An N-terminal domain of Dbf4p mediates interaction
with both origin recognition complex (ORC) and
Rad53p and can deregulate late origin firing
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The Dbf4/Cdc7 kinase acts at the level of individual origins to
promote the initiation of DNA replication. We demonstrate
through both immunoprecipitation and two-hybrid assays that a
domain comprising the first 296 aa of Dbf4p interacts with Orc2p
and Orc3p subunits of the origin recognition complex (ORC). Given
that the activation of Rad53 kinase in response to the DNA
replication checkpoint leads to the release of Dbf4p from an
ORC-containing chromatin fraction, we also examined interaction
between Dbf4p and Rad53p. This same domain of Dbf4p binds
specifically to the forkhead homology-associated (FHA) domains of
Rad53p. Cell cycle arrest in G2/M, provoked by the overexpression
of the Dbf4 domain, is suppressed in a rad53 mutant. Moreover, its
overexpression perturbs the regulation of late, but not early, origin
firing in wild-type cells after treatment with hydroxyurea.

I nitiation of DNA replication requires both the establishment of
prereplicative complexes at origins and the activity of two kinases,
Cdc28p and Cdc7p. In Saccharomyces cerevisiae, Cdc28p is activated
by six distinct regulatory cyclin subunits, Clbl to -6, the levels of
which fluctuate in a cell cycle-dependent manner (reviewed in ref.
1). In contrast, Cdc7p has a single regulatory subunit, Dbf4p, which
also exhibits cell cycle-programmed changes in level, peaking
sharply at the G;-S transition (2-4). Individual S. cerevisiae origins
initiate replication at characteristic times, with some firing early,
most in mid-, and others in late-S phase (5, 6). Cdc7/Dbf4 activity
is required throughout S phase for origin firing (7, 8), suggesting
that this kinase complex acts at the level of individual origins, rather
than providing a general signal that enables replication initiation at
the G;-S transition.

Both genetic (9, 10) and biochemical (3, 11) evidence argue that
mini-chromosome maintenance (MCM) proteins are physiological
substrates of Dbf4/Cdc7. Mcm2-7 form a hexameric helicase that
is loaded onto DNA at origins during Gy, in preparation for origin
firing (reviewed in ref. 12). Cdc45p, which associates with origins
after Cdc28/CIb5 activation, is another potential target of the
Cdc7/Dbf4 kinase (13-15). Consistent with its proposed role in
activating the pre-RC, Dbf4p cofractionates with origin recognition
complex (ORC) into an insoluble nuclear chromatin fraction from
G phase cells, an association that is lost in an orc2-1 mutant (2).
Furthermore, the punctate pattern of Dbf4p immunostaining in
S-phase nuclei is ORC dependent (2), and one-hybrid data show
that a Dbf4 fusion can activate from an origin consensus (16). These
results support the hypothesis that Dbf4p targets Cdc7p to origins
of replication through association with ORC.

The targeting of Cdc7p kinase to origins through Dbf4p may be
aregulated event. First, Dbf4p seems to be phosphorylated, and the
Dbf4/Cdc7 kinase down-regulated, after the activation of Rad53
kinase by the stalling of replication forks in hydroxyurea (HU; 3,11).
Second, Rad53p activation by HU leads to the release of Dbf4p
from an origin-enriched chromatin fraction (2). Here, we demon-
strate that Dbf4p binds several ORC subunits and Rad53p through
an N-terminal domain. /n vivo studies provide evidence for a role
for these interactions in regulating origin activation.

www.pnas.org/cgi/doi/10.1073/pnas.252093999

Methods

Yeast Strains. GA-1020 (MATa, ade2-1, canl-100, trpI-1, his3-
11, -15, wura3-1, leu2-3,-112, pep4:LEU2) was used for all
immunoprecipitation (IP) studies involving plasmid-expressed
proteins. For IP of proteins expressed from Myc-tagged copies
of endogenous genes, GA-850 (MATa, ade2-1, canl-100,
his3-11, -15, leu2-3, -112, trpl-1, ura3-1, GAL, psit,
dbf4::DBF4-Myc18/LEU2; formerly K6388 from K. Nasmyth,
Institute of Molecular Pathology, Vienna), GA-1009
(yKu80-Myc13::kanMX4, MATa, ade2::hisG, his3-11, leu2,
trpl, wura3-52, canl::hisG, DIA5-1), and GA-1099
(DNA2-Myc13::kanMX6, MATa, ade2-1, trpl-1, his3-11, -15,
ura3-1, leu2-3, -112, pep4::LEU2, canl-100) were used, with
GA-1020 as an untagged control. GA-1211 (MATa, his3, trpl,
ura3-52, leu2::pro, LEU2-lexAop2, formerly EGY188 from
R. Brent, Molecular Sciences Institute, Berkeley, CA) was used
for two-hybrid analyses (17). GA-180 (MATa, ade2-1, trpl-1,
his3-11, -15, ura3-1, leu2-3, -112, canl-100), GA-850, GA-856
(MATa, tell::HIS3, trpl, ade2, ura3, his3, canl-100), GA-1040
(Rad53-Mycl3; ref. 18), GA-1491 (MATa, mec2-1 = rad53-11,
ref. 19), GA-1701 (MATa, rad53::TRP1, smll::KanMXo,
Sgs1-Mycl3::HIS, pep4:LEU2, ade2-1, trpl-1, his3-11, -15,
ura3-1, leu2-3, -112), GA-1702 (as 1701 but mecl::TRPI in-
stead of rad53::TRPI), and GA-2012 (GA-180 with
chkl::His3MX6) were hosts for the analysis of Dbf4p fragment
overexpression. All strains except GA-1009, GA-1211, and
GA-1040 are derivatives of W3031a.

Plasmid Construction. pCM190-Dbf4-FL, encoding full-length
Dbf4p with a C-terminal Myc;g tag, fused to a tetracycline (Tet)
or doxycycline (Dox) repressible promoter was a gift of E.
Schwob (Centre National de la Recherche Scientifique, Mont-
pellier, France). pCM190-Dbf4-109, -178, -248, and -296 were
constructed by PCR amplification and insertion of the regions
encoding the indicated number of amino acids. pEG-Dbf4-FL,
-296, and -A110-296 were constructed by cloning appropriate
fragments into two-hybrid bait vector pEG-202 (17). pJG-Orcl
through -6 were made by cloning PCR amplified full-length ORC
sequences into the two-hybrid prey vector pJG4-6 (ref. 20; gift of
R. Brent, Molecular Sciences Institute, Berkeley, CA). RADS53
fragments including the coding regions for FHA1 (I4-Si¢s) and
FHA2 (Mag7-Ss21) were amplified by PCR from pJA92 (21). As
template for the Rad53 kinase domain (Gj77-Nso9), pNB187-
SPK1 (22) was used. PCR products were subcloned both into
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pJG4-6, resulting in pJG-FHAL, pJG-KIN, and pJG-FHAZ2, and
into pGAL-lexA, which expresses lexA fusions under GALI
control, replacing the constitutive ADH promoter in pEG-202.
Point mutations in the FHAl and FHA2 domains are as
described (23). Correct fusion protein expression was analyzed
by Western blot.

Two-Hybrid Analysis. Liquid culture two-hybrid analysis was done as
described (17). The lacZ-reporter pSH18-34, pEG-202-derived
bait, and pJG4-6-derived prey plasmids were transformed into
GA-1211. Exponentially growing, glucose-depleted yeast cells were
then induced for 6 h on 2% galactose, and interactions between
fusion proteins were detected by the quantitative -galactosidase
assay on permeabilized cells, by using four independent transfor-
mants per sample (24).

Co-IP, Western, and 2D Gel Analyses. For the Dbf4/ORC interaction
studies, GA-1020 cells, transformed with pCM190- and pJG4-6-
derived expression vectors, were initially grown to 1 X 107 cells/ml,
in 5 ml SD medium (25) without uracil and tryptophan and with 3
pg/ml Tet. Cells were centrifuged (1,000 X g, 5 min), and the pellet
was resuspended in 10 ml S 2% raffinose/0.1% sucrose medium
(25) without uracil and tryptophan, again with 3 pg/ml Tet. After
4 h growth at 30°C, cells were centrifuged as above, and the pellet
was resuspended in 20 ml S 1% raffinose/2% galactose medium
(25) lacking uracil, tryptophan, and Tet. Cells were centrifuged
after a further 4 h incubation with shaking at 30°C. All subsequent
steps were carried out at 4°C. Pellets were resuspended in 400 ul
ice-cold lysis buffer (50 mM Hepes, pH 7.5/0.14 M NaCl/1 mM
Na-EDTA/1% Triton X-100/0.1% sodium-deoxycholate, with
protease inhibitors) and lysed with a bead beater by using 0.5 g glass
beads per sample. Lysate was centrifuged (16,000 X g, 30's), and the
supernatant was called whole cell extract (WCE). WCEs (200 ul)
were incubated on a rotating wheel (1 h, 4°C) with 40 ul anti-mouse
IgG Dynabeads (Dynal, Great Neck, NY), saturated with both BSA
and a-Myc monoclonal antibody (9E10). Beads were washed once
in 400 ul lysis buffer and three times in wash buffer (0.1M Tris-Cl,
pH 8.0/0.25 M NaCl/0.5% Nonidet P-40/0.5% sodium-
deoxycholate/1 mM Na-EDTA), with a final resuspension in 40 ul
SDS loading buffer. WCEs were prepared similarly for Rad53p-
Myc Westerns. A polyclonal rabbit serum was raised against the
N-terminal 173 residues of Orc2p. The 2D gel analysis of replication
intermediates was performed as described (5) by using PCR-
generated probes, on genomic DNA digested with PstI for ARS607
and BamHI for ARS603. Cell synchronization was as described (2).

Results

Dbf4p Interacts with Orc2p and Orc3p. One-hybrid analysis suggests
that Dbf4p recognizes, either directly or indirectly, the 11-bp ARS
consensus sequence (ACS) found at all yeast origins of replication
(16). To see whether this binding occurs through association with
ORC subunits, we performed two-hybrid analysis using Orclp to
-6p as prey, and either full-length or the N-terminal 296 residues of
Dbfdp as bait (Fig. 14). Full-length Dbf4p demonstrated the
strongest interactions with Orc2p and Orc3p (Fig. 1B), although
weaker interactions with Orc5p and Orc6p could also be detected.
These weaker interactions may be indirect, i.e., dependent on the
other ORC subunits. However, because all ORC genes are essen-
tial, this possibility cannot be tested in living cells. Similar assays
using the Dbf4p-296 fragment suggest that this region is responsible
for association with Orc2p, and possibly with the other subunits,
which give weaker but still significant interactions (Fig. 1B).

To confirm this putative interaction between Dbfdp and the
ORC subunits, co-IP assays were carried out in which Myc-tagged
Dbf4p was overexpressed in combination with each of the six ORC
subunits. Full-length DBF4 was cloned into the Tet-repressible
expression vector pCM190 (ref. 26; Fig. 1.4), and its expression was
induced in the presence of the hemagglutinin-tagged, full-length
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Fig. 1. Dbfdp interacts with multiple ORC subunits through its N-terminal
296-aa domain. (A) Shown are constructs of full-length DBF4 or the N-terminal
109, 178, 248, or 296 residues fused to the C-terminal 46 residues and a Myc tag.
The two regions that bind Cdc7p (27) and that mediate origin consensus inter-
action (ACS target; ref. 16) are indicated. The asterisk denotes a putative nuclear
localization signal (PssKKRSLE). (B) Two-hybrid assays are described in Methods,
using bait constructs pEG-Dbf4-FL, pEG-Dbf4-296, and empty pEG-202. pJG-ORC1
through -ORC6 were used for prey, with empty pJG4-6 (pJG) as control. For all
two-hybrid assays, SD among independent colonies was <10%. (C) The pJG
plasmids express the ORC subunits fused to an N-terminal hemagglutinin tag.
Yeast strain GA-1020 was cotransformed with one of the pJG-ORC clones and
pCM190 either with Dbf4-FL (+Dbf4-Myc) or without (—Dbf4-Myc). Expression
was induced from both promoters, and IP from WCEs with anti-Myc is described
in Methods. Shown are immunoblots of IPs and of input WCEs detected with
either monoclonal anti-HA (for ORC detection) or anti-Myc antibodies (for Dbf4p
detection). In each case, 1/20 of the input WCE and 1/4 of the final bead
resuspension was blotted. (D) IP assays were carried as described in C, with
GA-1020 cells cotransformed with pJG-ORC2 or -ORC3 and pCM190-Dbf4-FL,
-178, -296, or empty pCM190. Arrowheads indicate Orc2p or Orc3p bands; dots
indicate the IgG heavy chain (55 kDa). (E) IP was carried out by using WCEs from
strains carrying Myc-tagged genomic copies of DBF4 (GA-850), HDF1 (Ku80,
GA-1009), and DNA2 (GA-1099), and a nontagged strain (GA-1020), as in C. Blots
were reacted with anti-Myc IgG or polyclonal rabbit anti-Orc2p serum

Orcl to -6 subunits (see above). When anti-Myc-coupled magnetic
beads were added to WCEs from cells expressing Dbf4-Myc, Orc2p
and Orc3p were reproducibly coimmunoprecipited (+Dbf4-Myc,
Fig. 1C). Despite roughly equivalent expression levels for all ORC
subunits and efficient IP of Dbf4-Myc (see WCE panels, Fig. 1C),
Orcl, -4, -5, and -6 did not efficiently co-IP with Dbf4p. No ORC
subunits were pulled down by using cells transformed with the
pPCM190 vector lacking Dbf4p (see —Dbf4-Myc, Fig. 1C).

To test whether the region of Dbf4p that binds Orc2p and Orc3p
coincides with the residues that target the ACS, we compared co-IP
efficiencies between full-length Dbf4p and constructs expressing
either the N-terminal 178 aa or 296 aa residues of Dbf4p, fused in
frame to the Myc tag (Fig. 1.4). Confirming the two hybrid results,
Orc2p was efficiently pulled down by using the 296 fragment (Fig.
1D, see arrow), whereas the 178 fragment was ineffective. This
finding suggests that Dbf4p can bind Orc2p through its ACS-
interaction domain. Neither the 178- nor the 296-residue Dbf4p
fragment was sufficient to co-IP the Orc3p subunit. This finding
may indicate that other parts of Dbf4p contribute to interaction
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Fig.2. Dbf4pinteractswiththe FHA1and FHA2, but not the kinase domain of Rad53p. (4) Scheme of Dbf4 deletions and Rad53p fragments used in plasmid constructs
for two hybrid and co-IP experiments. Fusions include amino acid 1-296 of Dbf4p, full-length Dbf4 (FL), and FL lacking amino acid 110 to 296. The Rad53p FHAT1, kinase
(KIN), and FHA2 domains are shown, including the R70A and R605A point mutations in FHA1 and FHA2 (33). (B) Two-hybrid assays were carried out as in Fig. 1B. Bait
vectors and prey vectors are labeled as in A. Interactions with pJG-Dbf4-248 showed similar results as Dbf4-296, whereas pJG-Dbf4-274-704 bound none of the Rad53p
domains (data not shown). (C) Two-hybrid assays were carried out as above, by using pEG-DBF4-FL and pEG-DBF4-A110-296 as baits. The scales at the left and right
pertain to values obtained by using pJG-Orc2 and pJG-FHA1 as prey, respectively. (D) IP experiments were carried out as in Fig. 1C. WCEs were prepared from GA-1020
cells cotransformed with the indicated plasmids, as well as either pGAL-LexA-FHA1, -FHA2, or -KIN, as indicated. Inmunoblots of the IP were probed with a-LexA
antibody (CLONTECH). Arrows from top to bottom indicate Rad53 kinase, FHA2, and FHA1 LexA fusion proteins, whereas spots indicate the heavy and light IgG chains.

(E) Two-hybrid analysis was performed as above, by using pEG-DBF4-FL as bait in each instance, along with the vector pJG4-6 expressing either ORC2 or FHA1. After

2 h of a 6-h galactose-induction, cultures were split, and 50 mM HU was added to one half of each.

with Orc3p, or, alternatively, that Orc3p binds Dbf4p through
Orc2p, which would not be sufficiently abundant to mediate inter-
action with Orc3p in these assays.

We next tested for an interaction between Dbf4p and ORC when
both are present at their endogenous levels of expression. WCEs
were prepared from an exponentially growing culture of GA-850,
in which the endogenous copy of Dbf4p is C-terminally Myc-tagged.
As controls, strains were used in which the endogenous HDF1 gene,
which encodes yKu80, or DNA2 was similarly fused to a 13-mer Myc
epitope. These nuclear proteins are present in roughly equivalent
amounts as Dbf4p (see WCE blotted with a-Myc, Fig. 1E). IP was
carried out with a-Myc-coated magnetic beads. Immunodetection
revealed that endogenous Orc2p could be precipitated with Dbf4p-
Myc, but with neither yKu80-Myc nor Dna2-Myc (Fig. 1E), sug-
gesting that the Dbf4/ORC interaction is specific and physiological.

Interactions with ORC and Rad53p Are Mediated by the Same Domain
of Dbfdp. The checkpoint kinase Rad53p acts as a signal transducer
under conditions of DNA damage or replication fork stalling.
Rad53p activation both prevents cells from entering mitosis (re-
viewed in ref. 28) and helps stabilize stalled replication forks (29,
30). In addition, Rad53p regulates the timing of origin firing during
normal S phase progression, with some late origins firing earlier in
rad53 mutants (31). Importantly, Dbf4p is phosphorylated in a
RAD53-dependent manner (3), and, when modified, it is displaced
from the insoluble ORC-containing nuclear pellet in chromatin
fractionation assays (2). Full-length Dbf4p and Rad53p have also
been shown to interact in two-hybrid assays (32).

In light of our findings for ORC, we characterized the domains
of Rad53p and Dbf4p responsible for the reported interaction. In
addition to its central kinase domain, Rad53p has two forkhead
homology-associated domains (FHA1 and FHA?2) that mediate
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protein—protein interactions by recognizing phosphothreonine- and
phosphotyrosine-containing motifs (33, 34). FHA2 is primarily
implicated in the interactions of Rad53p with Rad9p (23, 35).
FHAI1 mutations do not interfere with the Rad9p-mediated re-
sponse to DNA damage, but render cells hypersensitive to HU (23).
The relevant RADS53 fragments were cloned into pJG4-6, resulting
in pJG-FHALI, -FHAZ2, and -KIN (Fig. 24) for use in two-hybrid
assays with various Dbf4p baits (Fig. 2B). A strong interaction
between the Rad53p FHA1 domain and full-length Dbf4p was
observed. A significant interaction was also observed between
Dbf4p and Rad53p FHAZ2, although its B-galactosidase values were
an order of magnitude lower than those obtained with FHAI. In
both cases, the Dbf4 296-aa fragment was sufficient to mediate the
interaction. Importantly, point mutations in the FHA1 and FHA2
domains that eliminate interaction with the Rad9p phosphoepitope
(33) specifically eliminate interaction with full-length Dbf4p and
reduce binding to the 296-aa fragment. In control assays, the
N-terminal 248 aa of Dbf4p also retains avid interactions with the
Rad53p FHAI1 domain, whereas no significant binding could be
detected by using the Dbfdp C-terminal 430 residues (data not
shown). The Dbf4p-Rad53p interaction is thus specific and may
require a phosphoepitope on the Dbf4p ligand. Further two-hybrid
analyses using a Dbf4 deletion construct show that this amino
terminal region is not only sufficient to bind both ORC and
Rad53-FHAL, but that amino acid 110-296 are absolutely required
for both interactions (Fig. 2C).

To further confirm the two-hybrid results, we performed co-IP
assays with cells that coexpress lexA-tagged FHA1, FHA2, and
kinase domains of Rad53p, and either Dbf4-Myc-FL, or Dbf4-Myc-
296. FHA1 and FHA?2 successfully co-IP with both full-length
Dbf4p and Dbf4-Myc-296, whereas the Rad53p KIN domain shows
no interactions (Fig. 2D). In the case of the strongest interaction,
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i.e.,, Rad53-FHA1, we show that a smaller Dbf4p N-terminal
fragment of 109 residues is unable to bind the Rad53p domain.

Because Dbf4p is displaced from chromatin under conditions of
replication fork arrest, we next examined whether Orc2p associa-
tion is altered when cells are treated with HU to activate Rad53p.
Parallel two-hybrid analyses, in which half of each culture was
treated with HU, resulted in a dramatic reduction in the Dbf4 /Orc2
interaction as a consequence of HU exposure (Fig. 2E). The
Dbf4/Rad53-FHAL interaction persists in HU, but is reduced,
suggesting that phosphorylation of Dbf4p may also weaken asso-
ciation with Rad53p. Alternatively, this reduction may reflect an
increase of endogenous phosphorylated ligands that compete for
the FHA1 domain.

Overexpression of the Dbf4 N Terminus Impedes Cell Cycle Progres-
sion. Given that Dbf4p binds ORC through its N-terminal domain,
it is likely that this interaction helps deliver the Cdc7 kinase, which
Dbf4p binds through two conserved domains. Because the binding
sites within Dbf4p for ORC/Rad53p and Cdc7p are distinct, it was
worthwhile to test whether overexpression of the Dbf4p N-terminal
domain would affect cell growth or checkpoint response. WT yeast
were transformed with the Tet-repressible plasmids pCM190-Dbf4-
109, -178, -248, and -296, or the unmodified vector (V), and grown
to saturation in the presence of the Tet analogue Dox. Whereas all
transformants grew well on Dox-containing plates, the induction of
the 296- and 248-aa fragments of Dbf4p on plates lacking drug
dramatically inhibited cell growth (Fig. 34). No arrest was observed
for cultures expressing the peptides of 178 or 109 aa, or by the vector
alone (Fig. 34). Liquid growth assays yielded similar results: the
296- and 248-expressing cultures grow very poorly relative to that
observed for cultures transformed with pCM190 alone or express-
ing smaller Dbf4 domains (Fig. 3B). Growth inhibition was also
observed when the Dbf4-248 fragment was overexpressed in syn-
chronized cell populations released from either an a-factor or
nocodazole block, with the strongest effect on cells recovering from
nocodazole-induced mitotic arrest (Fig. 3B; quantitation shows a
6-fold increase in doubling time). In contrast, overexpression of
full-length Dbf4p has no negative effect on cell growth or viability
(ref. 13, and data not shown). In further analyses, we used the
Dbf4-248 fragment, because it is more stable, binds both ORC and
Rad53p, and has the same growth defects as Dbf4-296 (data not
shown).

Fluorescence-activated cell sorter (FACS; Becton Dickinson)
analysis of cells expressing the Dbf4-248 fragment (Fig. 3C) shows
an accumulation of cells between 1C and 2C DNA content at 4 and
8 h, consistent with a defect in passage through S phase. In addition,
cells with 2C DNA content accumulate as dumbbell-shaped pairs
of cells containing partially segregated chromosomes (data not
shown), suggestive of defects in mitotic progression. In contrast,
cells expressing the Dbf4-109 fragment have relatively normal 1C
and 2C peaks.

A possible explanation for both the delayed S phase progression
and arrest with 2C DNA content, would be activation of the DNA
damage checkpoint (36). We therefore induced Dbf4-248 expres-
sion in a number of strains carrying deletions in checkpoint genes
to see whether these mutations eliminate the cell cycle arrest (Fig.
3D). Strikingly, in arad53A sml1 A background, growth inhibition by
Dbf4-248 is bypassed. Similar results were obtained when Dbf4-248
was overexpressed in a rad53-11 strain (data not shown) and in
strains deleted for the second effector kinase of the cell cycle
checkpoint, chkl (Fig. 3D). In contrast, cells lacking the ATM
homologues Meclp or Tellp grow poorly when Dbf4-248 is over-
expressed, like WT cells. The fact that MEC1 and TELI control
Rad53p activation in response to DNA damage and replication
blocks (36) suggests that the Dbf4-248 domain is not creating DNA
damage. Rather, the rad53A result argues that the Dbf4-248-
provoked block acts through Rad53p.

To see whether the Dbf4-248 overexpression slows growth by
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down the cell cycle. (A) Induction of Dbf4p fragments from pCM190-derived
plasmids as described in Fig. 1. Expression of Dbf4-248 and -296 in GA-850 cells,
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Growth curves of GA-1020 cells expressing the Dbfdp fragments. (Upper) Cells
expressing the indicated Dbf4 fragment were grown to saturation in Dox before
being diluted to 2 X 106 cells/ml (to) in synthetic medium without Dox. (Lower)
GA-1020 cells carrying the empty vector (V), or pPCM190-Dbf4-248, were grown in
media with Dox, before a 2-h induction of cell cycle arrest by a-factor or nocoda-
zole on media -Dox (2). Cells were then released into media without Dox and
without inhibitors, and growth rates were determined by using a Casy cell
counter. (C) FACS analysis of GA-850 cells transformed either with vector alone,
or expressing either Dbf4-109 or Dbf4-248 fragments at tq (Go cells) or after 4 or
8 h outgrowth in the absence of drug, from a stationary culture. (D) pCM-190 (V)
and Dbf4 fragment expression vectors described in Fig. 1 were used to transform
rad53A sml1A (GA-1701), mecTA sml1A (GA-1702), tel1A (GA-856), and chk1A
(GA-2012) strains. These were streaked out along with GA-850 transformants
(WT), on plates without uracil and Dox, as in A. (E) Rad53p phosphorylation (P*)
response in cells expressing Dbf4-248 fragment (—Dox) with or without 0.2 M HU
is monitored by SDS/PAGE. GA-1040 (Rad53-13Myc tagged) was transformed
with pCM190-Dbf4-248. Cells were cultured in SD medium without uracil and
with 3 pg/ml Dox, and released into media lacking the drug for indicated times.
Where indicated, 0.2 M HU was added.

activating the Rad53p kinase, we tested the kinase’s phosphoryla-
tion status by using SDS/PAGE. Even after 9 h of Dbf4-248
induction, the migration of Rad53p was unaltered (Fig. 3E). To see
whether the replication checkpoint was intact in these cells, we
added HU to cultures growing with or without Dox. Activation in
the presence of HU occurs, but somewhat less efficiently, when
Dbf4-248 is expressed (Fig. 3E). Thus, Dbf4-248 may partially
impair Rad53p activation.

Further investigation led us to test the effects of Dbf4-248 in cells
recovering from HU-induced checkpoint activation. We induced
the fragment in a-factor-arrested cells, which were then released
into 0.2 M HU. After 60 min, cells were released from the HU
block, and DNA synthesis was examined both by FACS analysis and
by 2D gel separation of replication intermediates (Fig. 4 4 and B).
By FACS, we see little or no effect of Dbf4-248 overexpression on
early S phase progression, although there is a noticeable delay in
passage from a G, to G; population (Fig. 44). Consistently, we see
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Fig. 4. Dbfdp N-terminal fragment overexpression results in deregulation of

late-origin firing after HU arrest. (A) GA-1040 cells transformed with either
pCM190 or pCM-Dbf4-248 were cultured in SD medium without uracil and with
3 pg/ml Dox and were arrested with a-factor for 1.2 h. During a-factor arrest,
Dbf4 fragments were induced for 45 min by removing Dox. Cells were harvested
and resuspended in SD medium without uracil and without Dox, but containing
0.2 M HU. After 1 h, cells were centrifuged and resuspended in SD medium
without uracil and without Dox, and progression through S phase was monitored
by FACS analysis at the indicated times. An asynchronous culture of the same cells
(Asy) and the samples arrested in pheromone (aF) or HU were also analyzed. (B)
The samples taken up to 80 min after release into HU were examined by 2D gel
analysis as described in Methods. Probes specific for the early ARS607 and late
ARS603 were created by PCR. Open arrowheads indicate weak bubble arcs
resulting from the initiation of replication, whereas the filled arrowhead indi-
cates efficient initiation events.

that the early firing origin ARS607 initiates efficiently and with WT
kinetics in cells expressing Dbf4-248. On the other hand, the
appearance of the bubble arc at the late firing origin (ARS603) is
significantly perturbed (Fig. 4B). Rather than a synchronous acti-
vation 40 min after HU release (e.g., cells transformed with empty
pCM190), ARS603 is not fully inhibited on HU, and then fires in
an unsynchronized fashion for up to 80 min after release (open
arrowheads, Fig. 4B). Weak bubble arcs are evenly distributed over
time, suggesting that the timing of initiation is altered in two ways.
First, the down-regulation of late firing origins seems to be partially
impaired, consistent with the fact that Rad53p activation is slightly
reduced on Dbf4-248 overexpression (Fig. 3E). Second, the coor-
dinated activation of late origins after recovery from HU is
impaired. To explain this result, we propose that Dbf4-248 fragment
interferes with the rebinding of Cdc7/Dbf4 to late origins, an event
thought necessary to activate late initiation events on recovery from
HU arrest (Fig. 5).

Discussion

The Cdc7p kinase fulfills its replicative function at the level of
individual origins, and its activity is required throughout S-phase
for programmed, sequential initiation events to occur (7, 8).
Previous work indicated that its regulatory subunit, Dbf4p, might
target Cdc7p to origins in an ORC- and cell cycle-dependent
manner (2). The present study shows that Dbf4p physically
associates with ORC subunits through its N-terminal domain
(16). This finding does not exclude the possibility that Dbf4p
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Fig.5. Model for the role of the Dbf4-Rad53p and Dbf4-ORC interactions in the
control of late-firing origins. (A) Under normal conditions, Dbf4p targets Cdc7 to
origins of replication through an interaction with ORC, and the recruitment or
activation of Cdc28/Clb5 promotes origin firing. (B) Exposure to HU results in
replication fork stalling and activation of Rad53p. Rad53p phosphorylates Dbf4p,
preventing its association with late replication origins, and attenuating kinase
activity (3). During recovery, Dbf4 is dephosphorylated. We propose that it then
rebinds ORC and phosphorylates Mcm2p, leading to initiation at late origins. We
do not know whether the Dbf4N-ORC interaction mutually excludes binding to
Rad53p. (C) If HU arrest occurs in the presence of overexpressed Dbf4-N terminus,
its binding to Rad53p and ORC may interfere with the proper activation of the
checkpoint and recovery after HU removal. Consistent with the idea that phos-
phorylated Dbf4p may signal to downstream checkpoint targets, we suggest here
that it activates Chk1p kinase to impair mitotic progression.

might also bind the pre-RC through interaction with its target,
the MCM complex. Nonetheless, these data explain the pub-
lished observation that a significant amount of Dbf4p can be
bound to an ORC-containing chromatin fraction in G; phase in
the absence of MCM loading (i.e., in a cdc6 mutant; ref. 2).
The fact that Dbf4p is highly labile, and is found in diminishing
levels in stationary phase cells, confirms its key role as a limiting
factor in the establishment of initiation competent origins of
replication.

In contrast, work in Xenopus egg extracts has demonstrated that
the association of Cdc7p with licensed origins does not require the
continued presence of ORC, once the MCM complex is loaded (37,
38). This difference could simply reflect divergent pathways for
Dbf4/Cdc7 localization (39), or the absence of Dbf4-ORC binding
in embryonic extracts may reflect the shortened G; phase in
embryos, a stage in which this interaction may be favored. The
affinity of the budding yeast Dbf4/Cdc7 complex for ORC may
enhance the targeting of the kinase to origins, ensuring a highly
localized action on MCM proteins. This pathway may be particu-
larly important for the regulation of late firing origins during the
recovery from checkpoint activation (Fig. 5).

It is well-established that the positioning of Dbf4/Cdc7 at
individual origins affords “local control” over the timing of firing,
because initiation of replication fails to occur at late origins in cdc7
mutants shifted to nonpermissive temperature mid-way through
S-phase (7, 8). In cases of replication fork stalling or DNA damage,
a block to late origin firing is likely to help cell survival by slowing
S phase until ANTP levels are increased, or until repairs have been
effected. The Rad53p checkpoint kinase is required for recovery
from a replication block (40), and seems to stabilize stalled repli-
cation forks (30). Previous data have shown that Dbf4p is phos-
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phorylated and displaced from chromatin in a Rad53-dependent
manner after HU treatment (2, 3). Moreover, Rad53p-mediated
phosphorylation reduces the kinase activity of Dbf4/Cdc7 (3).
Finally, Rad53p was reported to bind Dbf4p in a two-hybrid assay
(32) and helps inhibit late-firing origins under conditions of DNA
damage or replication fork stalling (29, 31, 41).

Strong evidence for the physiological significance of the Rad53/
Dbf4p interaction, whether it is direct or indirect, is provided by our
in vivo studies. Overexpression of the N-terminal domain of Dbf4p,
which is both sufficient and necessary to interact with the Rad53p
FHAI1 domain in pull-down and two-hybrid assays, results in an
arrest of cell growth, defects in passage through S phase, and the
accumulation of cells with pronounced mitotic defects (Fig. 3 and
data not shown). Importantly, cells overexpressing Dbf4-248, show
precocious firing of the late origin ARS603 during and after HU
treatment (Fig. 4), consistent with the notion that interaction
between this Dbf4 fragment and Rad53p can inhibit the latter’s
ability to regulate endogenous Dbf4/Cdc7 association with late-
firing origins (Fig. 5C).

The Dbf4 N-terminal domain is necessary and sufficient to
interact with Orc2p, and this interaction seems to be sensitive to
conditions that activate the DNA replication checkpoint. We
propose, therefore, that overexpressed Dbf4-248 may also perturb
the proper loading of Dbf4/Cdc7 at origins, both in G; and as cells
recover from HU, a treatment that releases Cdc7/Dbf4 (2). This
result is supported by the finding that cells blocked in nocodazole
before fragment overexpression show a more dramatic inhibition of
growth than those released from a-factor, or cells from an expo-
nentially growing culture (Fig. 3B). Cells recovering from nocoda-
zole arrest would have the largest opportunity for Dbf4-248 inter-
ference, because these cells do not synthesize endogenous Dbf4p
until late G; phase. In contrast, pheromone-arrested cells already
contain a population of “licensed” pre-RCs that may bind Dbf4/
Cdc7 stably, rendering the N-terminal fragment inefficient at
displacing bound complex.

One explanation for the mitotic arrest observed in cells overex-
pressing Dbf4-248 could be the induction of damage or S-phase
defects that activate a checkpoint response. However, Rad53p
phosphorylation is not observed after Dbf4-248 overexpression
(Fig. 3E), and growth remains poor in either a mecIA or telIA
background, which are sensors of DNA damage (Fig. 3D). This
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finding implies that the Dbf4-248 fragment acts downstream of the
ATM homologues in a step that is linked to Rad53p. Dbf4-248
fragment overexpression in cells lacking Rad53p restores normal
growth rates. One possibility is that the Rad53p-dependent phos-
phorylation of the Dbf4p N terminus causes the latter to act as a
signal for metaphase arrest, working with other transducers such as
Chkl1p (Fig. 5C). Intriguingly, sequence comparisons have revealed
that the Dbf4p homologue in Schizosaccharomyces pombe, Dipl,
has a conserved motif corresponding to amino acid 135-179 in
Dbf4p (42, 43). Mutation of this S. pombe motif results in a
checkpoint defect after HU treatment (44). There is also significant
homology between this region and BRCT motifs found in numer-
ous repair and replication proteins (44).

As previously reported by others, we found that overexpression
of full-length Dbf4p was not inhibitory to cell cycle progression (Fig.
3D). This finding can be accounted for by the fact that full-length
Dbf4p is rapidly degraded when it is not complexed with Cdc7p,
whereas the Dbf4-248 fragment is relatively stable (ref. 27, and data
not shown).

In conclusion, we present data supporting the existence of a
direct interaction between the N-terminal domain of Dbf4p and the
Orc2p and Orc3p subunits, as well as with Rad53p. The results of
in vivo overexpression studies suggest that these interactions are
involved in both the down-regulation of initiation and the resump-
tion of replication initiation under conditions of replication fork
stalling and DNA damage.
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