HsCdc7
quences and lengths of these kinase inserts are not conserved (K-R), respectively (see Materials and Methods). Lysates of 293
among HsCdc7, Cdc7p, and Hskl. Both Cdc7p and Hskl cells transiently transfected with pCS3HsCdc7, pCS3HsCdc7
contain a distinct C-terminal region after the kinase domain, (K-R), or the control vector (pCS3) were resolved by SDS/

while HsCdc7 lacks this region (Fig. 14 and ref. 27). It is PAGE and then immunoblotted with the 9E10 anti-Myc-tag
noteworthy that the second and third kinase inserts in HsCdc7, mAb. The 9E10 mAb specifically recognized an 87-kDa band
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in cells transfected with pCS3HsCdc7 and pCS3HsCdc7 (K-R)
constructs and a 23 kDa band, which represents the (Myc)
polypeptide, in cells transfected with the pCS3 control vector
(Fig. 2). Since the predicted size of HsCdc7 is 64 kDa, this
result indicates that the 87-kDa bands detected in cells trans-
fected with pCS3HsCdc7 and pCS3HsCdc7 (K-R) are the
(Myc)e-tagged HsCdc7 and (Myc)s-tagged HsCdc7 (K-R) mu-
tant proteins.

The same cell lysates used in the immunoblotting experi-
ment were immunoprecipitated with the 9E10 mAb. Protein
kinase assays were performed on 9E10 immunoprecipitates
using histone H1 as a substrate. Histone H1 was chosen as a
potential HsCdc7 substrate, because previous studies have
demonstrated that yeast Cdc7p phosphorylates histone H1 in
vitro (33, 34). Histone H1 kinase activity was very weak in the
9E10 immunoprecipitate from cells transfected with the pCS3
control vector, whereas histone H1 kinase activity was clearly
detected in the 9E10 immunoprecipitate from cells transfected
with the pCS3HsCdc7 vector (Fig. 2). Consistent with HsCdc7
having intrinsic protein kinase activity, the (Myc)s-HsCdc7
(K-R) immunoprecipitate had much lower activity than the
(Myc)e-HsCdc7 immunoprecipitate, even though the expres-
sion level of (Myc)s-HsCdc7 (K-R) was significantly higher
than that of (Myc)e-HsCdc7 (Fig. 2). In the same assay,
autophosphorylation of HsCdc7 was not observed, although it
may occur at a level below the detection of this assay (data not
shown). We conclude that HsCdc7 is a protein kinase.

Subcellular Localization of HsCdc7 by Indirect Immuno-
fluorescence Staining. To investigate HsCdc7 function, we first
determined its subcellular localization. This may also help us
to narrow down the range of its potential in vivo substrates and
proteins with which it interacts. Indirect immmunofluores-
cence staining was performed on HeLa cells, that were tran-
siently transfected with the pCS3HsCdc7 vector and the pCS3
control vector using 9E10 antibody. To verify the position of
the nuclei, cells were also co-stained with Hoechst 33258.
Representative photomicrographs are shown in Fig. 3. Intense
immunofluorescence staining was detected in both the cyto-
plasm and nuclei of the cells transfected with pCS3 that
expressed the 23 kDa (Myc)e tag polypeptide (see also Fig. 2).
This result indicates that the (Myc), tag polypeptide alone was
not localized in any specific cellular compartment. By contrast,
intense immunofluorescence staining was only detected in

pCS3 HeCdeT (K-R)

PCS3 vector
PCS3 HsCde?

7 ke~ e — (MyC)-HSC T
66 kD~
45 kDa—
31 kDa- ol
e — (Mycly

F1G. 2. Immunoblot and protein kinase assays of HsCdc7 in 293
cells transfected with pCS3HsCdc7, pCS3HsCdc7 (K-R) and pCS3
control vector plasmids. Lysates from 293 cells transfected with
pCS3HsCdc7, pCS3HsCdc7 (K-R) and pCS3 were separated by SDS/
PAGE, transferred to Immobilon-P membrane, and then blotted with
the 9E10 anti-Myc-tag mAb (Upper). The same cell lysates used for the
immunoblotting experiment were immunoprecipitated with 9E10
mAD, and subjected to in vitro kinase reactions using histone H1 as
substrate plus [y->2P]JATP. The products of the kinase reactions were
separated by SDS/PAGE prior to autoradiography (Lower) (for
details see Materials and Methods).
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FiG. 3. Immunofluorescence staining in HeLa cells transfected
with pCS3HsCdc7 and pCS3 control vector plasmids using 9E10 mAb.
HeLa cells were grown on glass coverslips and transiently transfected
with the indicated plasmids. After fixation, cells were incubated with
the 9E10 mAb. Immunofluorescence staining was performed, and
nuclei were visualized by staining with Hoechst dye 33258 as described
in Materials and Methods.

nuclei of the cells transfected with pCS3HsCdc7 vector. Thus,
the HsCdc7 protein appears to be predominantly localized in
the nucleus. This result is consistent with the observation that
overexpressed Cdc7p is localized in the nucleus in budding
yeast (33, 34).

Cell Cycle Regulation of HsCdc7 Kinase Activity. To de-
termine the functions of endogenous HsCdc7 protein during
the cell cycle, we generated rabbit polyclonal antibodies
against an HsCdc7 C-terminal peptide (see Materials and
Methods). Subconfluent 293 cells were lysed and the lysates
were immunoprecipitated with nonimmune rabbit serum,
HsCdc7 antiserum or HsCdc7 antiserum that had previously
been incubated with the HsCdc7 C-terminal peptide. These
immunoprecipitates were subjected to SDS/PAGE, trans-
ferred to Immobilon-P membranes and subsequently blotted
with HsCdc7 antiserum. A single 64-kDa band was detected in
the immunoprecipitates with HsCdc7 antiserum, but not in the
immunoprecipitates with nonimmune rabbit serum or with
HsCdc7 antiserum that was prebound to peptide antigen (Fig.
4A4). Similar results were also obtained with HeLa and U20S
cells (data not shown). As mentioned above, the predicted size
of HsCdc7 protein is 64 kDa, consistent with the 64 kDa band
identified in 293, HeLLa and U20S cells. We conclude that the
antibodies raised against the HsCdc7 C-terminal peptide are
able to detect the endogenous 64 kDa HsCdc7 protein.

Affinity-purified HsCdc7 antibodies were used to examine
the expression and kinase activity of HsCdc7 during the cell
cycle in 293 cells. 293 cells were chosen in these experiments
since they expressed relatively higher levels of the endogenous
HsCdc7 protein than other cell lines tested. Subconfluent 293
cells were subjected to centrifugal elutriation and then col-
lected at different elutriation points as described in Materials
and Methods. Ten percent of cells collected at indicated
elutriation points were analyzed by flow cytometry to verify
cell cycle stages (Fig. 4E). The remaining 90% of the cells were
lysed, and the lysates were separated by SDS/PAGE and then
immunoblotted with purified anti-HsCdc7 antibodies. The
levels of the 64 kDa HsCdc7 protein were constant, irrespec-
tive of the proportion of cells in specific phases of the cell cycle
(Fig. 4B). Comparable levels of HsCdc7 were also detected in
asynchronous cells (data not shown).

In contrast, HsCdc7 kinase activity was clearly regulated
during the cell cycle. HsCdc7 immunoprecipitates from the
same cell lysates used in immunoblotting were analyzed for
histone H1 kinase activity. As a control, Cdk2 kinase activity
was examined in parallel using anti-Cdk2 polyclonal antibod-
ies. HsCdc7 kinase activity was low in cells in the G; phase of
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FiG. 4. The expression levels of HsCdc7 protein and its kinase activity during the cell cycle in 293 cells. (4) Lysates from 293 cells were
immunoprecipitated with nonimmune rabbit serum (NRS), HsCdc7 antiserum or HsCdc7 antiserum that had been prebound to HsCdc7 C-terminal
peptide. After washing, the immunoprecipitates were subjected to SDS/PAGE, transferred to Immobilon-P membrane and then blotted with
HsCdc7 antiserum. (B) Subconfluent 293 cells were fractionated at specific stage of the cell cycle using centrifugal elutriation as described in
Materials and Methods. Cell lysates from the indicated fractions (F1-F6) were subjected to SDS/PAGE, transferred to Immobilon-P membrane
and then blotted with affinity-purified HsCdc7 antibodies. (C and D) The same cell lysates used in B were immunoprecipitated with HsCdc7
antibodies (C) or Cdk2 antibodies (D), and subjected to in vitro kinase reactions using histone H1 as substrate plus [y->P]ATP. The products of
the kinase reactions were separated by SDS/PAGE prior to autoradiography. (E) 293 cells from each elutriated fraction as described in B were
collected and analyzed for DNA content by flow cytometry. (Lower) The values represent the percentage of cells in the indicated phase(s) of the
cell cycle in fractions (F1-F6), determined as described in Materials and Methods.

the cell cycle and clearly increased in S phase (Fig. 4 C and E).
Since the amount of HsCdc7 protein did not fluctuate during
the cell cycle, we conclude that increased HsCdc7 kinase
activity at specific cell cycle stages is the result of posttrans-
lational regulation. Increased Cdk2 kinase activity was also
detected at those elutriation points where cells were at S phase
of the cell cycle (Fig. 4 D and E). When a double thymidine
block and release protocol was used as an alternative means to
synchronize cells, similar results were obtained, with HsCdc7
and Cdk2 histone H1 kinase activities rising together in S phase
and then falling as cells entered the next cycle (data not
shown). These results are consistent with previous studies in
which Cdk2 in association with cyclin E and cyclin A has been
shown to be the important regulator in late G; to S phase
transition of the cell cycle (35). The observation that HsCdc7
kinase activity is concomitant with Cdk2 kinase activity in S
phase of the cell cycle, taken together with Cdc7p function in
the yeast cell cycle, implies that HsCdc7 may phosphorylate
critical substrate(s) involved in the regulation of G;/S phase
transition and/or DNA replication in mammalian cells.

DISCUSSION

The initiation of DNA replication is highly regulated in
eukaryotic cells and a large body of evidence demonstrates that
many proteins are involved in this complex process. Identifi-
cation of replication origins (ARSs) and isolation of proteins
(ORC, MCMs, Cdcbp, Cdc7p, and Dbfdp) that assemble as
complexes at the replication origins in budding yeast have
deepened our understanding of the biochemical mechanisms

of DNA replication process (11). However, initiation of DNA
replication in higher eukaryotes including humans is poorly
understood, since the characteristic sequence(s) of replication
origins have not been defined and identification of proteins
involved in DNA replication is less complete.

In present studies, we have isolated a human cDNA encod-
ing a protein kinase, HsCdc7, that is structurally related to S.
cerevisiae Cdc7p and its S. pombe homolog Hskl. The kinase
domain of HsCdc7 is remarkably conserved by comparison to
Cdc7p and Hskl; HsCdc7 shares 44% and 42% identity in
amino acid sequence with Cdc7p and Hskl, respectively.
HsCdc7 also contains three “kinase inserts” between kinase
subdomains I and II, VII and VIII, and X and XI, which are
the unique features of Cdc7p and Hskl even though the
sequences and lengths of these kinase inserts are divergent
among HsCdc7, Cdc7p, and Hsk1. The degree of conservation
of structure and sequence between these proteins suggest that
HsCdc7 is likely to be the human homolog of Cdc7p. While this
paper was under review, the cloning and characterization of
human and Xenopus homologs of Cdc7 was reported (36);
huCdc7 is identical to HsCdc7.

We have demonstrated that HsCdc7 is predominantly lo-
calized in the nucleus and has a protein kinase activity. The
expression level of HsCdc7 remains constant, but the kinase
activity of HsCdc7 increases in S phase of the cell cycle.
Previous studies have demonstrated that Cdc7p is a nuclear
protein-serine/threonine kinase whose function is required at
the G1/S phase transition for the initiation of DNA replication
in the mitotic cell cycle in budding yeast S. cerevisiae (33, 34,
37). Cdc7p binds to its regulatory subunit Dbf4p, whose
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function is also required for the initiation of DNA replication
and the Cdc7p/Dbfdp complex has maximal kinase activity at
the G,/S phase boundary (25, 38, 39). The expression level of
Cdc7p remains constant throughout the cell cycle, whereas
DBF4 is transcriptionally regulated during the cell cycle with
the highest levels of RNA in the G;/S phase, indicating that
Dbf4p regulates, at least in part, Cdc7p/Dbf4p protein kinase
complex activity (25). Therefore, it seems likely that HsCdc7
will require a regulatory subunit (e.g., a Dbf4-like protein) to
regulate its kinase activity, although we cannot exclude the
possibility that posttranslational modifications of HsCdc7
(e.g., phosphorylation or dephosphorylation) may also con-
tribute to regulation of its kinase activity. Using a two-hybrid
screen we have recently identified a human Dbf4p-related
protein that interacts with HsCdc7 (unpublished observa-
tions), and we are currently investigating whether expression of
this protein is cell cycle regulated and whether it modulates
HsCdc7 kinase activity.

Taken together, the similarities between HsCdc7 and Cdc7p
suggest that HsCdc7 plays a role in regulating cell cycle
progression and DNA replication in human cells. In budding
yeast, replication of DNA is blocked by overexpression of
kinase-inactive mutants of Cdc7p (40), confirming the essen-
tial role for Cdc7p in the initiation of DNA replication. In
contrast, we have not observed inhibition of DNA replication
when kinase-inactive K90R HsCdc7 is transiently overex-
pressed in human cells. This might imply that HsCdc7 is not
required for the initiation of DNA replication, but other
methods of abrogating HsCdc7 function, such as anti-HsCdc7
antibody microinjection, need to be tried before one can
determine whether or not HsCdc7 plays a crucial role in DNA
replication.

The interaction between Cdc7p and Dbf4p requires the
Cdc7p C-terminal region beyond the kinase domain. This
region is absolutely required for Cdc7p function, since ex-
change of the Cdc7p C-terminal region with the corresponding
region of Hskl (no sequence homology with Cdc7p) leads to
loss of Cdc7p complementation ability in a cdc7 temperature-
sensitive (ts) mutant strain at the nonpermissive temperature
(35°C) (27). In addition, Hsk1 does not complement the Cdc7p
mutation in the cdc7(ts) strain at 35°C, nor does Cdc7 com-
plement an hskl deletion mutation in S. pombe (27). In
contrast to Cdc7p and Hskl, HsCdc7 does not contain a
C-terminal region beyond its kinase domain. Therefore, it is
not surprising that HsCdc7 does not complement the hskI
deletion mutation in S. pombe (unpublished results). Corre-
spondingly, if HsCdc7 interacts with a regulatory subunit, it
presumably uses other region(s) of the protein to interact with
this subunit. Since HsCdc7 contains unusually large “kinase
inserts” II and III (see Fig. 1A4), these kinase inserts could be
the potential sites mediating the interaction.

Genetic evidence has demonstrated that the Cdc7p/Dbf4p
complex is directly involved in the initiation of DNA replica-
tion in budding yeast (26). It has been shown that Dbfdp
interacts with the origins of DNA replication, suggesting that
the Cdc7p/Dbf4p complex may directly phosphorylate other
components of DNA replication complexes assembled at the
origins. Although the physiological substrates of Cdc7p/Dbf4p
have not be identified biochemically, recent genetic studies
demonstrate that a recessive loss-of-function mutant mcm5/
cdc46 can bypass the requirement for Cdc7p (41). Thus, it has
been proposed that Cdc7p phosphorylates MCMS5 /Cdc46 (or
other MCMs) in late G; phase of the cell cycle leading to
removal of MCMs from origins, and thus promoting the
initiation of DNA replication. We are currently testing
whether MCMs are substrates of HsCdc7 in vitro and in vivo.
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