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ABSTRACT Dbf4-dependent kinase (DDK) and cyclin-dependent kinase (CDK) are essential to initiate DNA replication at individual
origins. During replication stress, the S-phase checkpoint inhibits the DDK- and CDK-dependent activation of late replication origins.
Rad53 kinase is a central effector of the replication checkpoint and both binds to and phosphorylates Dbf4 to prevent late-origin firing.
The molecular basis for the Rad53-Dbf4 physical interaction is not clear but occurs through the Dbf4 N terminus. Here we found that
both Rad53 FHA1 and FHA2 domains, which specifically recognize phospho-threonine (pT), interacted with Dbf4 through an
N-terminal sequence and an adjacent BRCT domain. Purified Rad53 FHA1 domain (but not FHA2) bound to a pT Dbf4 peptide in vitro,
suggesting a possible phospho-threonine-dependent interaction between FHA1 and Dbf4. The Dbf4-Rad53 interaction is governed by
multiple contacts that are separable from the Cdc5- and Msal-binding sites in the Dbf4 N terminus. Importantly, abrogation of the
Rad53-Dbf4 physical interaction blocked Dbf4 phosphorylation and allowed late-origin firing during replication checkpoint activation.
This indicated that Rad53 must stably bind to Dbf4 to regulate its activity.

HE fidelity of chromosome replication depends on check-

point mechanisms to stabilize stalled forks, regulate or-
igin activation, and repair DNA damage (Hartwell and
Weinert 1989; Bartek et al. 2004; Segurado and Tercero
2009). In response to replication stress, the replication check-
point maintains replisome stability and prevents late origins
from firing, which allows time for DNA repair and the com-
pletion of DNA replication prior to chromosome segregation.
Incomplete DNA replication or uncoordinated origin firing
following DNA damage can result in genomic instability, can-
cer predisposition, and premature aging (Branzei and Foiani
2010).

In the budding yeast Saccharomyces cerevisiae, activation
of the checkpoint sensor kinase Mecl (vertebrate ATR, Ataxia
Telangiectasia and Rad3-related) is triggered at stalled forks
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or sites of DNA damage (Majka et al. 2006; Labib and De
Piccoli 2011). Subsequent signal amplification through the
Mrcl or Rad9 adaptors leads to activation of the checkpoint
kinase Rad53 (the ortholog of the human tumor suppressor
Chk2) (Branzei and Foiani 2009). Rad53 is an integral trans-
ducer of various cellular responses to replication stress or
DNA damage. Rad53 induces a series of transcriptional
responses through MBF-regulated genes (Bastos de Oliveira
et al. 2012; Travesa et al. 2012) and also activates the Dunl
kinase, which promotes the expression of ribonucleotide re-
ductase (RNR) subunits and additional DNA repair genes
(Huang et al. 1998). In parallel, Rad53 down-regulates the
RNR inhibitor Smll to increase deoxyribonucleotide levels
and facilitate DNA synthesis (Zhao et al. 2001). In response
to replication fork stalling, Rad53 prevents the activation of
late replication origins by phosphorylating two proteins re-
quired for the initiation of DNA replication: Dbf4 and Sld3
(Lopez-Mosqueda et al. 2010; Zegerman and Diffley 2010;
Duch et al. 2011). Dbf4 is the regulatory subunit of Cdc7
kinase, which is required to initiate DNA replication at indi-
vidual origins by phosphorylating the replicative MCM
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helicase (Tsuji et al. 2006; Francis et al. 2009; Randell et al.
2010; Sheu and Stillman 2010). Sld3 is also required to
activate the MCM helicase by promoting Cdc45-MCM asso-
ciation (Fu and Walter 2010; Boos et al. 2011).

Cdc7 requires the Dbf4 regulatory subunit for kinase ac-
tivity. Dbf4 is expressed in late G; phase, peaks during S
phase, and is present until early to midmitosis, when it is
destroyed by ubiquitin-mediated proteolysis (Cheng et al.
1999; Weinreich and Stillman 1999; Ferreira et al. 2000;
Miller et al. 2009). The timing of Dbf4 destruction suggests
that Dbf4 has postreplicative functions. Indeed, recent work
has shown that Dbf4 prevents premature exit from mitosis
and also controls the segregation of homologous chromo-
somes in meiosis I by a direct interaction with Cdc5, the
only Polo-like kinase in budding yeast (Matos et al. 2008;
Miller et al. 2009; Chen and Weinreich 2010). Rad53-mediated
phosphorylation of Dbf4 postpones late-origin firing during rep-
lication stress (Lopez-Mosqueda et al. 2010; Zegerman and
Diffley 2010; Duch et al. 2011) but Cdc7-Dbf4 kinase activity
is reduced only twofold by Rad53-dependent Dbf4 phosphory-
lation (Weinreich and Stillman 1999). It is clear that Dbf4 is an
in vivo target of Rad53 and interacts with Rad53 (Kihara et al.
2000; Duncker et al. 2002; Matthews et al. 2012), but the
molecular details of the Rad53-Dbf4 interaction and how
Rad53 phosphorylation of Dbf4 prevents late-origin activa-
tion are unclear.

Rad53 is unique in budding yeast in that it contains two
fork-head associated (FHA) domains, termed FHA1 and FHA2,
which flank a central kinase domain. FHA domains compose
a ubiquitous class of protein—protein interaction modules found
in >200 different proteins from yeast to mammals (Mahajan
et al. 2008). Structural studies show that FHA domains fold into
a B-sandwich composed of six-stranded and five-stranded
B-sheets (Durocher et al. 2000). Four of the five most conserved
residues in the domain are situated in substrate-binding loops
and contribute to highly selective binding to phospho-threonine
(Liang and Van Doren 2008). Oriented peptide library screen-
ing identified consensus phospho-threonine peptides for the
FHA1 and FHA2 domains, and the structural basis of their in-
teraction with the Rad53 FHA domains was also determined
(Liao et al. 1999; Durocher et al. 2000; Byeon et al. 2001). The
FHA1 domain preferentially binds peptides containing the con-
sensus sequence pT-x-x-D, but the FHA2 domain prefers an
isoleucine residue at the +3 position, pT-x-x-I. FHA domains
also make extensive contacts with additional regions of pT-
containing proteins to stabilize binding (reviewed by Mahajan
et al. 2008).

Here we have mapped the Dbf4 residues important for
a physical interaction with Rad53. We found that a sequence
from residues 100-109, which contained a potential FHA1-
binding site (T'%5-x-x-E), and an adjacent BRCA1 carboxyl-
terminal (BRCT) domain both interacted with Rad53.
Within full-length Rad53, both Rad53 FHA domains were
required to bind Dbf4. Biochemical assays showed that the
FHA1 domain (but not FHA2) bound to a Dbf4 pT195-X-X-E
peptide in a phosphorylation-dependent manner. Finally, ab-
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rogation of the Rad53-Dbf4 physical interaction blocked
Dbf4 phosphorylation by Rad53 and allowed late-origin firing
in the presence of HU. We suggest that the Dbf4 N terminus
binds Rad53 using multiple contacts and that Rad53-Dbf4
binding may be phosphorylation dependent. The Rad53 phys-
ical interaction with Dbf4 then promotes phosphorylation of
Dbf4 at critical downstream sites to inhibit late-origin firing.

Materials and Methods

Construction of yeast strains, plasmids,
and baculoviruses

Plasmids and yeast strains used in this study are listed in
Supporting Information, Table S1 and Table S2, respectively.
PJ69-4a cells (MATa trp1-901 leu2-3,112 ura3-52 his3-200
gal4A gal8OA LYS2::GAL1-HIS3 GAL2-ADEZ2 met::GAL7-lacZ)
were used for two-hybrid experiments. All other strains were
derivatives of W303-1A. The natMX4 cassette flanked with
DBF4 target sequences was PCR-amplified from p4339 with
primers 5’-CTA TCA ACG GCA ATG TTA TTG AAT CAC TTT
CTC ATT CAC CCT TGT ACATGG AGG CCC AGA ATA CC-3'
and 5'-ATG CAATTG ATA ATA TAT GGA CGA GTA AAT AAG
AGT TAA GTC AAT CAG TAT AGC GAC CAG CAT TC-3'
(Goldstein and McCusker 1999), and transformed into M1261
(dbf4-NA109). clonNAT-resistant transformants (Werner Bio-
agents) were confirmed with natMX4 marker and then back-
crossed to W303. The epitope-tagged RAD53 strains were made
by the method of Longtine et al. (1998). Deletions and point
mutations within DBF4 and RAD53 were generated by site-
directed mutagenesis using the QuikChange system (Strata-
gene). PCR-amplified EcoRI-Pstl fragments containing the
full-length RAD53-coding sequence (1-821), FHA1 domain
(1-300), FHA2 domain (483-821), and DBF4-coding sequence
(66-227) were cloned into the same sites of pGAD-C1 (Clon-
tech) to give the Gal4 activation domain fusions. Rad53 resi-
dues 2-164 were cloned on a BamHI-Xhol into pET24a-GST
for expression of the Hisg-GST-FHA1 domain. Construction of
baculovirus plasmids encoding wild-type Dbf4, Dbf4-NA109,
HA-Cdc7, and 3Myc-Cdc5 was previously described (Gabrielse
et al. 2006). An Ncol-Pstl fragment containing the full-length
RADS53-coding sequence (1-821) was cloned into the baculo-
virus transfer vector pAcSG2. High-titer baculoviruses were
generated by transfection of Sf9 cells using the BaculoGold
kit (BD Biosciences) followed by plaque purification and virus
amplification.

Growth conditions, cell-cycle synchronization,
and replication intermediate assays

Yeast cells were cultured in YPD or synthetic complete
medium (SCM) as described (Gabrielse et al. 2006). To de-
tect replication intermediates (Figure 7), cells were synchro-
nized in G; phase with 5 pg/ml a-factor for 3 hr and
released into 0.2 M HU for the indicated times. The alkaline
gel electrophoresis and probes for the replication origins
(ARS305, ARS501 and ARS603, Autonomously Replicating
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Sequence) were previously described (Mantiero et al. 2011).
DNA content was analyzed by flow cytometry as previously
published (Mantiero et al. 2011).

Two-hybrid analysis

Various DBF4 bait constructs containing the Gal4 DNA-bind-
ing domain were transformed with Gal4 activation domain
prey plasmids in PJ69-4a and selected on SCM plates lack-
ing tryptophan and leucine. These were spotted at 10-fold
serial dilutions on the same plates and also on plates also
lacking histidine but containing various concentrations of
3-aminotriazole (3AT) and cultured for 2-3 days at 30°.
O-nitrophenyl-B-p-galactoside (Sigma) was used to measure
B-galactosidase activity.

Immunoprecipitation from Sf9 cells
and Western blotting

Sf9 cells were co-infected with HA-Cdc7, 3Myc-Cdc5, Rad53,
and Dbf4 mutants as previously described (Chen and Weinreich
2010). Whole-cell extracts and immunoprecipitates (IPs) were
probed with polyclonal antibodies against Cdc7 (1:4000) and
Dbf4 (1:1000). Rad53 and 3Myc-Cdc5 were detected with
yC-19 (Santa Cruz Biotechnology) and 9E10 antibodies, re-
spectively. Antibodies against Gal4 (729-874) were a gift
from K. Melcher (Van Andel Institute).

Protein purification and peptide-binding assays

Hiss-GST-FHA1 and Hisg-GST-FHA2 domains were induced
in BL21(DE3) cells for 3 hr at 30° using 0.5 mM isopropyl
1-thio-B-p-galactopyranoside. Protein purification and the
AlphaScreen luminescence proximity assay (PerkinElmer Life
Sciences) were previously described (Chen and Weinreich
2010). All peptides used in this study are listed in Table S3.

Results

Rad53 interacts with a sequence preceding the Dbf4
BRCT domain

Dbf4 is a downstream substrate of the Rad53 kinase in the
DNA replication checkpoint (Masai et al. 1999; Weinreich
and Stillman 1999; Lopez-Mosqueda et al. 2010; Zegerman
and Diffley 2010; Duch et al. 2011). In the presence of HU,
Rad53 phosphorylates multiple sites within Dbf4 to inhibit
late-origin firing. Our previous study showed that deletion
of Dbf4 residues from 66 to 109 prevented Rad53-mediated
Dbf4 phosphorylation in HU (Gabrielse et al. 2006), suggesting
that these residues, which are N-terminal to a conserved BRCT
domain, played a critical role in the Rad53-Dbf4 interaction.

We used a two-hybrid assay to map the Rad53-binding
site within Dbf4. Using a series of Dbf4 N-terminal trunca-
tions, we found that a deletion through residue 65 retained
the Rad53-Dbf4 interaction (Figure 1A). However, a further
deletion to residue 109 (just prior to the BRCT domain)
resulted in a complete loss of Rad53 binding. Dbf4 N-terminal
residues 66-227 were sufficient to interact with Rad53, but,
like full-length Dbf4, a deletion to residue 109 abrogated

this interaction (Figure 1B). Therefore, the Dbf4 N terminus
contains a separate domain (or domains) that interacts with
the Rad53 kinase. Also, a sequence preceding the BRCT
domain (i.e., within residues 66-109) is required for that
interaction.

Both Rad53 FHA domains are required to interact
with a Dbf4 N-terminal region spanning residues 100-227

FHA domains are phospho-threonine-specific protein-binding
modules, and recognition of the pT residue requires a con-
served arginine residue (Durocher et al. 2000; Byeon et al.
2001). Alanine substitutions of the corresponding arginine
residues in the FHA1 and FHA2 domains (R70A and R605A,
respectively) abolished the Dbf4 interaction (Figure 1B).
Mutation of either Rad53 residue did not decrease Rad53-
GAD protein stability (see below), as shown previously for
endogenous Rad53 (Pike et al. 2003). These results not only
indicate that Rad53 binding to the Dbf4 N terminus relies on
both FHA domains, but also suggest that the Rad53-Dbf4
interaction involves phosphorylation-dependent FHA contacts.

To identify the FHA-binding sites in Dbf4, we first verified
that the FHA1 (Figure 1C) and FHA2 (Figure S1B) domains
could bind Dbf4 residues 66-227 independently. We then
tested a series of deletion constructs within residues 66-227
for their ability to bind FHA1 and FHA2. Although Dbf4 con-
structs as short as 100-227 retained FHA binding, deletions
beyond residue 100 completely lost FHA1 (and FHA2) bind-
ing. This indicates that a Dbf4 sequence following residue 100
is required for the FHA domain interactions. Although critical
Dbf4 residues between 66 and 109 were required for the
Rad53 interaction (Figure 1A), an ~40-amino-acid peptide
from residues 66 to 109 was not sufficient for the interaction
with the FHA1 domain (Figure 1C). This same Dbf4 peptide
was sufficient to interact with the Cdc5 Polo-box domain
(Figure 1C, bottom), and the Cdc5-binding site has been
mapped to Dbf4 residues 83-88 (Miller et al. 2009; Chen
and Weinreich 2010). Finally, the Dbf4-FHA domain inter-
action also required the Dbf4 BRCT domain comprising res-
idues ~118-224. Any C-terminal deletion that affected the
BRCT domain or point mutants in conserved BRCT residues
(F166A and W202A) disrupted the Dbf4~FHA domain in-
teraction. To summarize, Dbf4 residues 100-227 compose
a minimal region required to bind Rad53 by a two-hybrid
assay, and mutation of residues within the BRCT domain or
immediately preceding it disrupted that interaction (Figure
1D and below).

Alanine scanning reveals a possible FHA1-binding site
in the Dbf4 N terminus

In oriented peptide library screens, the Rad53 FHA1 and
FHA2 domains were shown to selectively bind phospho-
threonine (Durocher et al. 2000; Byeon et al. 2001). There-
fore, we mutated each threonine to alanine within Dbf4
residues 100-227, i.e., the minimal Rad53 binding region
that we defined (Figure 2, A and B; Figure S7). We found that
the T105A or T171A substitutions significantly impaired the
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Figure 1 Mapping the interaction between Dbf4 and Rad53. (A) Deletion mutants in otherwise full-length Dbf4 were tested for a
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interaction with full-length Rad53. Tenfold serial dilutions of saturated cultures were spotted onto SCM-Trp-Leu plates to visualize total cells and
SCM-Trp-Leu-His + 2 mM 3AT plates to score the two-hybrid interaction. (B) A Dbf4 N-terminal fragment (residues 66-227) was sufficient for the Rad53
interaction, and this interaction required both the FHA domains. (C) Dbf4 residues 100-227 composed the minimal region for Rad53 FHA1-domain
binding. (D) Schematic of the features in Dbf4 are shown, including the Polo-like kinase (Cdc5) binding site, a conserved BRCT domain, and motifs M

and C, along with a summary of the Dbf4-FHA1 domain interaction.

Dbf4-FHA domain interactions. The surrounding sequences
of these two threonines (T1°>-P-K-E and T'7!-I-V-I) resemble
the binding consensus for the FHA1 (pT-x-x-D) and FHA2
domains (pT-x-x-1), respectively (Durocher et al. 2000; Byeon
et al. 2001). However, a recent crystal structure of the Dbf4
BRCT domain (Matthews et al. 2012) showed that the T17-I-
V-I sequence forms part of the hydrophobic core of the BRCT
domain and is not solvent accessible (T171 is only partially
buried). So, although the T71-1-V-I motif conforms to a typical
FHA2-binding sequence, this motif is buried and is therefore
unlikely to interact with the FHA2 domain directly. However,
T105 maps just prior to an a-helix adjacent to the BRCT
domain and is solvent accessible.

Using a series of point mutants, we determined the Dbf4
residues between 100 and 114 required for binding the
FHA1 and FHA2 domains. In addition to T105, we found
that alanine substitutions at V104, E108, L109, or W112
disrupted FHA1 and FHA2 domain binding as summarized
in Figure 2C (two-hybrid data in Figure S2). The V104A
substitution disrupted the interaction, but V104L had little
effect, suggesting a structural role or hydrophobic contact
for this residue. The E108A mutation strongly impaired FHA
binding and E108K abolished FHA binding. However, a con-
servative E108D mutation retained FHA binding, suggesting
that glutamate and aspartate are interchangeable at this
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position. As expected for an FHAl-binding consensus site,
the Dbf4 residues P106 and K107 at the +1 and +2 posi-
tions to T105 were not important for binding, consistent
with T195-x-x-E being an FHA1-binding site. Our mutagene-
sis studies also found that several hydrophobic residues near
T105 are important. The loss of interaction caused by the
W112A mutation was rescued by substituting F, a bulky
hydrophobic residue, suggesting that W112 played a struc-
tural role for FHA domain binding. Indeed, W112 falls
within an «a-helix preceding the BRCT domain and makes
hydrophobic contacts with the BRCT domain (Matthews
et al. 2012). However, L109 may be directly involved in
FHA binding, since it is adjacent to E108 and neither the
L109A nor L109V mutants interacted with the FHA domains
(Figure 2C).

The Rad53 FHA2 domain prefers a pT-x-x-I consensus but
can bind to a range of peptides that differ at the +3 position
in vitro (Liao et al. 1999; Wang et al. 2000; Byeon et al.
2001). The FHA2 domain interaction with Dbf4 required
the same residues as the FHA1 domain although the
FHA2-Dbf4 interaction was weaker than the FHA1-Dbf4
interaction, as seen previously (Duncker et al. 2002). Signif-
icant exceptions were that the K107A or K107E substitutions
(at the +2 position) substantially enhanced FHA2 binding
but did not affect FHA1 binding (Figure 2C). Within full-
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Figure 2 The Rad53 FHA domains required a T'03-x-x-E-L motif in the Dbf4 N terminus for interaction. (A and B) An alanine scan of all Dbf4 threonines
within the minimal Rad53-binding region (residues 100-227) using two-hybrid assays against FHA1 and FHA2, respectively. (C) Summary of Dbf4
mutants within residues 100-114 for their effect on the interaction of FHA1 and FHA2 domains. Growth assays are shown in Figure S2. (D) Two-hybrid
assays showing the effect of additional T105 and T171 mutations on the Dbf4-FHA1 interaction.

length Rad53, the Dbf4-V104A, -T105A, -E108A mutations
also impaired binding to Dbf4 but did not eliminate it (Figure
S6Q).

FHA domains are highly selective for pT so that even
acidic substitutions disrupt FHA binding (Durocher et al.
1999). In agreement with this, we found that T105D or
T105E mutations also disrupted the interaction with FHA1
and FHA2 (Figure 2D). In contrast, both T105S and T171S
substitutions had little effect on FHA binding (Figure 2D). If
the Rad53 FHA domains selectively bind only pT residues
in vivo, our mutagenesis data suggest that none of the threo-
nines in the Dbf4 N terminus bind the FHA1/FHA2 domains
through a classical pT interaction in yeast.

To further examine the significance of the FHA1-FHA2
interactions, we cloned all 10 remaining FHA domains in the
yeast genome and tested their interaction with Dbf4 by the
two-hybrid assay. All these proteins were expressed well
(not shown); however, none of the 10 domains interacted

with Dbf4 (Figure S1C), highlighting the significance of the
Rad53 FHA1 and FHA2 interactions. Taken together, our
results suggest that both the Rad53 FHA1 and FHA2 domains
bind to Dbf4 and that the T'0%-x-x-E-L sequence is important.
However, clearly, other sequences within Rad53 and Dbf4
also contribute to binding.

Dbf4-FHA1 domain interaction
is phospho-threonine dependent

To investigate whether the Dbf4-FHA1 domain interaction
required phosphorylation of Dbf4 residue T105, we purified
the FHA1 domain and tested its ability to bind synthetic
Dbf4 peptides using the AlphaScreen proximity assay (Ull-
man et al. 1994). The FHA1 domain bound to the biotiny-
lated Dbf4 peptides containing residues 98-113 but only if
T105 was phosphorylated (Figure 3A). In addition, muta-
tion of the conserved R70 to A in FHA1 abolished the in-
teraction with the Dbf4 pT105 peptide. These data indicated
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that the Dbf4-FHA1 domain interaction required T105 phos-
phorylation. In contrast, although the FHA2 domain bound
efficiently to an optimal Rad9 phosphorylated peptide (Byeon
et al. 2001), it was unable to bind the same pT105 Dbf4 peptide
(Figure 3B). FHA domains bind to pT plus adjacent residues but
also make further extensive substrate contacts outside the pT-
binding loop (Mahajan et al. 2008). Since neither FHA domain
bound to Dbf4 residues 66-109 in the two-hybrid assay unless
the BRCT domain was included, FHA1 and FHA2 binding to
Dbf4 likely required additional FHA-BRCT contacts.

To test whether the additional residues discovered in the
two-hybrid screen (V104, E108, and L.109) were important
for the FHA1-Dbf4 peptide interaction, we used nonbiotiny-
lated peptides to compete FHA1::biotin-pT105 peptide bind-
ing. The FHA1::biotin-pT105 interaction was competed by
an identical pT105 peptide but not by a nonphosphorylated
T105 peptide or by an unrelated serine phosphorylated pep-
tide (Figure 3C and Figure S3A), indicating that the inter-
action was specific for phospho-T105. The FHA1-pT105
peptide competed with an ICsy of 50-60 wM, indicating
a moderate FHA1-binding affinity to this peptide. In the
yeast two-hybrid assays, we found that E108 and the hydro-
phobic residues immediately adjacent to the pT'°>-x-x-E mo-
tif were critical for the FHA1 interaction. In agreement with
these data, a pT'9>-x-x A peptide was significantly impaired in
its ability to compete the FHA1::biotin-pT105 peptide inter-
action (Figure S3A). Similarly, alanine substitutions of V104
or L109 within otherwise identical pT105 peptides reduced
the ability to compete the FHA1::biotin-pTO5 peptide inter-
action (Figure S3B). Finally, the E108D mutation, which did
not affect the Rad53-Dbf4 interaction in the two-hybrid assay
and matched the optimal binding sequence for the FHA1
domain, competed the interaction but with a much higher
binding affinity (1-5 wM) as shown in Figure 3C. Based on
the two-hybrid and biochemical assays, the Rad53 FHA1 do-
main selectively bound a pT-x-x-E sequence, which closely
conforms to an FHA1-binding consensus sequence.

394 Y.-C. Chen et al.

Rad53 and Cdc5 interact with Dbf4-dependent kinase
through the Dbf4 N terminus and form a ternary
protein complex

Although Dbf4 is well known for its essential role in binding
and activating Cdc7 to initiate DNA replication, we recently
proposed that Dbf4 also functions as a molecular scaffold to
bind and regulate Cdc5 kinase. Dbf4 residues 83-88 directly
interact with the Polo-box domain of Cdc5 kinase and are re-
quired for Dbf4-dependent kinase (DDK) to bind Cdc5 (Miller
et al. 2009; Chen and Weinreich 2010). DDK inhibits Cdc5 in
the mitotic exit network and also is critical for the spindle
position checkpoint (Miller et al. 2009; Chen and Weinreich
2010). Once we had defined a distinct binding site for the
Rad53 kinase in the Dbf4 N terminus in close proximity to
the Cdc5-binding site, we wondered whether Dbf4 could form
a ternary complex with the Rad53, Cdc5, and Cdc7 kinases.

To examine the DDK interaction with Cdc5 and Rad53,
we employed a baculovirus system to express Rad53, Cdc5,
Cdc7, and various Dbf4 derivatives in Sf9 cells. Consistent
with previous reports (Miller et al. 2009; Chen and Weinreich
2010), Cdc5 was co-immunoprecipitated with wild-type Cdc7-
Dbf4 but not with the Cdc7-Dbf4-NA109 truncation derivative
(Figure 4, middle). Similarly, Rad53 bound to wild-type Cdc7-
Dbf4, but not to Cdc7-Dbf4-NA109. Both Rad53 and Cdc5 also
bound the Cdc7-Dbf4-NA65 derivative (Miller et al. 2009;
Chen and Weinreich 2010; data not shown). These results
indicate that the association of Rad53 and Cdc5 with Cdc7-
Dbf4 depended on Dbf4 residues from 66 to 109, which contain
the Cdc5-binding site (residues 83-88) and a Rad53-binding
site (residues 104-109).

The co-immunoprecipitation results suggest two different
possibilities. Either DDK exists in two distinct protein
complexes (DDK-Rad53 and DDK-Cdc5), or, alternatively,
DDK can bind to Cdc5 and Rad53 simultaneously. To clarify
this, we asked whether Rad53 bound the DDK-Cdc5 complex
by performing a sequential co-immunoprecipitation. We ex-
pressed all four proteins in Sf9 cells and immunoprecipitated
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DDK using the HA tag on the Cdc7 subunit. This procedure
immunoprecipitates protein bound to DDK, which includes
DDK-(Myc-Cdc5), DDK-Rad53, and presumptive DDK-(Myc-
Cdc5)-Rad53 complexes. We then eluted the bound proteins
using 1 mM HA peptide and performed a second round of
immunoprecipitation using 9E10 monoclonal antibodies to im-
munoprecipitate only the DDK-(Myc-Cdc5) complexes. Rad53
was present in the second IP (Figure 4, right), indicating that
Rad53 forms a ternary complex with Cdc5 and DDK. Together,
these results demonstrate that the Dbf4 N terminus acts as
a docking site for both Rad53 and Cdc5 and that both kinases
can simultaneously associate with DDK.

Rad53 checkpoint defect together with loss of specific
Dbf4 N-terminal residues results in synthetic lethality

DDK and rad53 mutants show a series of complex genetic
interactions (Desany et al. 1998; Dohrmann et al. 1999;
Dohrmann and Sclafani 2006; Gabrielse et al. 2006). We
previously reported that the dbf4-NA109 mutant was syn-
thetically lethal with the rad53-1 hypomorphic mutant
(Gabrielse et al. 2006). This is interesting since the dbf4-
NA109 mutant exhibits an apparently normal S phase, is
not defective for activating early or late replication origins,
and is not sensitive to genotoxic agents (Gabrielse et al.
2006). Although the Dbf4-NA109 protein both binds to
and activates Cdc7 normally (Gabrielse et al. 2006; Harkins
et al. 2009), it is defective for binding Cdc5 (Miller et al.
2009; Chen and Weinreich 2010) and Rad53 (this study).
Therefore, we tested whether the synthetic lethality be-
tween dbf4-NA109 and rad53-1 was due to the loss of the
Dbf4-Cdc5 or Dbf4-Rad53 interactions.

We first sequenced the rad53-1 gene (Weinert et al.
1994) and found a single G653E point mutation, which is
identical to that reported for the rad53-11 allele (Dohrmann
and Sclafani 2006). G653 falls within a loop between the 36
and B7 strands of the FHA2 domain (Figure 5A) and is
adjacent to the conserved N655 residue, which plays an im-
portant role in substrate recognition (Byeon et al. 2001). The
rad53-1 (G653E) or N655A full-length Rad53 mutants were
unable to bind the Dbf4 N terminus in the two-hybrid assay

like the Rad53-R605A mutant (Figure 1B), but mutation of
an adjacent nonconserved residue (T654A) had no effect
(Figure 5B). The FHA2 mutants were expressed similarly to
wild type with the exception of G653E (Figure 5C), confirm-
ing the importance of the FHA2 domain for the Dbf4 inter-
action. Similar to rad53-1, we found that the rad53-R70A
mutant, which also did not interact with Dbf4 (Figure 1B),
was synthetically sick or lethal with dbf4-NA109 but obviously
not with DBF4 (Figure 5D). We also observed synthetic le-
thality between dbf4-NA109 and the rad53-K227A (kinase
dead) allele (Figure 5D). Since the rad53-R70A and rad53-
G653E (rad53-1) mutants are defective for interacting with
DDK to begin with, their synthetic lethality with dbf4-NA109
cannot be due to the further loss of only the Rad53-binding
site on Dbf4. The synthetic lethality is likely caused by com-
promised Rad53 function coupled with loss of a Rad53-
independent function of Dbf4 present in the N-terminal 109
residues. We know that this function is not the ability to bind
Cdc5, since a dbf4-A82-88 mutant, which is completely
defective for binding Cdc5 (Miller et al. 2009; Chen and
Weinreich 2010), was not synthetically lethal with rad53-1
or a rad534A (Figure S4).

Dbf4-Rad53 interaction is separable from a Dbf4 BRCT
domain interaction with Msa1

Using the N terminus of Dbf4 as bait (pCG60), we have also
identified Msal as a Dbf4-interacting protein (Figure 6A).
MSA1 encodes a transcription factor that regulates the tim-
ing of G;-specific gene expression (Ashe et al. 2008). MSAI
was simultaneously reported as a high copy suppressor of
temperature-sensitive mutations in sld2 and dbp11 (Li et al.
2008). Both SId2 and Dpb11 are required for the initiation
of DNA replication and act together with DDK and SId3 to
promote Cdc45 and GINS binding to the MCM helicase,
a critical step in MCM helicase activation (Labib 2010).
We found that Dbf4 interacted with Msal through its
BRCT domain, since both Dbf4 (66-227) and Dbf4 (110-
227) proteins interacted with Msal similarly, but a W202E
(or W202A, not shown) mutation within the BRCT domain
blocked binding to Msal (Figure 6A). This is in contrast to
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Figure 5 dbf4-NAT109 was synthetically lethal with rad53-R70A, rad53-K227A, and rad53-G653E. (A) Schematic diagram of Rad53 showing the
mutations studied within the FHA1 and FHA2 domains. (B) The rad53-G653E and rad53-N655A mutants did not interact with Dbf4 in yeast two-
hybrid assays. (C) Western blot of the full-length Rad53-GAD fusion used for two-hybrid analyses and the corresponding FHA domain mutants. The
Ponceau S-stained blot is shown below as a loading control. (D) Representative tetrads from diploid strains of genotype DBF4/dbf4-NA109 RAD53/
rad53-R70A and DBF4/dbf4-NA109 RAD53/rad53-K227A were sporulated and dissected onto YPD plates. Recombinant genotypes are indicated.

Rad53, which does not interact with the BRCT domain alone
[i.e., Dbf4 (110-227) in Figure 1, B and C]. We used the
Msal-Dbf4 BRCT interaction as a control to identify specific
BRCT residues that contact Rad53. a-Helix 3 (a3) of the Dbf4
BRCT domain is spatially close to a0, which contains the E108,
L109, and W212 residues important for binding Rad53 (Figure
2), and directly precedes the BRCT domain (Matthews et al.
2012). Therefore, we mutated three positively charged resi-
dues within a3 to glutamate and tested the interaction with
both Msal and Rad53. A K206E mutation disrupted both the
Msal and Rad53 interactions, and a K212E mutation disrup-
ted neither interaction (Figure 6B). However, the R209E mu-
tation selectively blocked the Dbf4 interaction with Rad53 and
thus defined a unique BRCT residue that was important for
interaction with Rad53 but not with Msal (Figure 6B). Simi-
larly, the Dbf4-E108K and Dbf4-A100-109 mutations disrupted
the Rad53 interaction (Figure S6C) but have no effect on the
Msal interaction. Thus, although both Msal and Rad53 bind
the Dbf4 N terminus, Dbf4 residues from 100 to 109 and R209
are uniquely required for interaction with Rad53.

Dbf4-Rad53 physical interaction is required to inhibit
late-origin firing during replication
checkpoint activation

In response to replication fork arrest, Rad53 phosphorylates
Dbf4 and Sld3 to inhibit late-origin firing, but phospho-
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rylation of either protein is sufficient for this inhibition
(Lopez-Mosqueda et al. 2010; Zegerman and Diffley 2010).
Both studies mapped Rad53 phosphorylation sites on Dbf4
in vitro. A dbf4-4A mutant that changes 4 serine and threo-
nine Rad53 phosphorylation sites to alanine is sufficient
to allow late-origin activation when combined with an
sld3-38A mutant containing alanine mutations in 38 Rad53
phosphorylation sites (Zegerman and Diffley 2010). We hy-
pothesized that Rad53 regulation of Dbf4 in the replication
checkpoint depended on its physical interaction with the Dbf4
N terminus. To test this, we examined whether the combina-
tion of a dbf4-NA109 mutant (defective for Rad53 binding,
Figure 4) and the sld3-38A mutant, which cannot be phos-
phorylated by Rad53, would allow late-origin firing in the
presence of HU. Yeast cells were synchronized in G; phase
using mating pheromone and then released into S phase in
the presence of 0.2 M HU to stall replication forks from early
origins. At different time points following release from the G1
arrest, replication intermediates (RI) near ARSs were sepa-
rated on alkaline gels and detected by Southern blotting with
ARS-specific probes to measure replication origin activity. As
a control, Rad53 was activated (evidenced by the phosphor-
ylation-dependent mobility shift) in both wild-type and mu-
tant cells following HU treatment (Figure 7A), indicating that
neither the dbf4 nor the sld3 mutations affect Rad53 check-
point activation.
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Figure 6 Both Msa1 and Rad53 interacted with the Dbf4 BRCT domain,
but the Rad53 interaction was specifically disrupted by an R209E muta-
tion. (A) Two-hybrid assays with indicated Dbf4 bait and Msa1 prey vec-
tors, spotted as in Figure 1. Msa1 interacts with the BRCT domain alone
(Dbf4-110-227). (B) Charge reversal mutations of lysine and arginine
residues in the BRCT a3 helix (Matthews et al. 2012) identify R209E as
specifically affecting the Rad53 interaction. Dbf4 residues 100-109 are
also uniquely required for the Rad53 interaction (Fig. S6C) but not for the
Msa1 interaction.

The early origin, ARS305, was active in the wild type,
dbf4-NA109, dbf4-4A sld3-38A, and dbf4-NA109 sld3-38A
mutant strains, indicating that induction of the replication
checkpoint does not interfere with early origin firing in these
cells (Figure 7B). Although Rad53 activation inhibited the
firing of late origins ARS501 and ARS603 in the wild-type
and the single mutants as expected (Lopez-Mosqueda et al.
2010; Zegerman and Diffley 2010; Duch et al. 2011), repli-
cation intermediates were detected at late origins in both
the sld3-38A dbf4-4A and sld3-38A dbf4-NA109 double
mutants to a similar extent (Figure 7, C and D). Thus, the
dbf4-NA109 mutant defective for Dbf4-Rad53 binding was
similarly defective in preventing late-origin firing in HU as
the dbf4-4A phosphorylation site allele.

We also tested the effect of Dbf4 N-terminal truncations
on the Rad53-dependent phosphorylation of Dbf4 in yeast
(seen as a mobility shift in SDS-PAGE gels) after exposure to
HU (Weinreich and Stillman 1999; Gabrielse et al. 2006;
Lopez-Mosqueda et al. 2010; Zegerman and Diffley 2010).
Log-phase yeast cells (t = 0) were treated with HU for 1 and
2 hr to arrest replication forks and induce the replication
checkpoint. DDK was immunoprecipitated at each time
point and probed for Cdc7 and Dbf4 proteins by Western
blotting. Both the wild-type Dbf4 and Dbf4-NA94 proteins

that retained binding to Rad53 were shifted upon exposure
to HU; however, the Dbf4-NA109 protein that did not bind
Rad53 was not shifted (Figure 7F). These data indicate that
loss of Rad53 binding to Dbf4 mediated by critical Dbf4
residues between 95 and 109 caused a significant defect in
Dbf4 phosphorylation upon replication fork arrest. Together,
these data show that Rad53 must stably interact with Dbf4
through its N-terminal binding site to phosphorylate Dbf4
and inhibit late-origin firing in response to HU.

Discussion
Rad53 FHA domains interact with the Dbf4 N terminus

Multiple groups have reported genetic and physical inter-
actions between S. cerevisiae Dbf4 and Rad53 (Dohrmann
et al. 1999; Weinreich and Stillman 1999; Kihara et al. 2000;
Duncker et al. 2002; Gabrielse et al. 2006; Matthews et al.
2012) and Schizosaccharomyces pombe Dfpl and Cdsl
(Takeda et al. 2001; Fung et al. 2002). Furthermore, in re-
sponse to DNA damage human and Xenopus DDK are down-
stream targets of ATR signaling (Costanzo et al. 2003; Lee
et al. 2012). The Dbf4 regulation by checkpoint kinases is
broadly conserved since it likely promotes genome stability.
Here we have mapped a Rad53-binding site in the Dbf4 N
terminus and have shown that a Rad53-Dbf4 physical in-
teraction is critical for regulating late replication origin fir-
ing. A minimal Rad53-binding region corresponds to Dbf4
residues 100-227, which compose the Dbf4 BRCT domain
(~118-224) and residues immediately N-terminal to this
domain. Mutations in either conserved BRCT residues or
residues within 100-109 caused defects in Rad53 binding
in the two-hybrid assay. Therefore, both the BRCT domain
and the region preceding it contributed to Rad53 binding.
Despite their different consensus peptide-binding sites, both
Rad53 FHA domains interacted with this 100-109 region
independently and apparently using the same Dbf4 residues
(see below). Mutations that impair phospho-threonine bind-
ing in either Rad53 FHA domain blocked interaction with
Dbf4, supporting the contention that the Rad53-Dbf4 inter-
action is mediated by phosphorylation and is multivalent.
Very recently, a crystal structure, the Dbf4 BRCT domain
(that included residues 98-221), was described (Matthews
et al. 2012). These authors also showed that Rad53 inter-
acted with the Dbf4 BRCT domain plus the preceding o-
helix using two-hybrid assays; however, none of threonines
contained within the structure was shown to directly inter-
act with Rad53. Our study found that residues V104, T105,
E108, L109, W112, and R209 were important for the Dbf4—
Rad53 interaction and that FHA1 specifically interacted with
a T105 phosphorylated Dbf4 peptide in vitro. The structure
of the Dbf4 N terminus allows us to rationalize this data
(Figure 8). T105 is solvent-exposed and occurs within a se-
quence (T-x-x-E) that closely matches a FHA1-binding site.
The E108 residue has the same spatial orientation as T105,
and L109 is directly adjacent to E108. The W112 residue
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Figure 7 The dbf4-NA109 sld3-38A double mutant allowed late-origin firing in the presence of HU. (A) Wild-type and mutant cells were synchronized
in Gy phase and released into medium containing 0.2 mM HU for the indicated times. Total protein extracts were examined by Western blotting for
Rad53 to assess Rad53 activation (upper band). (B-D) Rls were separated by alkaline gel electrophoresis and detected by Southern blotting to measure
the activity of early (ARS305) and late (ARS507 and ARS603) origins. Flow cytometry assays indicated all strains arrested in early S phase with HU (not
shown); the budding indices are shown in E. (F) Wild-type Cdc7-Dbf4 or N-terminal Dbf4 truncation mutants were immunoprecipitated from asyn-

chronous yeast extracts (t = 0) and after 1 or 2 hr exposure to 0.1 M HU, separated on an SDS gel, and then blotted for Cdc7 and Dbf4 proteins.

packs against L214 present at the C terminus of the BRCT a3
helix. This hydrophobic interaction presumably helps stabi-
lize the a0—a3 orientation and would explain why a W112A
mutation disrupts the Dbf4-Rad53 interaction but W112F
does not. Finally, R209 on the a3 helix is solvent-exposed
and is suitably oriented to interact with an FHA domain
bound to a0 or, alternatively, to mediate BRCT-BRCT do-
main interactions. In a tandem BRCT-BRCT dimer, the a2
helix from one monomer packs against the a1 and a3 heli-
ces from the second monomer (Glover et al. 2004). Mutation
of R209 (but not K212, which is oriented orthogonally to
R209 and away from «0) abolished the Dbf4-FHA1 two-
hybrid interaction (Figure 6). Since the purified Rad53
FHA1 domain bound only to T105 phosphorylated Dbf4
peptides, these data raise the possibility that the Dbf4
pT195-x-x-E-L motif binds to Rad53 but the Rad53 inter-
action is further stabilized by additional BRCT domain
contacts. T105 phosphorylation is not essential for the
Rad53-Dbf4 physical interaction since a Dbf4 quadruple
mutant protein (S84A S92A T95A T105A) still underwent
a Rad53-dependent shift in HU (Gabrielse et al. 2006).
Also, a T105A mutation diminished the Dbf4 two-hybrid
interaction with full-length Rad53 but did not eliminate it
(Figure S6C).
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Although the Rad53 FHA2 domain bound to the same
sequence as FHA1 in the two-hybrid assay (Figure 2), it
did not bind to the 16mer pT-x-x-E peptide in vitro, and this
sequence does not match the optimal FHA2-binding site
consensus. The FHA2 domain might bind to Dbf4 indirectly
in the two-hybrid assay, but the FHA2 interaction still occurs
in a strain deleted for Rad53 (data not shown), and so it is
not mediated by endogenous Rad53. Importantly, none of
the other 10 FHA domains encoded in the yeast genome can
bind to this Dbf4 sequence (Figure S1C), suggesting again
that the FHA2 interaction is biologically relevant. Since
a previous study also demonstrated an interaction between
FHA2 and Dbf4 using two-hybrid and GST-pull-down assays
in yeast (Duncker et al. 2002), we suggest that the FHA2
domain interaction with Dbf4 is stabilized in vivo by addi-
tional contacts within the BRCT domain.

Models for Rad53 binding to Dbf4

We propose several models to explain how Rad53 interacts
with Dbf4. Rad53 could use each FHA domain to bind two
separate sites within Dbf4, or both Rad53 FHA domains
could bind to the same T-x-x-E-L sequence but on different
Dbf4 subunits within a Dbf4 dimer. Alternatively, the T-x-x-
E-L sequence might help mediate dimerization or other
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Figure 8 Structural representation of the budding yeast BRCT domain and
a preceding a-helix (0) (both in cyan) using PDB coordinates 3QBZ (Matthews
et al. 2012). The helices within the BRCT domain are numbered a1, a2, and
o3. Five residues that are important for interaction with Rad53 (T105, E108,
L109, W112, R209) are colored blue. L214 and Q113, which form a hydro-
phobic surface with \WW112, are colored in cyan. K212 is also colored in cyan
but is not important for the Rad53 interaction.

structural changes in the BRCT domain necessary to pro-
mote Rad53 binding.

Although both Rad53 FHA domains required the same
T-x-x-E-L sequence for binding, the BRCT domain is also
critical for binding Rad53. It is possible that the Rad53
FHA1 domain binds to pT!%°>-x-x-E -L and that the FHA2
domain binds to another phosphorylated residue in the
BRCT domain. This seems unlikely, however, since mutation
of every other threonine (Figure 2) or tyrosine residue (Fig-
ure S1) (Liao et al. 1999; Wang et al. 2000; Byeon et al.
2001) in the BRCT domain had no effect on FHA1 or FHA2
binding, with the exception of T171 discussed above. Since
both the T105S and T171S Dbf4 mutants bound the FHA
domains normally, these residues may not interact with
Rad53 through “canonical” FHA-pT interactions in vivo.

A second model is that the Dbf4 N termini form a dimer
using the BRCT domains, and then this Dbf4 dimer provides
two T105-x-x-E108 sites for the binding of the FHA1 and
FHA2 domains separately. DDK or Dbf4 oligomerization has
been suggested previously (Shellman et al. 1998; Matthews
et al. 2012). Furthermore, tandem BRCT domains form dimers
that bind phospho-S/T motifs (Caldecott 2003; Rodriguez and
Songyang 2008), and intermolecular dimerization between
BRCT domains has also been described for the DNA repair
proteins XRCC1 and Ligase III (Cuneo et al. 2011). In support
of this model, we saw a significant but weak interaction
between Dbf4 N termini using the yeast two-hybrid assay
(Figure S5). Substitutions of conserved residues in the Dbf4
BRCT domain as well as deletion of residues 100-109 dis-
rupted the Dbf4-Dbf4 two-hybrid interaction (Figure S5),
supporting the idea of BRCT domain dimerization. Arguing
against this model is the lack of biochemical data supporting
an interaction between the Rad53 FHA2 domain and the
pT1%-x-x-E peptide; however, as stated above, FHA2 is likely
to make additional contacts with the BRCT domain.

Finally, the involvement of residues 100-109 and the
T-x-x-E-L motif in particular for Rad53 binding could reflect
a requirement for these residues to mediate BRCT structural
changes needed for Rad53 binding. Clearly, further bio-
chemical or structural data of FHA1-Dbf4 or Rad53-Dbf4
complexes will be needed to determine exactly how Rad53
interacts with Dbf4.

Dbf4-Rad53 binding is critical for regulation
of late-origin activation

Upon sensing DNA damage or replication fork stalling,
Rad53 directly phosphorylates Dbf4 and SIld3 to inhibit
late-origin firing (Lopez-Mosqueda et al. 2010; Zegerman
and Diffley 2010). We demonstrated that the dbf4-NA109
mutant defective in the Rad53-Dbf4 interaction coupled
with the sld3-38A mutant allows late-origin firing in the
presence of HU (Figure 7). Since Dbf4-NA94 was phosphor-
ylated in HU but the Dbf4-NA109 mutant was not (Gabrielse
et al. 2006) (Figure 7), both pieces of data reveal the im-
portance of residues 95-109 for interaction with Rad53.
Together, these data strongly suggest that the Rad53-medi-
ated Dbf4 phosphorylation during the replication checkpoint
depends on the physical interaction between Dbf4 and
Rad53. Interestingly, mutation of the Rad53 FHA1 domain
also impairs late-origin regulation in HU (Pike et al. 2004),
raising the possibility that Rad53 FHA1 interactions are crit-
ical for binding both Dbf4 and Sld3.

Regulation of DDK in the replication checkpoint may
involve two phosphorylation events. First, phosphorylation
of Dbf4 residue T105 by an unknown kinase could promote
the Rad53-DDK interaction. In support of this, T105 was
identified as a Rad53 site in vitro, and so Rad53 may phos-
phorylate this site to promote its own binding to Dbf4
(Lopez-Mosqueda et al. 2010). Determining whether T105
is phosphorylated in vivo and, if so, determining the kinase
that phosphorylates T105 is an important future goal. Sec-
ond, Rad53 then phosphorylates Dbf4 at critical sites down-
stream of its binding site. Since Rad53 cannot bind to or
significantly phosphorylate Dbf4-NA109, our data raise the
possibility that stable binding of Rad53 to other targets may
be needed for efficient phosphorylation. This is similar, for
example, to DDK itself, which is targeted to Mcm4 through
an N-terminal sequence (Sheu and Stillman 2010).
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Figure S1 Analysis of FHA domain-Dbf4 interactions including a screen of all Y residues in Dbf4 residues 100-227. (A and B) The
indicated Dbf4 tyrosine mutants were assayed for a two-hybrid interaction with the Rad53 FHA1 (A) and FHA2 (B) domains.
Although Y127A and Y204A mutants eliminate the binding of both FHA domains, there is no loss of binding by substituting the
structurally similar but non-phosphorylatable amino acid, phenylalanine (Y127F and Y204F). (C) Two hybrid interaction data of
the Dbf4 N-terminus (66-227) with all remaining FHA domains in the yeast genome. Dmal (pJK135, 137-302aa) (DUROCHER and
JACKSON 2002), Dma2 (pJK137, 246-408aa) (DUROCHER and JACKSON 2002), Dunl (pJK275, 1-160aa) (HAMMET et al. 2000),
Far10 (pJK277, 61-227aa) (DUROCHER and JACKSON 2002), Fhi1 (pJK279, 253-400aa) (WADE et al. 2004), Fkh1 (pJK281, 41-
185aa) (DUROCHER and JACKSON 2002), Fkh2 (pJK287, 1-254aa) (DARIEVA et al. 2003), Mek1 (pJK283, 1-152aa) (DUROCHER
and JACKSON 2002), PmI1 (pJK289, 54-204) (BROOKS et al. 2009), Xrs2 (pJK285, 1-125aa) (PALMBOS et al. 2008).
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Figure S2 Dbf4 residues V104, T105, E108, L109, and W112 were required for binding the Rad53 FHA domains. The indicated
substitutions within residues 100-114 of the Dbf4 Nterminal (66-227) bait plasmid were assayed for a two-hybrid interaction
with the Rad53 FHAL1 (panel A) and FHA2 domains (panel B). Spotting as in Figure S1.
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Figure S3 Dbf4 residues V104, E108, and L109 were critical for binding the Rad53 FHA domains. (A) The Dbf4 biotinylated
peptide pThr105-FHA1 interaction was competed by the non-biotinylated T105-phosphorylated Dbf4 peptides (pThr105), but
not by the same Dbf4 peptide with an E108A substitution, or by an unrelated phospho-serine peptide (pSpc72). (B) The
pThr105-V104A and pThr105-L109A peptides were also defective in competing the biotinylated pThr105-FHA1 interaction.
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Figure S4 The synthetic lethality between dbf4-NA109 and rad53-1 or rad53A was not due to either loss of Cdc5 interaction or
increased Dbf4 stability, but requires sequences between residues 82-109. Wild type and various dbf4 mutants were cloned in
low-copy number (ARS/CEN/LEU2) vectors, driven by the DBF4 endogenous promoter. Plasmids were transformed into M1589
(rad53-1 dbf4A::kanMX6 [pDBF4-URA3]) or M3581 (rad53A::TRP1 sml1A::HIS3 dbf4A::kanMX6 [pDBF4-URA3]) and the wild-
type DBF4-URA3 plasmids were selected against on FOA. Cells that could not grow on FOA plates were scored as having a
synthetic lethal interaction. The NA65 deletion causes increased Dbf4 stability by deleting sequences important for ubiquitin-
mediated proteolysis. The A82-88 deletion prevented the Cdc5 interaction with Dbf4, while the A100-109 deletion prevented
the interaction with Rad53 (see Figure S6).
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Figure S5 Evidence for a Dbf4-Dbf4 N-terminal interaction. (A-B) Dbf4 N-terminal residues 66-227 were cloned in two-hybrid
bait and prey plasmids separately to examine Dbf4 dimerization. Two-hybrid interactions were quantitated by spotting assays
on selective media (panel A) or by B-galactosidase assays (panel B). (C) The expression of representative Dbf4 mutants in two-
hybrid assays is shown by Western blotting against the c-Myc epitope tag on the Gal4BD (DNA Binding Domain) fusions. Whole
cell extracts prepared by TCA extraction method were equally loaded onto each lane (Ponceau S staining, left). Gal4BD fused
Dbfa were detected by anti-Myc antibody (9E10), followed by anti-mouse second antibody (right).

8 Sl Y-C. Chen et al.



Full-length Dbf4 Bait Rad53-FL Prey

Total cells  Y2H interaction

w1 WT
NA6S WT
NA81 WT
NA88 WT
NA93 WT C
NA99 WT .
NA109 WT Dbf4 66-227 Bait Total cells  Y2H interaction Rad53-FL Prey
NA221 WT WT W
A100-109 WT V100A WT
NA81-A100-109 WT E101A WT
NA93-A100-109 WT E101K WT
A82-88 WT P102A WT
R83E WT R103A WT
A82-88-A100-109 WT R103K WT
R83E-A100-109 WT V104A WT
Vector WT T105A WT
Scm/-Trp-Leu Scm/-Trp-Leu-His P106A WT
+0.5 mM 3AT ﬁ]g;’é m
B E108A WT
Full-length Dbf4 Bait  Tota1 cells  Y2H interaction 232 -7BD Prey E108K WT
wT WT E108D WT
NA65 WT T105A-E108A WT
NAST WT L109A WT
NASS WT L110A WT
E111A WT
Na93 WT W112A wWT
Nﬁﬁﬁﬁ il Q113A WT
NA221 w1 A100-109 - WT
Vector WT
4100-109 WT Scm/-Trp-Leu Scm/-Trp-Leu-His
NA81-A100-109 WT +2mM 3AT
NA93-A100-109 wWT
782-88 WT
R83E WT
A82-88-A100-109 WT
R83E-A100-109 WT
Vector WT

Scm/-Trp-Leu Scm/-Trp-Leu-His

Figure S6 Dbf4 sequences important for binding full length Rad53 and the Cdc5 PBD. (A) A series of deletion in full-length Dbf4
was assayed by two-hybrid for interaction with full length Rad53 (panel A) or with the Cdc5 Polo-box domain (PBD) (panel B).
The dbf4-A100-109 deletion caused a loss of Rad53 binding, but still allowed interaction with the Cdc5-PBD. The dbf4-A82-88
deletion caused loss of Cdc5 binding but not Rad53. An N-terminal deletion through residue 81 (NA81) or disruption of the Cdc5
binding site (A82-88 and R83E) caused increased Rad53 binding compared to full length Dbf4. (C) Dbf4 point mutations were
assayed for their two-hybrid interaction against full length Rad53. The A100-109 deletion caused a loss of the two-hybrid signal
similar to the vector control. The V104A, T105A, E108A mutations resulted in a diminished Rad53 interaction.
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Figure S7 Dbf4 T105 residue was critical for the Dbf4-FHA1 domain interaction. (A) The dbf4-A100-109, dbf4-T105A and dbf4-
NA109 mutants caused a loss of FHA1 domain binding in two-hybrid assays. The dbf4-S84A, -S92A, and -T95A mutants did not
show any effect on FHA1 domain binding. (B) Substitution of T105A within various Dbf4 truncations consistently caused a loss
of interaction with the FHA1 domain.
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Table S1 Plasmids used in this study

Plasmid Description Source

p4339 pCRII-TOPO::natRMX4 Goldstein and McCusker, 1999
pAcSG2 BD Biosciences
pCG10 PRS415-DBF4 yp109 Gabrielse et al., 2006
pCG40 PACSG2-DBF4 yps09 Miller et al., 2009
pCG44 PACSG2-DBF4 ypzz; Gabrielse et al., 2006
pCG52 PGBKT7-DBF4 4557 Miller et al., 2009
pCG53 pYJ204-DBF4 ypgs Miller et al., 2009
pCG60 PCG524pp1 promoter-a(-732)--802) Miller et al., 2009
pCG63 pCG60 W202E This study

pCG64 pCG60 W202A This study

pCG74 pYJ204-DBF4 yp109 Miller et al., 2009
pCG75 PYJ204-DBF4 551 Miller et al., 2009
pCGo1 PACSG2-DBF4 y65 Gabrielse et al., 2006
pCG101 pCG60 GA159,160LL This study

pCG108 pCG60 F165A This study

pCG110 pCG60 F166A This study

pCG146 pCG60 G159Q This study

pCG265 pGAD-C1-CDC7 ;.507 Harkins et al., 2009
pCM16 PACSG2-3myc-CDCS5 45705 Miller et al., 2009
pCM21 pCG60-DBF4 45 100 Miller et al., 2009
PET24a-GST Chen and Weinreich, 2010
pGAD-C1 James et al. 1996
pGAD-Cdc5.3 pPGAD-C1-CDC5 451705 Miller et al., 2009
pGAD-YOR.3 pGAD-C3-MSA169-530 This study

pGBKT7 Clontech

pJK18 pCG60 T171E This study

pJK20 pCG60 E108A This study

pJK22 pCG60 T171S This study

pJK25 pCG60 V100A This study

pJK26 pCG60 R103A This study

pJK27 pCG60 V104A This study

pJK29 pCG60 P106A This study

pJK31 pCG60 L109A This study

pJK33 pCG60 K107A This study

pJK34 pCG60 T105A E108A This study

pJK36 pCG60 E108K This study

pJK37 pCG60 T171A This study

pJK39 pCG60 E101A This study

pJK41 pCG60 P102A This study

Y-C. Chen et al.

1181



pJK45 pYJ204-DBF4 g1 This study

pJK47 pYJ204-DBF4 ypo3 This study
pJK48 pYJ204-DBF4 499 This study
pJK49 pCG60 T105S This study
pJK51 pCG60 K107E This study
pJK53 pCG60 T131A This study
pJK55 pCG60 L110A This study
pJK57 pCG60 E111A This study
pJK59 pCG60 W112A This study
pJK61 pCG60 T114A This study
pJK67 pCG60-DBF4 pgy.99 This study
pJK76 pYJ204-DBF4 ypgs This study
pJK82 pCG60 V104L This study
pJK83 pCG60 L109V This study
pJK85 pCG60 W112F This study
pJK86 pCG60 T188A This study
pJK89 pCG60 T157A This study
pJK91 pCG60 T163A This study
pJK93 pCG60 TT168,169AA This study
pJK95 pCG60 T175A This study
plK97 pYJ319 G653E This study
pJK99 pYJ319 T654A This study
pJK101 pYJ319 N655A This study
pJK103 pYJ380 G653E This study
pJK105 pYJ380 T654A This study
pJK107 pYJ380 N655A This study
pJK108 pCG60 Y127A This study
pJK110 pCG60 Y139A This study
pJK112 pCG60 Y198A This study
pJK114 pCG60 Y204A This study
pJK121 pCG60 Y127S This study
pJK122 pCG60 Y127T This study
pJK124 pCG60 1130A This study
pJK125 pCG60 T171V This study
pJK126 pCG60 Y204F This study
pJK128 pCG60 Y127F This study
pJK135 PGAD-C1-DMAI 137 30 This study
pJK137 PGAD-C1-DMA2 ,46.403 This study
pJK149 pCG60 T95A Chen and Weinreich, 2010
pJK169 PET24a-GST-RAD53 ;.14 This study
pJK170 PET24a-GST-RAD53 ; 175 This study
pJK171 PET24a-GST-RAD53 3 579 This study
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pIK179
pIK181
pJK185
pIK269
pIK275
pIK277
pIK279
pIK281
pIK283
pJK285
pIK287
pIK289
pJK380
pIK382
pJKA10
pIK420
pIKA6S
pIKA69
pIKA87
pIK542

pIK544
pMW1

pMW47
pMW489
pMW490
pMW526
pRS415
pRS416
pYJ3
pYla
pYJ5
pYJ6
pYJ7
pYJ8
pYJ9
pYJ16
pYJ30
pYJ38
pYl74
pYJ167
pYJ182
pYJ193

pCG60-DBF4 5, T105A
pCG60-DBF4 599 T105A
pCG60-DBF4 593 T105A

pPET24a-GST-RAD53 ,.;6, R70A

pGAD-C1-DUNI ; 160
pGAD-C1-FAR10 ¢ 557
PGAD-C1-FHLI 555 400
PGAD-C1-FKH1 45 155
pGAD-C1-MEK1 ; s,
PGAD-C1-XRS2 ; 15
pGAD-C1-FKH2 ; s,
PGAD-C1-PMLI 54 504
pPET24a-GST-RAD53 455 421
pET24a-GST-RAD53 549 730
pYJ380 R605A
PET24a-GST-RAD53 553 421
pCG60 R209E

pCG60 K212E
pCG60 K206E

PRS415-DBF4ypg4
pCG60-DBF4ypo4
PACPK30-DBF4 ; ;54
pAcSG2-HAHIS6-CDC7 4 50,
PRS415-DBF4 1 504
pRS416-DBF4 1 594
PRS415-DBF4 ypes
LEU2 ARS-CEN

URA3 ARS-CEN
pCG60-DBF4 44576
pCG60-DBF4 545765
pCG60-DBF4 457.95
pCG60-DBF4 547.99
pPCG60-DBF4 457103
pCG60-DBF4 547.107
pPCG60-DBF4 yp109
pCG60 S84A

pCG60 RB3E
pCG60-DBF4 pg; g5
PMW489-DBF4 45, 65
pCG60 S92A
pPACSG2-DBF4 4g;.55
PMW489-DBF4 476.100

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
Gabrielse et al., 2006
Gabrielse et al., 2006
Gabrielse et al., 2006
Gabrielse et al., 2006

Gabrielse et al., 2006
Sikorski and Hieter, 1989

Sikorski and Hieter, 1989
Chen and Weinreich, 2010
Chen and Weinreich, 2010
Chen and Weinreich, 2010
Chen and Weinreich, 2010
Chen and Weinreich, 2010
Chen and Weinreich, 2010
Chen and Weinreich, 2010
Chen and Weinreich, 2010
Chen and Weinreich, 2010
Miller et al., 2009

Chen and Weinreich, 2010
Chen and Weinreich, 2010
Chen and Weinreich, 2010
This study
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pYJ195
pYJ198
pYJ201
pYJ204
pYJ206
pYJ218
pYJ219
pYJ222
pYJ308
pYJ319
pYJ326
pYJ332
pYJ336
pYJ340
pYJ355
pYJ368
pYJ372
pYJ380
pYJ384
pYJ388
pYJ392
pYJ394
pYJ422
pYJ424
pYJ426
pYJ428
pYJ461
pYJ462
pYJa64
pYJ466

pYJ489
pYJ491
pYJ493
pYJ494
pYJ497
pYJ507
pYJ512
pYJ535
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pPMW489-DBF4 pg5.109
pPMW489-DBF4 p66.109
PMWA489-DBF4 y65.452-88
pGBKT7-DBF4 ;. 704

pYJ204-DBF4 45, g5
PMW489-DBF4 459.109

PMW489-DBF4 4100.109
PMW489-DBF4 454109

PGAD-C1-RAD53 ; 500
PGAD-C1-RAD53 ; 55,
PCG60-DBFA 4095
pCG60-DBF4 4100100

pCG60 T105A
PMW489-DBF4 5g5.85100-109

pYJ308 R70A
pCGGO'DBF4 66-190

PCG60-DBF4 45 5,
PGAD-C1-RAD53 43.52;
pYJ319 R70A

pYJ319 R605A

pCG60 T105E

pCG60 T105D
pACSGZ-DBF4 A100-109

PACSG2-DBF4 457 88-4100-109
PMW489-DBF4 y65.4100-100

pACSGZ'RAD53 1-821

pYJ204 R83E
pYJ204-DBF4 p100.109 R83E
pYJ204-DBF4 4100109
PYJ204-DBF4 pg;.88.4100-109

pCG60 E101K

pCG60 R103E

pCG60 Q113A
PYJ204-DBF4 ypg1-a100-109
PYJ204-DBF4 ypg3.a100-109
pCG60 E108D

pCG60 T138A
pGAD-C1-DBF4 ¢.557

This study

This study

Chen and Weinreich, 2010
Miller et al., 2009

Miller et al., 2009

This study

This study

This study

This study

This study

Chen and Weinreich, 2010
This study

This study

This study

This study

This study

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study
This study
This study
This study
This study
This study
This study
This study
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Table S2 Yeast strains used in this study

Stain Genotype Source
PJ69-4A MAT a trp1-901 leu2-3, -112 ura3-52 his3-200 gal4A gal80A LYS2::GAL1-HIS3 James et al., 1996
GAL2-ADE2 met2::GAL7-lacZ
W303-1A MAT a ade2-1, ura3-1 his3-11, -15 trp1-1 leu2-3, -112 can1-100 rad5-535 Thomas and Rothstein, 1989
y57 W303 MAT a rad53-R70A sml1A::HIS3 RAD5 Pike et al., 2004
y59 W303 MAT a rad53-K227A sml1A::HIS3 RAD5 Pike et al., 2004
y205 W303 MATa rad53-R605A sml1A::HIS3 RAD5 Pike et al., 2004
y1853 W303 MAT a sml1A::URA3 sld3-38A-10his-13MYC::kanMX4 Zegerman and Diffley, 2010
y2573 W303 MAT a dbf4A::TRP1 his3::PDBF4-dbf4 4A::HIS3 sld3-38A-10his- Zegerman and Diffley, 2010
13MYC::kanMX4
M517 W303 MAT a rad53-1 Gabrielse at al., 2006
M895 W303 MAT a dbf4A::kanMX6 [pMW490; pRS416-DBF4 URA3 ] Gabrielse at al., 2006
M927 W303 MAT a dbf4A::kanMX4 3HA-CDC7-TRP1 [pMWA490; pRS416-DBF4-URA3] Gabrielse at al., 2006
M932 W303 MAT a dbf4A::kanMX4 3HA-CDC7-TRP1 [pMW489; pRS415-DBF4-LEU2]  Gabrielse at al., 2006
M936 W303 MAT a dbf4A::kanMX4 3HA-CDC7-TRP1 [pCG10; pRS415-DBF4-NA109- Gabrielse at al., 2006
LEU2]
M2864 W303 MAT a dbf4A::kanMX4 3HA-CDC7-TRP1 [pCG10; pRS415-DBF4-NA94- This study
LEU2]
M1261 W303 MAT a dbf4-NA109 Gabrielse at al., 2006
M1589 W303 MAT a rad53-1 dbf4A::kanMX6 [pMW490; pRS416-DBF4 URA3 ] Gabrielse at al., 2006
M1800 W303 MAT1 dbf4-NA109-kanMX6 Miller et al., 2009
M3581 W303 MAT a rad53A::TRP1 sml1A::HIS3 dbf4A::kanMX6 [pMW490; pRS416- This study
DBF4 URA3]
M3831 W303 MATa RAD53-3MYC-TRP1 This study
M3890 W303 MAT a dbf4-NA109-natMX4 This study
M3905 W303 MAT a dbf4-NA109-natMX4 sld3-38A-10his-13MYC::kanMX4 This study
M3913 W303 MAT a dbf4-NA109-kanMX6 smi1::HIS3 This study
M3920 W303 MAT a RAD53-3MYC-TRP1 dbf4-NA109-kanMX6 sml1A::HIS3 This study

Y-C. Chen et al.
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Table S3 Peptides used in this study

Peptide name Peptide sequence Length MW
Biotin-Dbf4 (98-113) Biotin- KNV EPR VTP KEL LEW Q Biotin + 17 2192.9
Biotin-pDbf4 Biotin- KNV EPR V(pT)P KEL LEW Q Biotin + 17 2273.2
Dbf4 (98-113) KNV EPR VTP KEL LEW Q 17 1966.4
pDbf4 (pThr105) KNV EPR V(pT)P KEL LEW Q 17 2047.5
pDbf4-V104A KNV EPR A(pT)P KEL LEW Q 17 2019.8
pDbf4-E108A KNV EPR V(pT)P KAL LEW Q 17 1989.9
pDbf4-E108D KNV EPR V(pT)P KDL LEW Q 17 2032.7
pDbf4-L109A KNV EPR V(pT)P KEA LEW Q 17 2005
Biotin-Rad9 IMS EVE LTQ ELP EVE 15 1972.28
Biotin-pRad9 IMS EVE L(pT)Q ELP EVE 15 2052.26
pSpc72 EEF LSL AQS (pS)PA GSQ LES RD 20 2231.3
16 Sl Y-C. Chen et al.
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