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Dna2 can efficiently process 5’ flaps containing DNA secondary structure
using coordinated action of the three biochemical activities: the N-termi-
nally encoded DNA-binding activity and the C-terminally encoded endonu-
clease and helicase activities. In this study, we investigated the cross talk
among the three functional domains using a variety of dna2 mutant alleles
and enzymes derived thereof. We found that disruption of the catalytic
activities of Dna2 activated Dna2-dependent checkpoint, residing in the N-
terminal domain. This checkpoint activity contributed to growth defects of
dna2 catalytic mutants, revealing the presence of an intramolecular func-
tional cross talk in Dna2. The N-terminal domain of Dna2 bound specifi-
cally to substrates that mimic DNA replication fork intermediates,
including Holliday junctions. Using site-directed mutagenesis of the N-ter-
minal domain of Dna2, we discovered that five consecutive basic amino
acid residues were essential for the ability of Dna2 to bind hairpin DNA
in vitro. Mutant cells expressing the dna2 allele containing all five basic
residues substituted with alanine displayed three distinct phenotypes: (i)
temperature-sensitive growth defects, (ii) bypass of S-phase arrest, and (iii)
increased sensitivity to DNA-damaging agents. Taken together, our results
indicate that the interplay between the N-terminal regulatory and C-termi-
nal catalytic domains of Dna2 plays an important role in vivo, especially
when cells are placed under replication stress.

Introduction

DNA repeats pose a great challenge to DNA replica-
tion machineries, and their instability is the underlying
cause of more than thirty human hereditary diseases
[1-3]. Disease-causing repetitive sequences are predis-
posed to instability, especially when they are converted
into long single-stranded DNA (ssDNA) during lag-
ging-strand DNA replication [1,4-7]. For example, the
RNA/DNA primer in the downstream Okazaki

Abbreviations

fragment can be converted into a single-stranded 5’
flap structure by the displacement synthesis activity of
DNA polymerase 8, which extends the upstream Oka-
zaki fragment [8,9]. When 5 flaps are short (<6 nt),
they are most likely processed by the structure-specific
nuclease, Rad27 (FENI in humans), generating ligat-
able nicks [10,11]. With diminished Rad27 activity, the
5" flaps can grow longer, increasing the possibility of
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forming flaps with secondary-structured DNA, includ-
ing hairpins; these flaps would be more prominent,
especially when they contain structure-forming repeti-
tive sequences [12-15]. Moreover, it has been shown
that the nuclease activity of Rad27 is inhibited in cases
where flaps contain secondary structure or are coated
with replication protein A (RPA), a eukaryotic single-
stranded DNA-binding protein [15-17].

In contrast to Rad27, Dna2 is an endonuclease/heli-
case that plays a critical role in removing long flaps,
particularly secondary-structured or RPA-coated 5
flaps, during lagging strand maturation [16,18,19]. The
N-terminal DNA-binding domain (amino acids 1-405)
of Dna2 harbors a structure-specific DNA-binding
activity toward 5 flaps containing a hairpin structure
[18]. It has been shown that the N-terminal DNA-
binding activity and the C-terminal catalytic activities
of Dna2 are coupled so as to resolve and remove sec-
ondary-structured 5’ flaps that have escaped cleavage
by Rad27 [16,18,20]. In fact, it was reported that
DNA sequence containing 174 repeats of CTG nucleo-
tides, which can form secondary structures, is less
stable in the cells harboring mutant Dna2 devoid of
the N-terminal DNA-binding domain [18]. However,
the structural requirement of 5’ flaps with respect to
binding the N-terminal domain of Dna2 and the
in vivo significance of this binding activity have not
been fully investigated.

In addition to secondary-structured DNA-binding
activity, the N-terminal domain of Dna2 possesses two
other important functions that could contribute to gen-
ome stability. Cdkl-dependent phosphorylation of T4,
S17, and S237 residues of Dna2 facilitates the recruitment
of Dna2 to double-strand break (DSB) repair sites
[21,22]. Also, W128 and Y130 residues are required for
stimulation of the checkpoint kinase Mecl and subse-
quent activation of the S-phase checkpoint under condi-
tions of replication stress [23]. This checkpoint-initiation
activity indicates that Dna2, through its N-terminal
domain, serves as a checkpoint sensor [24,25]. Therefore,
it appears that the N-terminal domain of Dna2 has a reg-
ulatory role in promoting the repair of aberrant DNA
intermediates in addition to guiding Dna2 to secondary-
structured flaps for removal. However, functional inter-
actions between these regulatory activities and the previ-
ously identified catalytic activities of Dna2 are currently
not well-understood.

In this study, we examined the physiological signifi-
cance and interplay of the regulatory and catalytic
activities of Dna2 in Saccharomyces cerevisiae. We
found that the disruption of the catalytic activities of
Dna2 activated Dna2-dependent checkpoint. The N-
terminal domain of Dna2 bound specifically to

In vivo roles of the N-terminal domain of Dna2

substrates that mimic DNA replication fork intermedi-
ates, including Holliday junctions. We also mapped
amino acid residues in the N-terminal domain of Dna2
important for its function in this regard. Our results
emphasize the importance of the N-terminal DNA-
binding domain of Dna2 for normal cell growth as
well as under replication stress.

Results

Dna2-induced Mec1 activation causes growth
defects in dna2 catalytic mutant cells

Yeast cells harboring nuclease- or helicase-deficient
dna2 alleles exhibit growth defects [26-30]. These
growth defects can be partially overcome by mutations
of checkpoint genes [8,28,29,31-33]. Interestingly,
Dna2 is able to activate checkpoint through its W128
and Y130 residues by stimulating Mecl (a yeast ortho-
log of human ATR), the apical checkpoint kinase [23].
Alanine substitution of W128 and Y130 (dna2-WY-AA
mutation, Fig. 1A) abrogates the Mecl-stimulatory
activity of Dna2 [23]. This raises the possibility that
the elimination of the Dna2-dependent checkpoint
could suppress growth defects in dna2 catalytic mutant
cells.

To test this possibility, we combined the dna2-WY-
AA mutation with various enzyme activity-defective
dna2 mutant alleles, including dna2-KI1080E (dna2-KE,
helicase-deficient), dna2-H547A4 (dna2-HA, nuclease-at-
tenuated), and dna2-D657A4 (dna2-DA, nuclease-defi-
cient) (Fig. 1A) [26,30]. The mutation in the dna2-KE
allele abrogates ATP-binding activity of the protein,
thereby inactivating its helicase activity, and becomes
lethal to cells when present in a low-copy plasmid
[20,26,30]. Yeast cells harboring the dna2-HA allele
display partial growth defects owing to the reduced
nuclease activity of Dna2 (~50% of wild-type),
whereas the dna2-DA allele completely abrogates the
nuclease activity and is lethal [30].

To examine the phenotypes of various dna2 mutant
alleles newly constructed, we deleted genomic wild-type
DNA2 in yeast cells, while maintaining viability by
introducing pRS316-DNA2 plasmid, which contains
URA3 gene as a selection marker [34]. The yeast strain
thus prepared was then transformed with pRS314 plas-
mids expressing the dna2 mutant genes and TRPI gene
as a selection marker. Incubation of the transformed
cells in the presence of 5-fluoroorotic acid (5-FOA)
allowed only those cells that have lost the pRS316-
DNA2 plasmid to survive owing to the toxicity of
URA3. Using this plasmid shuffling method, we com-
pared the growths of the cells having dna2-WY-AA
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Fig. 1. The dna2-WY-AA mutation suppresses the growth defects of dna2-KE and dna2-HA cells, a suppression that requires the N-terminal
105-amino acid region of Dna2. A, Schematic representation of the functional domains of Dna2. Amino acid positions are indicated by
numbers. The mutation alleles introduced into the catalytic domains and the N-terminal DNA-binding domain (NTD) are depicted above and
below, respectively. dna2-5A denotes multiple-point mutations of K41A, R42A, K43A, K44A, and K45A. dna2-WY-AA, dna2-HA, and dna2-KE
indicate W128A Y130A double mutation, H547A, and K1080E mutations, respectively. B and C, YJA1B cells were transformed with pRS314
plasmids harboring the indicated DNAZ2 alleles. The drop dilution assays were performed as described in Materials and Methods. Serially
diluted mutant yeast cells were then spotted onto synthetic dropout media lacking or containing 5-fluoroorotic acid (5-FOA) and incubated at
30 °C for 2-3 d. The presence of 5-FOA forces elimination of pRS316-DNA2, allowing the phenotypes of mutant dna2 alleles to penetrate.
The drop dilution experiments were repeated three times, and one representative result was shown

mutation in combination with the various dna? cat-
alytic mutant alleles as shown in Figs. 1B,C.

Cells harboring wild-type DNA2 gene (positive con-
trol) in plasmid were able to support robust growth in
the presence of 5-FOA, whereas cells transformed with
an empty vector (negative control) could not grow
under the same conditions (Fig. 1B). This agrees with
the previous finding that Dna2 is essential for cell
growth [27]. In addition, the dna2-WY-AA cells
showed no noticeable growth defects by itself, as previ-
ously demonstrated [23], whereas both dna2-KE and
dna2-HA cells exhibited severe growth defects
(Fig. 1B). However, we found that dna2-WY-AA
mutation efficiently suppressed the defective growth
phenotype of dna2 catalytic mutants since cells harbor-
ing combined mutations of dna2-WY-AA with dna2-
KE or dna2-HA (dna2-WYK and dna2-WYH, respec-
tively) grew as efficiently as cells with wild-type DNA2
(Fig. 1B, compare dna2-WYK and dna2-WYH with
DNA2). We found that the lethality of nuclease-dead
mutant (dna2-DA) cells could not be rescued by the
dna2-WY-AA mutation (data not shown), which agrees
with the finding that Dna2 nuclease activity is most
important for cell viability [30]. Collectively, these

results suggest that the growth defects of dna2-KE and
dna2-HA cells could be attributed to Dna2-mediated
stimulation (via WI128 and Y130 residues) of the
Mecl-dependent checkpoint (Fig. 1B). We were not
able to confirm this unambiguously since dna2-KE and
dna2-HA mutants are lethal or close to lethal, respec-
tively, in the absence of a wild-type copy of DNA2.
This has hindered a rigorous analysis of dna2-KE and
dna2-HA mutants. It should be noted that this result
above does not exclude the possibility that Dna2-inde-
pendent checkpoint is activated in the dna2-WYK and
dna2-WYH mutants to repair the lesions, as evidenced
by the robust growth of these cells.

The N-terminal 105-amino acid region is essential
for dna2-WYK and dna2-WYH cells

Yeast cells harboring a dna?2 allele in which the N-ter-
minal 105 amino acids (aa) are deleted exhibit temper-
ature-sensitive growth [35]. This implies that the first
105-aa region of Dna2 contributes critically to its opti-
mal functioning in vivo. To examine the precise role of
the N-terminal 105 aa in this regard, we truncated this
region of the N-terminal domain in dna2-WYK and
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dna2-WYH and examined their viability similarly as
described above. We observed that deletion of 105 aa
from the N terminus of both DNA2 and dna2-WY-AA
alleles had no significant effect on cell growth at 30 °C
(Fig. 1C) [35]. In contrast, 105-aa truncation of the
dna2-WYK (dna2A105N-WYK) and dna2-WYH alleles
(dna2A105N-WYH) completely abolished cell growth
(Fig. 1C). These results suggest that the N-terminal
105-aa region plays a critical function for cell viability
when the catalytic activity of Dna2 is defective.

It was reported that Cdkl-dependent phosphoryla-
tion of T4, S17, and S237 residues in the N-terminal
domain of Dna2 is important for recruitment of
Dna2 to DSB repair sites [21]. Substitution of ala-
nine for T4, S17, and S237 (dna2-34 mutation) was
shown to reduce the efficiency of DSB resection [21].
Therefore, it 1is possible that the viability of
dna2A105-WYK and dna2A105-WYH cells is lost
because of the loss of T4 and S17 residues that par-
ticipate in DSB recruitment. To test this possibility,
we combined dna2-34 mutation with the dna2-KE
allele and found that dna2-34 partially suppressed
the growth defect of dna2-KE cells (data not shown).
This indicates that loss of T4 and S17 residues is not
likely to be the direct cause of lethality in dna2A4105-
WYK cells.

Structural requirements of DNA substrates for
binding the N-terminal domain of Dna2

Previous reports have shown that efficient removal of
secondary-structured flaps during Okazaki fragment
processing requires the coordinated action of the N-
terminal DNA binding, endonuclease, and helicase
activities of Dna2 [18,20]. Therefore, it is possible that
loss of the coordinated activities of the N-terminal
DNA binding and catalytic activities may have
induced the lethality of dna2AI105N-WYK and
dna2A105N-WYH cells. This led us to examine the
structural requirements of DNA substrate for binding
Dna2 and to map the precise location of the N-termi-
nal DNA-binding activity of Dna2.

To this end, a truncated, N-terminally FLAG-
tagged and hexahistidine (Hisg)-tagged recombinant
protein comprising the first 405 aa of Dna2 (Dna2**°™)
was expressed and purified from E. coli. To verify that
the DNA-binding activity was intrinsic to Dna2*N,
we collected the peak fraction of Dna2***N from the
final Ni*-NTA column chromatography and sepa-
rated it by glycerol gradient sedimentation. Each glyc-
erol gradient fraction was analyzed for protein content
and then assayed for DNA-binding activity by elec-
trophoretic mobility shift assay (EMSA) using the

In vivo roles of the N-terminal domain of Dna2

standard 5 hairpin flap DNA as a substrate. We
found that the amount of DNA substrate bound was
proportional to the amount of protein present in the
glycerol gradient fraction (data not shown). These
results confirm that the previously identified hairpin
DNA-binding activity is intrinsic to the purified
Dna2*®N protein [18].

Next, we compared the DNA-binding activity of
Dna2*®N using three different flap substrates; these
contained 48-nt oligo-dT (dT), 16 repeats of CTG
(CTG), or 15-nt ssDNA + 15-bp hairpin (Hairpin) in
the flap, as illustrated in Fig. 2A. In the absence of
competitor DNA, Dna2**N formed nucleoprotein
complexes with all three substrates with varying effi-
ciencies, under the reaction condition tested. The Hair-
pin substrate was the most efficient, followed in order
by CTG and dT substrates in the absence of competi-
tor DNA (Fig. 2A, — competitor). In the presence of a
15-fold excess of poly(dI-dC), a nonspecific double-
stranded DNA (dsDNA) competitor, Dna2***N failed
to show any detectable binding activity to the dT sub-
strate. In contrast, Dna2*®®N were still able to bind
CTG and Hairpin substrates, both containing sec-
ondary structures (Fig. 2A, + competitor).

To reinforce the finding that secondary-structured
flap DNA is a preferred binding substrate of
Dna2*®N we tested the effects of two other types of
competitor DNA: synthetic 50-nt poly dT and
M13mpl8 viral DNA. The synthetic 50-nt poly dT is a
ssDNA that is expected to be devoid of any secondary
structure, whereas native M13mpl8 viral DNA is a
long ss circular DNA (sscDNA) with extensive sec-
ondary structure in solution [36].

Dna2*®N was incubated with Hairpin substrate and
the indicated amount of competitor DNA under the
standard EMSA condition. As expected, the addition
of synthetic 50-nt poly dT (ssDNA) to the reaction
mixtures barely inhibited the formation of nucleopro-
tein complex, even at the highest concentration (40 ng;
60-fold excess) used (Fig. 2B). Poly(dI-dC) (dsDNA)
showed a moderate level of competition (~40% inhibi-
tion with 5 ng; sevenfold excess). In contrast,
M13mpl18 viral DNA (sscDNA) was an effective com-
petitor, markedly reducing (>80%) the amount of
nucleoprotein complexes when added in sevenfold
excess. These results confirm that DNA containing a
high level of secondary structure can efficiently com-
pete with 5’ hairpin flap substrates for Dna2**>N bind-
ing, and provide strong evidence that the N-terminal
domain of Dna2 preferentially binds secondary-struc-
tured DNA.

We then examined the binding affinities of Dna
to various types of hairpin flap substrates that could

405N
2
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arise during Okazaki fragment processing. First, we
tested flap substrates with varying lengths (0-15 nt)
between the hairpin and the duplex template DNA, as
depicted in Fig. 3A. We found that the binding activ-
ity of Dna2*%N was, in general, inversely proportional
to the distance between the hairpin and the duplex
template DNA (Fig. 3A); the longer the ssDNA linker
was, the lower the amount of protein—-DNA complex
formed. The presence of 2-nt and 5-nt ssDNA linkers
resulted in ~20% and ~ 50% reductions in the
amount of complex formed, respectively, compared
with the substrate that does not have a linker. The
substrate containing a 15-nt ssDNA linker bound
poorly to Dna2**N. Therefore, these results suggest
that the N-terminal domain of Dna2 preferentially
binds to the three-way arm structure of a flap sub-
strate, which resembles freshly generated hairpin flaps
during Okazaki fragment processing.

Dna2*N showed a moderate level of binding to the
CTG substrate compared with the Hairpin substrate

bars denote standard deviation from three
independent experiments

(Fig. 2A). The apparent structural difference between
them is the presence of a 5 single-strand tail in the Hair-
pin substrate. This prompted us to investigate the influ-
ence of a 5 ssDNA tail on Dna2*>>N binding. To this
end, we compared binding activities of Dna2***™ among
the hairpin flap substrates possessing 5 ss tails of vary-
ing lengths (Fig. 3B). The substrate containing a 5-nt
tail was less efficient (~50%) in binding Dna2**>N than
was the substrate with a 15-nt tail. The flap substrate
completely lacking a 5" ssDNA tail segment exhibited a
significant reduction (>80%) in binding. Therefore, the
5" ss tail structure acts as an important element for
Dna2 binding. This observation is consistent with the
preferred substrate structures for the nuclease and heli-
case activities of Dna2 [18-20,37,38].

To examine the binding affinity of Dna o
DNA replication intermediates other than flap struc-
tures, we prepared DNA substrates that mimic regular
and partially regressed leading and lagging strand
replication forks, as illustrated in Fig. 3C. The regular

2405N t
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Fig. 3. Dna2*%®N exhibits robust binding affinity to various replication intermediates. Standard EMSAs were conducted using the indicated

amounts of Dna24%N

and substrates. The EMSA experiments were repeated three times, and one representative result was shown. A and

B, Hairpin flap DNA substrates with varying linker (4) and 5’ ssDNA tail (B) lengths were used as substrates. C and D, DNA substrates
mimicking replication fork intermediates (C) and Holliday junction structure (D) were used as substrates

replication fork-like DNA substrate was a poor sub-
strate for Dna2***™ binding (lanes 5-8). In contrast,
both partially regressed lagging strand (lanes 9-12)
and leading strand (lanes 13-16) replication fork struc-
tures were active in Dna2**>N binding, displaying 60—
80% of the binding efficiency to the standard Hairpin
substrate (Fig. 3C). We also tested Holliday junction
(HJ) DNA, a four-way arm that mimics the regressed
‘chicken-foot” structure of replication forks. We found
that this substrate was nearly twice as active as the
standard hairpin substrate in Dna2***™  binding
(Fig. 3D). Thus, the N-terminal domain of Dna2 pos-
sesses specific binding activity for two types of par-
tially regressed replication fork intermediates and HIJ
structure. The significance of robust binding of Dna2
to these structures is not clear, but will be discussed
below.

Mapping hairpin-flap-binding activity within the
N-terminal domain of Dna2

To map the critical region carrying the hairpin-flap-
binding activity, we created N-terminal domain trunca-
tion mutants of Dna2, as depicted in Fig. 4A. All
derivatives possessed GST and Hisg tags fused to the N
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terminus and C terminus, respectively, to facilitate
purification and detection of nucleoprotein complexes
during gel analyses. The truncated forms of the N-termi-
nal domain were purified using two affinity-column
chromatographic steps as described in Materials and
Methods (Fig. 4B). We found that DNA-binding activi-
ties of Dna2***N and GST-Dna2**>N-His, were indistin-
guishable (data not shown). This indicates that the
presence of GST and Hisg tags in the proteins did not
interfere with the DNA-binding activity. Further test of
hairpin-flap-binding activities of purified proteins
showed that GST-Dna2' 2°?-His, retained DNA-bind-
ing activity comparable to that of GST-Dna2**>N-His,,
whereas GST-Dna2'"1%9_His, was ~ 50% as active as
GST-Dna2***™.Hisq (Fig. 4C). In contrast, both GST-
Dna21°" 9 _His, and GST-Dna2®**#%_His, binding
could not be detected. Therefore, it appears that the first
100-aa segment of the N-terminal domain contains the
critical region for binding hairpin flap DNA. The sec-
ond 100-aa region (aa 101-202) may play an auxiliary
role, possibly providing stability of the nucleoprotein
complex after the initial binding event takes place by the
first 100-aa region. This is in keeping with the observa-
tion that GST-Dna2('®"*%).His, could not bind the
hairpin flap DNA substrate.
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Previous studies have shown that the N-terminal folding may produce a local globular structure that
domain of Dna2 is prone to nonspecific proteolysis, confers resistance to proteolytic digestion, we investi-
suggesting that the domain is intrinsically unstructured gated whether the N-terminal domain of Dna2 forms
[18,35]. Consistent with this, DNA-binding activity of a rigid structure when bound to DNA substrates. To
Dna2**N was retained after heat treatment of the pro- this end, we subjected Dna2**N to proteolysis by sub-
tein (data not shown), a feature often associated with tilisin, a nonspecific protease, in the presence of blunt-
unstructured proteins [39]. Therefore, it seems reason- ended dsDNA (pUC19 plasmid digested with Dpnl) or
able to assume that the purified recombinant Dna2**N sscDNA (M13mp18 viral DNA).
is also unstructured. In addition, it is well accepted In the absence of DNA, Dna2***™ was highly sensi-
that intrinsically unstructured proteins often undergo a tive to subtilisin and was completely digested by 10 ng
conformational transition from an unstructured state of subtilisin (Fig. 4D, lane 4). The presence of dsDNA
to a structured state upon binding to their physiologi- in the binding reaction yielded a digestion pattern sim-
cal interaction partner [39]. Since substrate-induced ilar to that obtained in the reaction without DNA
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Fig. 4. The N-terminal 1- to 125-amino acid region harbors the hairpin-flap-binding activity of Dna2. A, Schematic illustrations of Dna2
domain structure (top) and truncated forms of N-terminal segment (bottom). B, Each protein fragment in panel A was tagged with
glutathione S-transferase (GST) and hexahistidine (Hisg) at N terminus and C terminus, respectively. The purified GST-Dna24°*N-Hisg, GST-
Dna2'"?%? Hisg, GST-Dna2'?°4%® His,, GST-Dna2!"?"*%® Hisg and GST-Dna2"""°-Hisg (denoted as 405N, 1-202, 203-405, 101-405, and 1—
100, respectively) were separated by sodium dodecy! sulfate/polyacrylamide gel electrophoresis (SDS/PAGE) on 12% gels and stained with
Coomassie Brilliant Blue. The numbers on the left side represent protein marker sizes (in kDa). One representative result of SDS/PAGE was
shown. C, Increasing amounts (50 and 100 fmol) of each protein in panel A were incubated with 15 fmol of the standard 5 hairpin flap
substrate and analyzed by EMSA. The EMSA experiments were repeated three times, and one representative result was shown. D,
Dna2*%N (1 ug) was incubated without DNA (lanes 1-4) or with dsDNA (Dpnl-digested pUC19, lanes 5-8) or sscDNA (M13mp18, lanes 9—
12), followed by addition of the indicated amounts of subtilisin. The mixtures were then resolved by SDS/PAGE on 15% gels and stained
with Coomassie Brilliant Blue. The asterisk indicates a nonspecific band. The subtilisin-resistant protein band is indicated by an arrow. One
representative result of SDS/PAGE was shown
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(Fig. 4D, compare lanes 1-4 and lanes 5-8). In strong
contrast, we found that addition of sscDNA produced
a 12-kDa proteolytic fragment from protease-treated
Dna2*®N (Fig. 4D, lane 12, indicated with an arrow).
This fragment was highly resistant to proteolysis, as
evidenced by its ability to survive treatment up to
50 ng of subtilisin (data not shown). This level of pro-
teolytic resistance is comparable to that of BSA, which
has a well-defined rigid structure [40]. This result con-
firms that the region of Dna2***™ corresponding to the
12-kDa proteolytic fragment is converted into a
defined structure when bound to DNA substrate.

To determine the protease-resistant region within
Dna2*®N we excised the band containing the subtil-
isin-resistant fragment from the SDS/PAGE gel, trea-
ted it with trypsin, and then subjected it to liquid
chromatography/tandem mass spectrometry (LC-MS/
MS). Mass-to-charge scores from MS and MS/MS
data identified N- and C-terminal peptide sequences
that correspond to the 13- to 125-aa fragment of Dna2
(data not shown). This result is consistent with our
finding that the first 100-aa fragment is important for
the hairpin-flap-binding activity.

A group of five positively charged amino acids in
the N-terminal domain of Dna2 is essential for
hairpin-flap-binding activity

Next, we sought to determine whether the N-terminal
domain of Dna2 has locally stable secondary structures
such as a-helixes. To this end, we analyzed the propen-
sity of the N-terminal domain of Dna2 to adopt such
structures using the bioinformatic tool, [UPred2A Web
server. This tool predicts intrinsically disordered region
(s) within a protein by calculating disorder scores at the
amino acid level [41]. Disorder score values range from
0 to 1; regions where values are less than 0.5 are consid-
ered to be structured [42]. Sequence analysis of the N-
terminal 405-aa domain of Dna2 using IUPred2A
revealed that the entire region is highly disordered, with
several positions exhibiting drops in value close to or
slightly below 0.5 (Fig. 5A, bottom). Focusing on the
N-terminal 125-aa segment, to which the hairpin DNA-
binding activity was mapped, we found that residue
K44 had the lowest disorder score of 0.47 (Fig. 5A,
top). This residue belongs to a basic residue cluster that
consists of five positively charged amino acid residues
(K41, R42, K43, K44, and K45). This cluster occurs
only once in the N-terminal 125-aa region of Dna2.

To investigate whether the positively charged cluster
contributes to the hairpin-flap-binding activity of
Dna2*®N we prepared a recombinant GST-Dna24*N-
5A-Hisg protein in which all five basic amino acids

In vivo roles of the N-terminal domain of Dna2

(K41-K45) were mutated to alanine (dna2-54 muta-
tion, Fig. 1A and 5B) and tested for hairpin-flap-bind-
ing activity. We observed that wild-type (WT) GST-
Dna2**N_Hisg protein efficiently bound Hairpin sub-
strate. However, GST-Dna2**>N-5A-His¢ (5A) protein
did not show any detectable binding activity to the
same substrate (Figs. SC,D). The result was repro-
ducible when we used full-length Dna2 and Dna2-5A
proteins purified from insect cells using a baculoviral
expression system (data not shown). Taken together,
these observations suggest that the basic K41-K45
patch in the N-terminal domain of Dna2 is essential in
binding hairpin flap DNA.

Cell cycle is arrested at late S or G2/M phase in
dna2-5A cells at 37 °C

To examine the physiological significance of the dna2-
5A4 mutation and, hence, the hairpin-binding activity
of Dna2, we constructed a mutant strain expressing
dna2-54 in place of wild-type DNA2 gene. The dna2-
5A cells showed a slow-growth phenotype at elevated
temperatures of 34 °C and 37 °C, whereas its growth
at 30 °C was comparable to that of wild-type
(Fig. 6A). As expected, the temperature sensitivity
observed was efficiently suppressed, like dna2A405N
lacking the N-terminal 405-aa region, when RAD27 or
RFAI (the large subunit of RPA) was overexpressed in
a multicopy plasmid (Fig. 6B) [16,43].

We next tested whether bulk DNA synthesis was
affected by loss of the hairpin-flap-binding activity of
Dna2 at 37 °C. To this end, we assessed the cell
cycle progression of dna2-5A4 cells over time by flow
cytometric analysis after G1 arrest. Under normal
growth conditions (30 °C), WT and dna2-54 cells
showed comparable cell cycle progression up to
210 min (Fig. 6C, 30 °C). When the cells were incu-
bated at 37 °C, both strains were able to duplicate
bulk DNA, as evidenced by the accumulation of cells
with 2C DNA content (Fig. 6C, 37 °C). In WT cells,
1C population started to reduce at 90 min, followed
by increase at 120 min and thereafter. However,
dna2-5A4 cells maintained a high proportion of cells
with 2C DNA content from 120 min to 210 min.
This indicates that a significant number of dna2-5A4
cells experienced cell cycle arrest at late S or G2/M
phase.

To determine whether the observed cell cycle arrest
is mediated by checkpoint signaling, we assessed the
level of checkpoint activation by monitoring the
mobility shift of the endogenous checkpoint kinase
Rad53 (Chk2 in humans) on SDS/PAGE gels
(Fig. 6D). Rad53 undergoes phosphorylation by Mecl
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Fig. 5. Point mutation of the five positively charged amino acid residues abolishes the hairpin-flap-binding activity of the N-terminal domain
of Dna2. A, Graphs show IUPred2A scores of amino acids in the N-terminal domain of Dna2 from amino acids 1 to 125 (top) and 1 to 405
(bottom). Amino acid regions with scores greater than 0.5 are considered to be intrinsically disordered. The lysine 44 (K44) position is
indicated by an arrow. B, 12% SDS/PAGE gel image of GST-Dna2*®®N-Hisg (WT) and GST-Dna2*°®™-5A-Hisg (5A) proteins. One
representative result of SDS/PAGE was shown. C and D, Standard EMSA reactions were conducted using increasing amounts (2, 5, and
10 ng) of WT and BA proteins, and 15 fmol of the standard 5’ hairpin flap substrate (C). The EMSA experiments were repeated three times,
and one representative result was shown. The result obtained from (C) was quantified and graphed in (D)

that is activated by Dna2, giving rise to a slowly
migrating Rad53 species [23,44]. Cell lysates obtained
after release from G1 phase at 30 °C or 37 °C were
analyzed by western blotting using a Rad53 antibody.
In the case of WT cells, the majority of endogenous
Rad53 stayed in an unphosphorylated state at 30 °C
and 37 °C (Fig. 6D, lanes 3-8). At 30 °C, results for
dna2-54 cells were similar to those of WT cells
(Fig. 6D, lanes 11-13). However, endogenous Rad53
in dna2-5A cells cultured at 37 °C was hyperphospho-
rylated at 120 and 180 min (Fig. 6D, lanes 15 and 16).
These results support the conclusion that the kinase
activity of Rad53, and thus Rad53-triggered check-
point signaling, is activated in dna2-5A4 cells grown at
37 °C. Taken together, these results indicate that loss
of the hairpin flap DNA-binding activity of Dna2

1232

induces checkpoint signaling at the restrictive tempera-
ture, leading to cell cycle arrest.

Hairpin-flap-binding activity is required for cell
growth under replication stress

To elucidate the role of the hairpin-flap-binding activ-
ity of Dna2 under replication stress condition, we sub-
jected dna2-5A4 cells to treatment of DNA-damaging
agents including methyl methanesulfonate (MMS), an
alkylating agent that hinders DNA replication fork
progression [45,46] and camptothecin (CPT), which
induces DSBs by forming a stable complex with DNA
topoisomerase 1 [47,48]. Unlike wild-type cells, dna2-
5A4 mutant cells showed detectable sensitivity to MMS
and CPT (Fig. 7A). This result is consistent with the
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observations that mutations in the conserved helicase
domain of dna2 displayed sensitivity to MMS and
CPT, supporting a functional cross talk between the
hairpin flap DNA-binding and helicase activities
[29,33]. The sensitivity of dna2-5A4 cells to CPT raises
the possibility that the hairpin DNA-binding activity
of Dna2 may be important during DSB repair. In this
process, extensive ssSDNA is generated by the com-
bined action of Sgsl-Top3-Rmil during resection of
DSBs and the resulting long ssDNA is likely to

In vivo roles of the N-terminal domain of Dna2

Fig. 6. The dna2-5A mutation induces defects in growth and cell
cycle progression at high temperatures. A, Drop dilution assays
were performed using wild-type or dna2-5A cells on yeast extract/
peptone/dextrose (YPD) agar plates at the indicated temperature.
The drop dilution experiments were repeated three times, and one
representative result was shown. B, dna2-5A cells were
transformed with pRS315-DNAZ2 (DNA2), pRS325 (Vector), and
pRS325 containing either RAD27 or RFAT gene. Drop dilution
assays were performed on synthetic dropout media at the
indicated temperatures. The drop dilution experiments were
repeated three times, and one representative result was shown. C,
Asynchronous (As) log-phase yeast cells (wild-type (WT) or dna2-
b5A) were arrested at G1 phase by addition of a-factor (G1) and
released into fresh YPD media at 30 °C or 37 °C. Samples were
withdrawn every 30 min for flow cytometric analysis. The locations
of unreplicated and replicated DNA are indicated by 1C and 2C,
respectively. D, WT and dna2-5A cells were grown at 30 °C or
37 °C as described in (C). Cell extracts prepared at each time point
were subjected to western blotting with a Rad53 antibody. ‘Rad53-
P" denotes the phosphorylated forms of Rad53. The western blot
experiments were repeated three times, and one representative
result was shown

contain hairpins [49]. In fact, we observed that the N-
terminal domain of Dna2 possesses robust binding
activity to the substrate mimicking resected DNA con-
taining a 5 hairpin (data not shown).

The MMS/CPT-sensitive phenotype was more severe
in the dna24405N strain lacking the entire N-terminal
405-aa domain of Dna2 (Fig. 7A). To further explain
the relationship between checkpoint activation and
DNA binding, we combined both dna2-WY-AA and
dna2-5A4 to generate dna2-5A-WY-AA and determined
whether combination of a DNA binding defect and
abrogation of checkpoint activation leads to compara-
ble hypersensitivity of dna24405N to DNA replication
stress. The dna2-5A-WY-AA cells showed a nearly
comparable sensitivity to a variety of DNA-damaging
agents including 4-nitroquinoline 1-oxide, bleomycin,
UV, hydroxyurea, MMS, and CPT than dna2-5A4, but
less sensitive than dna24405N cells (data not shown).
This finding is consistent with the previous finding that
the N-terminal domain of Dna2 has additional func-
tions, such as recruitment to DSB resection sites
[21,23].

The Pifl helicase was shown to promote the genera-
tion of long flaps during Okazaki fragment processing
[50-53]. The long flaps formed are likely to contain
secondary structures, which require hairpin-binding
activity of Dna2 for their removal [18]. Thus, in the
absence of a functional copy of PIFI, DNA2 is no
longer essential for growth since pifl mutants do not
produce long flaps. In order to address whether the
growth defects of dna2-54 and dna2A405N could be
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ascribed to inefficient processing of long flaps, we
incorporated pifi-m2 allele, a nuclear-specific pif7 null
allele, into dna2 mutants and tested whether pifi-m2
can suppress the growth defects of dna2 mutants above
[54]. The pifi-m2 allele efficiently suppressed tempera-
ture and MMS/CPT sensitivities of dna2-54 and
dna2A405N cells (Fig. 7A), in keeping with the idea
that the observed growth defects of the dna2-54 and
dna2A405N cells arise from cellular events associated

S. Park et al.

Fig. 7. The hairpin-flap-binding activity of Dna2 is required under
replication stress conditions. A, Drug sensitivity of wild-type
(DNA2), dna2-5A, dna24405N, DNAZ2 pif1-m2, dna2-5A pif1-m2,
and dna24405N pif1-m2 cells to methyl methanesulfonate (MMS)
and camptothecin (CPT) was tested by drop dilution assay at
30 °C. These experiments were repeated three times, and one
representative result was shown. B, Log-phase (As) cells of WT,
dna2-5A, and dna24405N (A4405N) were arrested to G1 phase by
o-factor (G1) and released into the media lacking (-MMS) or
containing 0.033% of MMS (+MMS). Samples withdrawn at each
time point were analyzed by flow cytometry. C and D,
Phosphorylation of Radb3 in wild-type, dna2-5A, and dna2A405N
(O), and DNA2 ddc14 tel1A and dna2-5A ddc14 tel1A (D) cells in
the presence of MMS. Rad53-P indicates the phosphorylated form
of Radb3. The western blot experiments were repeated three
times, and one representative result was shown

with generation of long flaps or long ssDNA contain-
ing secondary structures during Okazaki fragment pro-
cessing and DSB repair.

In order to examine the cell cycle progression of
dna2-54 and dna2A405N cells in response to MMS,
Gl-arrested cells were released into the media contain-
ing MMS, followed by cell cycle analysis by flow
cytometry. In the absence of MMS, WT, dna2-54, and
dna2A405N (4405N), cells showed a comparable pat-
tern of cell cycle progression (Fig. 7B, MMS). In the
presence of MMS, however, majority of WT cells were
shown to stay in S phase (Fig. 7B, +MMS). In con-
trast, the majority of A405N cells had traversed S
phase and formed a 2C DNA content peak at 3 h.
This agrees with the previous finding that the
dna24405N cells display partial loss of checkpoint
function [18]. Importantly, the dna2-54 cells exhibited
a similar cell cycle progression as A405N cells in the
presence of MMS. This observation is consistent with
the notion that dna2-54 cells may be partially defective
in S-phase checkpoint activation. We examined the
Rad53 phosphorylation state in the specific samples
used in Fig. 7B to correlate cell cycle progression with
checkpoint activation, and we found that phosphoryla-
tion levels of Rad53 in dna2-54 were comparable to
those of wild-type cells in response to MMS (Fig. 7C).
In contrast, dna24405N cells displayed significant
reduction in Rad53 phosphorylation. This result is not
unexpected, since other checkpoint-initiating factors,
namely Dpbll, Ddcl, and Tell, are still intact in the
mutant cells, which interferes with the detection of
Dna2-induced Rad53 phosphorylation in dna2-54 cells
[55-59]. Therefore, we examined Rad53 phosphoryla-
tion in dna2-5A ddclAtellA background in order to
eliminate the checkpoint activation initiated by Ddcl/
Dpbll and Tell [60]. However, we found that the
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Rad53 phosphorylation levels in dna2-5A4 ddclA tellA
cells were slightly reduced in the presence of MMS
compared with DNA2 ddciA tellA (Fig. 7D). One con-
ceivable explanation for the slight reduction in Rad53
phosphorylation is due to the presence of a limited
number of long flaps in vivo at the time of analysis.
Thus, the difference in Rad53 phosphorylation levels
may not be dramatic between dna2-54 and wild-type
cells. One way to test this idea would be to construct a
gain-of-function mutant strain that produces long flaps
with an elevated frequency. For example, overexpres-
sion of Pifl in dna2-54 could lead to accumulation of
long flaps. This would help clarify that DNA-binding
activity of Dna2 contributes to checkpoint activation.

Discussion

In this study, we examined the interplays between the
N-terminal regulatory and C-terminal catalytic
domains of Dna2 using biochemical and genetic
approaches, in an attempt to understand their in vivo
significance in relation to checkpoint.

We found that the hairpin flap DNA-binding activ-
ity of Dna2 residing in its N-terminal domain is well
suited to target the Dna2 enzyme to various DNA
replication intermediates that could arise during DNA
replication and repair. In addition, we discovered that
this specific DNA-binding activity of Dna2 is critical
for cell growth under replication stress conditions
caused by the presence of DNA-damaging agents such
as MMS and CPT. We showed that dysfunctional cat-
alytic activity of Dna2 induced Dna2-dependent check-
point signaling since abrogation of Mecl-stimulation
function of Dna2 rendered dna2 catalytic mutants
viable (Fig. 1B). This result suggests that Dna2/Mecl-
mediated checkpoint is activated in dna2 catalytic
mutants, and the checkpoint, once activated, interferes
with cell growth, being toxic to cell survival. The toxic-
ity could result most likely from the colocalization of
Dna2 and Mecl, leading to excess checkpoint signal
that causes cell cycle arrest.

Our findings can be graphically summarized in a
model as shown in Fig. 8. (i) In a normal growth of
cell, the three biochemical (N-terminal DNA binding,
and the C-terminal helicase and nuclease) activities of
Dna2 collaborate in the removal of secondary-struc-
tured 5 flaps (Fig. 8, A) [18,19]. (ii) Under replication
stress, cells cope with failure in timely processing of 5
flaps by Dna2, which results in generation of long
ssDNA. This leads to the formation of RPA-coated
sSDNA that recruits the Mecl-Ddc2 complex
[12,61,62]. Dna2 can be localized to long 5 flaps
through its interaction with RPA and/or through the

In vivo roles of the N-terminal domain of Dna2

DNA-binding activity residing in its N- and C-termi-
nal domains [16,18]. The Dna2 enzyme engaged in this
complex can stimulate the kinase activity of the
recruited Mecl to activate checkpoint pathway (Fig. 8,
B) [23,25]. (iii) When one of the two catalytic activities
of Dna2 is dysfunctional, the stable colocalization of
Mecl and Dna2 could lead to hyperstimulation of
Mecl, inducing Dna2-dependent checkpoint activation.
The subsequent cell cycle arrest could contribute
directly to the lethality/sickness of dna2 catalytic
mutants (Fig. 8, C). (iv) In the absence of hairpin-
binding activity of Dna2, Dna2 fails to recognize and
bind hairpin flaps, leading to accumulation of unpro-
cessed 5 flaps over threshold levels, triggering cell
cycle arrest at G2/M phase (Fig. 8, D). The mecha-
nism by which the excess amount of unprocessed 5
flaps leads to cell cycle arrest will be discussed below.

While it is striking that the dna24105N mutation
completely abolishes the growth of the dna2-WYK (or
dna2-WYH) mutant (Fig. 1C), it is not clear how the
N-terminal DNA-binding activity of Dna2 is able to
sustain cell viability when the catalytic activity (dna2-
KE or dna2-HA) and the checkpoint activation (dna2-
WY-AA) are simultaneously impaired. There are two
possible explanations for these observations: (i) The
loss of coordination between the N-terminal DNA-
binding activity and the remaining nuclease activity
hinders optimal functioning of Dna2 enzyme, leading
to toxic intermediates accumulation, or (ii) the mutant
cells are unable to tolerate the simultaneous loss of the
two biochemical activities, namely N-terminal DNA-
binding and C-terminal enzymatic activities.

The finding that Dna2**>N bound the HJ substrate
with the greatest efficiency among various substrates
raises the possibility that budding yeast Dna2 is
involved in the resolution of HJ or reversed forks
(Fig. 3D). Although the role of this activity is not
clear at this point, it is worthwhile to mention that
Dna2 has genetic interactions with several enzymes
involved in HJ resolution such as Mus§81-Mms4 and
Yenl [33,63]. Furthermore, Rad27, which physically
interacts with Dna2, can efficiently stimulate the nucle-
ase activity of Mus81-Mms4 complex [63,64]. A fur-
ther study is required to understand the significance of
the efficient binding of Dna2 to the HJ structure.

It was previously reported that growth defects of
dna2 catalytic mutants are suppressed by overexpres-
sion of RAD27, presumably by promoting the Rad27-
dependent flap removal pathway and thus bypassing
the need for Dna2 activity [64,65]. Likewise, the over-
expression of RADZ27 restored the growth of dna2-5A4
cells at 37 °C (Fig. 6B). This indicates that the growth
defect of dna2-54 cells could result from faulty
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Fig. 8. A model summarizing the interplay between Dna2 and checkpoint activation. In the course of DNA replication, repair, and
recombination processes, long 5’ single-stranded flap DNA could develop secondary structures on their flaps. (A) These hairpin flaps can be
normally processed by the coordinated action of the N-terminal DNA-binding, helicase, and nuclease activities of Dna2. (B) Inefficient
processing of the flaps by Dna2 may occur under replication stress condition. The single-stranded DNA region in unprocessed flaps could
then recruit RPA and Mec1-Ddc2 complex, which is subsequently stimulated by Dna2 to activate checkpoint. (C) In dna2-KE and dna2-HA
cells in which catalytic activities of Dna2 are defective, the 5 hairpin flaps cannot be efficiently processed, resulting in a hyperstimulation of
Mec1. The prolonged stimulation of Mec1 causes checkpoint activation, leading to cell cycle arrest. (D) In case where the hairpin DNA-
binding activity of Dna2 is lost, timely processing of 5 hairpin flap is impaired. Under nonpermissive temperature condition, the
accumulation of unprocessed 5’ hairpin flaps results in G2/M cell cycle arrest

removal of flaps during Okazaki fragment processing. [30,67]. For example, yeast cells harboring the dna2-
It has been shown that Dna2 is cytoplasmic during G1 HA allele, which retains ~ 50% of the nuclease activity
phase, but is translocated to the nucleus during S of wild-type, show diminished cell viability, whereas
phase [66]. Since Dna2 serves an essential function in cells harboring the nuclease-dead allele (dna2-DA) are
the nucleus, cell growth critically depends on the level completely inviable [30]. Another conceivable explana-
of functional Dna2 nuclease activity in the nucleus tion for the faulty flap processing of the dna2-5A4
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mutation is that it disrupts the nuclear localization
efficiency of the mutant Dna2-5A protein. Since dnaZ2-
54 cells showed robust cell growth under normal con-
ditions (Fig. 6A and Fig. 7A), it appears that the
nuclease activity and nuclear localization of Dna2-5A
mutant protein are intact.

We also checked whether the dna2-WY-4AA muta-
tion can suppress the temperature sensitivity of dna2-
54 cells by combining the two mutations. The result
was that cells having dna2-54-WY-AA allele retained
temperature sensitivity to the level comparable to that
of dna2-5A cells (data not shown). This indicates that
the defective growth of dna2-5A4 cells at the elevated
temperature was not caused by the Dna2-mediated
checkpoint activation, unlike the dna2 -catalytic
mutants. We also examined other phenotypes of dna2-
5A-WY-AA such as sensitivity to DNA-damaging
agents including MMS and CPT and found that they
were also comparable to those of dna2-54 alone (data
not shown). For this reason, we did not proceed to
compare Rad53 phosphorylation and cell cycle profile
of this mutant.

Our biochemical and genetic analyses suggest that the
cellular defects in dna2-5A cells arise from inefficient tar-
geting of the protein to secondary-structured flaps. In
vitro, the dna2-54 mutation abrogated the hairpin flap
DNA-binding activity of the N-terminal fragment and
the full-length Dna2 proteins (Fig. 5C.D, data not
shown). This suggests that the endogenous secondary-
structured flaps may not be removed efficiently by the
Dna2-5A protein. In vivo, the pifi-m2 allele efficiently
suppressed the growth defect of dna2-54 cells (Fig. 7A).
This is in keeping with the idea that the long flaps,
which may form DNA secondary structures, are likely
to be the cause of the sickness of dna2-5A4 cells. In addi-
tion, the growth defect of dna2-5A cells at 37 °C was
suppressed by the overexpression of RFAI (Fig. 6B).
Considering that RPA functions redundantly with heli-
case activity of Dna2 to facilitate the removal of sec-
ondary-structured flaps [16,20], the result indicates that
the growth defects of dna2-5A cells could be attributed
largely to the unremoved secondary-structured flaps.
This provides an explanation of how cell cycle arrests
when unprocessed flap accumulates over threshold
levels as mentioned above (Fig. 8, D).

Although we showed that the DNA-binding activity
mediated by the five basic residue clusters in Dna2
could contribute to the checkpoint activation, it is not
clear whether this DNA-binding activity is directly
involved in the activation of S-phase checkpoint
through Mecl, cell cycle progression, and cellular via-
bility to DNA replication stress. In the previous study,
it was shown that DNA was not required in vitro for

In vivo roles of the N-terminal domain of Dna2

Dna2 to activate Mecl [23]. This is in strong contrast
to our proposal that DNA binding is important for
Dna2-mediated S-phase checkpoint activation. We
believe that the discrepancy could be ascribed to dif-
ferences in the two systems used. In vitro, DNA may
not have any effect on Dna2-mediated stimulation of
Mecl to phosphorylate Rad53. In vivo, however, bind-
ing of Dna2 to a specific DNA structure may be an
essential prerequisite step to trigger the downstream
event that leads to activation of Mecl, acting as an
important spatial and temporal regulation. Equally
possible scenario is that there could be an unknown
factor in vivo that potentiate Dna2-mediated stimula-
tion of Mecl to phosphorylate Rad53 in a manner
dependent on DNA lesions such as hairpin structure.
This implies that Dna2 could function as a bridge
between the abnormal DNA structure and checkpoint
machinery.

Taken together, our results suggest that the accumu-
lation of unprocessed 5’ flaps in dna2-54 cells leads to
G2/M cell cycle arrest at nonpermissive temperature
and the regulatory activities that reside in the N-termi-
nal domain of Dna2 become critical for cell survival
under DNA replication stress condition. Our findings
could shed light on the mechanism by which structure-
forming repeat sequences are maintained by Dna2 dur-
ing DNA replication.

Materials and Nethods

Yeast strains construction

All  Saccharomyces cerevisiae strains are derivatives of
YPH499 (MATa ura3-52 lys2-801 ade2-101 trpl-A63 his3-
A200 leu2-Al GAL+). In the YJAIB strain (dna24), wild-
type DNA2 was deleted with HIS3, while the viability of
the strain was maintained by the plasmid, pRS316-DNA2
[34]. The YJA2 strain (dna24405N), devoid of the N-termi-
nal domain (aa 1-405) of DNA2, was described previously
[35]. The YNKOI (dna2-5A) strain was prepared by replac-
ing wild-type DNA2 gene with dna2-54-HIS3 by transform-
ing with a dna2-54-HIS3 DNA fragment flanked by 5
(400 bp) and 3’ (298 bp) untranslated regions of DNA2. In
order to prepare pifl-m2 mutants, genomic PIF] gene was
replaced by transforming the TRPI-pifi-m2 DNA fragment
that has 55 bp of 5 untranslated region of PIFI at the N
terminus. Yeast were transformed using the LiAc/SS-DNA/
PEG method [68].

Oligonucleotides, chemicals, and enzymes

Oligonucleotides used for the preparation of radiolabeled
substrates and ssDNA competitor were synthesized and
gel-purified by Bioneer (Daejeon, Korea). [y->’PJATP
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Table 1. Oligonucleotides used in this study. The nucleotide sequences are written in 5 to 3. The bold-faced sequences can form hairpin

structure

No. Oligonucleotide sequences (length, nt)

1 GAA AAC ATT ATT AAT GGC GTC GAG CTA GGC ACA AGG CGA ACT GCT AAC GG (50)

2 CCGTTA GCAGTT CGC CTT GTG CCT A (25)

3 TTTTTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT GCT CGA CGC CAT TAA TAA TGT

TTT C (73)

4 CTG CTG CTG CTG CTG CTG CTG CTG CTG CTG CTG CTG CTG CTG CTG CTG GCT CGA CGC CAT TAA TAA TGT TTT C

(73)°

5 GCG CAT GTG CGT TCC GTC CGG TTC AAG CCG CAG CGG CTT GAA CCG GAC GCT CGA CGC CAT TAA TAA TGT

TTT C (73)

6 GCG CAT GTG CGT TCC GTC CGG TTC AAG CCG CAG CGG CTT GAA CCG GAC TTG CTC GAC GCC ATT AAT AAT

GTT TTC (75)

7 GCG CAT GTG CGT TCC GTC CGG TTC AAG CCG CAG CGG CTT GAA CCG GAC TTT TTG CTC GAC GCC ATT AAT

AAT GTT TTC (78)

8 GCG CAT GTG CGT TCC GTC CGG TTC AAG CCG CAG CGG CTT GAA CCG GAC TTT TTT TTT TTT TTT GCT CGA

CGC CAT TAA TAA TGT TTT C(88)

9 TTT TTG TCC GGT TCA AGC CG C AGC GGC TTG AAC CGG AC G CTC GAC GCC ATT AAT AAT GTT TTC (63)
10 GTC CGG TTC AAG CCG CAG CGG CTT GAA CCG GAC GCT CGA CGC CAT TAA TAA TGT TTT C (568)
11 CGA ACA ATT CAG CGG CTT TAA CCG GAC GCT CGA CGC CAT TAA TAA TGT TTT C (52)
12 CGC ATC CTA TCA GTT CGT ATG CAG TGT CCG GTT AAA GCC GCT GAA TTG TTC G (52)

13 ACT GCA TAC GAA CTG ATA GGA TGC G (25)
14 GAA AAC ATT ATT AAT GGC GTC GAG C (25)

15 TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TAC TGC ATA CGA ACT GAT AGG ATG CG (65)
16 GAA AAC ATT ATT AAT GGC GTC GAG CTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TT (65)
17 ACG CTG CCG AAT TCT ACC AGT GCC TTG CTA GGA CAT CTT TGC CCA CCT GCA GGT TCA CCC (60)
18 GGG TGA ACC TGC AGG TGG GCA AAG ATG TCC ATC TGT TGT AAT CGT CAA GCT TTA TGC CGT (60)
19 ACG GCA TAA AGC TTG ACG ATT ACA ACA GAT CAT GGA GCT GTC TAG AGG ATC CGA CTA TCG (60)
20 CGA TAG TCG GAT CCT CTA GAC AGC TCC ATG TAG CAA GGC ACT GGT AGA ATT CGG CAG CGT (60)

(3000 Ci-mmol~") was purchased from Perkin Elmer (Wal-
tham, MA, USA). PCR primers were synthesized by
Cosmo Genetech (Seoul, Korea). Subtilisin, MMS, CPT,
propidium iodide, and poly(dI-dC) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). M13mpl18 sscDNA
was acquired from New England Biolabs (Ipswich, MA,
USA). a-factor was purchased from GenScript (Piscataway,
NJ, USA). Restriction enzymes, T4 polynucleotide kinase,
and protein size markers were obtained from Enzynomics
(Daejeon, Korea).

Drop dilution assay

Saturated yeast cells were diluted to a cell density of
1 x 107 cellsmL™", and serially diluted 10-fold (three
times) with sterile water. Each dilution (10 pL) was spotted
onto the indicated agar plate. Pictures of agar plates were
taken after 2-3 d of incubation at the indicated tempera-
ture.

Preparation of DNA substrates

The oligonucleotides used for preparation of DNA sub-
strates are listed in Table 1. The structures of DNA sub-
strates and the oligonucleotides used to prepare them are

depicted in each figure. For example, the standard 5 hair-
pin flap substrate was composed of oligonucleotides 1, 2,
and 5. All substrates were 5-end-labeled, annealed, and
gel-purified as described [43]. The position of radiolabel is
indicated by an asterisk. All flap substrates were annealed
at a ratio of 1:2:2 with respect to the labeled oligonu-
cleotide. In the case of replication fork intermediate
(Fig. 3C, lanes 5-16) and Holliday junction (Fig. 3D, lanes
5-8) substrates, oligonucleotides were annealed at a ratio
of 1:1:1:1 and 1:1.3:1.3:1.3, respectively, with
respect to the labeled oligonucleotide. Specific activities of
substrates  thus prepared ranged from 200 to
2000 cpm-fmol ™.

Purification of the recombinant N-terminal
domain of Dna2

The N-terminal 1- to 405-aa sequence of Dna2-containing
FLAG and Hiss tags at the N terminus was inserted into a
pET-21a(+) vector. E. coli strain BL21-CodonPlus(DE3)-
RIL (Agilent, Santa Clara, CA, USA) was then transformed
with the plasmid and cultured in 1 L of Luria broth medium
(10 g-L™" tryptone; 5 gL~ yeast extract; 10 g-L™' NaCl;
pH 7.5) at 37 °C until reaching an absorbance at 600 nm
(Agpo) of 0.5. Isopropyl B-D-1-thiogalactopyranoside (IPTG)
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was added to a final concentration of 0.1 mm to induce pro-
tein expression, and cultures were incubated at 16 °C for 2 h.
Cells were then harvested, and the following purification pro-
cedures were performed at 4 °C. The cell pellet (2.2 g) was
mixed with 25 mL of Tsy (50 mm Tris/HCl/pH 7.8, 50 mm
NaCl, 10% glycerol, 0.01% Nonidet-40, 0.5 mm PMSEF,
0.5 mM benzamidine, 1 pg:mL™" leupeptin, 1 pg-mL™~" pep-
statin A), where the number following ‘T’ denotes the con-
centration of NaCl. Cells were then sonicated and
ultracentrifuged at 66,000 x g for 30 min. The Ilysate
(5.6 mg-mL~") was loaded onto 13 mL of Tsy-equilibrated
Q-Sepharose Fast Flow resin (GE Healthcare, Uppsala, Swe-
den) and subsequently washed with 20 column volumes
(CVs) of Tsp. Bound proteins were then eluted with 20 CVs
of a linear salt gradient (Tso—T;g9). Fractions to be pooled
for the next step were chosen based on two factors: target
protein levels, visualized by SDS/PAGE, and DNA-binding
activity, measured by EMSA using the standard 5’ hairpin
flap substrate. The pooled fraction (37 mg) was dialyzed
against Ty and loaded onto a 1.5-mL Heparin Sepharose 6
Fast Flow column (GE Healthcare), pre-equilibrated with
T00- Bound proteins were eluted with 33 CVs of a linear salt
gradient (Tgo~Tggo). The pooled fraction (2.6 mg) was
adjusted to 10 mm imidazole (IDZ) and loaded onto a 1 mL
Ni**-nitrilotriacetic acid agarose resin (Ni-NTA; Qiagen,
Hilden, Germany), pre-equilibrated with Ts, containing
10 mm IDZ. The resin was washed consecutively with 15
CVs of Ts, containing 10 mm IDZ and 5 CVs of Ts, contain-
ing 20 mm IDZ, followed by elution with Tsq containing
100 mm IDZ. The peak fraction was separated by glycerol
gradient sedimentation in a Beckman SW55 Ti rotor (5 mL,
15-35% glycerol concentration in Tsg) at 218,000 x g for
33 h. Fractions (200 pL) were withdrawn from the top of the
gradient for analysis by SDS-PAGE and EMSA.

The N-terminal domain (aa 1-405) of Dna2 protein,
tagged with GST and Hisg tags at the N terminus and C
terminus, respectively, was prepared by inserting the
sequence of the N-terminal domain and Hisg into the
pGEX-4T1 vector and transforming it into BL21-Codon-
Plus(DE3)-RIL. After the culture (0.5 L) reached an Agoo
of 0.5, IPTG was added to a final concentration of
0.5 mm and cells were incubated at 37 °C for 2.5 h. After
harvesting cells by centrifugation at 6000 x g for 20 min,
the cell pellet (1 g) was resuspended in 20 mL of Tso. Sub-
sequent purification procedures were conducted at 4 °C.
The cells were sonicated and then centrifuged at 16 000 g
for 30 min. IDZ was added to the supernatant
(4.6 mg-mL™") to final concentration of 10 mm and loaded
onto Ni-NTA resin (I mL). After successive washes with
20 CVs of Tso containing 10 mm IDZ, 20 CVs of Tsgp
containing 20 mm IDZ, and 20 CVs of Tsy containing
50 mm IDZ, proteins were eluted with Tsy containing
250 mm IDZ. Elution fractions that contained the target
protein were selected and pooled based on the criteria sta-
ted above. The pooled fraction (0.1 mg-mL~', 0.3 mg) was

In vivo roles of the N-terminal domain of Dna2

loaded onto a Glutathione Sepharose 4 Fast Flow column
(1 mL; GE Healthcare) pre-equilibrated with T;so. The
column was successively washed with 10 CVs of T;so, 10
CVs of Tsg, and 3 CVs of Tys, followed by elution with
Tyso containing 10 mm reduced L-glutathione. Truncated
and point-mutated forms of GST-Dna2***N-His, were
purified similarly, except that the truncated forms were
purified by Ni-NTA agarose alone.

Electrophoretic mobility shift assay

Standard reaction mixtures (20 pL) contained 50 mm Tris/
HCl/pH 7.8, 2mM DTT, 0.25 mgmL™' BSA, 0.2 mm
EDTA, 5% glycerol, 125 mm NaCl, 10 ng of poly(dI-dC),
15 fmol DNA substrate, and the indicated amount of pro-
tein. Binding mixtures were incubated at 37 °C for 10 min
and subsequently loaded onto 6% polyacrylamide gels in
0.5x TBE. Protein—-DNA complexes were separated at 90 V
for 1 h at 4 °C. The gel was vacuum-dried and autoradio-
graphed, and the amount of protein-DNA complex was
quantified using a Typhoon FLA-7000 phosphorimager
(GE Healthcare).

Subtilisin digestion of the N-terminal domain of
Dna2 and LC-MS/MS

The dsDNA used in this assay was prepared by mixing
1.8 pg of pUC19 with 20 U of Dpnl in a buffer containing
20 mm Tris/acetate/pH 7.9, 50 mM potassium acetate,
10 mm magnesium acetate, and 100 pg-mL~" BSA at 37 °C
for 1 hin a 50 uL reaction. Dna2***N (1 pg) was incubated
with 180 ng of dsDNA or sscDNA (M13mpl8 viral DNA)
in a reaction (20 uL) containing 50 mm Tris/HCIl/pH 7.8,
2 mm DTT, 0.2 mm EDTA, 5% glycerol, and 125 mm NaCl.
Binding reactions were performed at 37 °C for 10 min, after
which the indicated amount of subtilisin was added and reac-
tions were further incubated at 37 °C for 10 min. The prod-
ucts were separated by SDS/PAGE on 15% gels and
visualized by Coomassie Brilliant Blue staining.

N- and C-terminal aa sequences of the subtilisin-resistant
protein fragment were identified by incubating Dna2*0>N
(4 pg) with 0.6 pg of MI13mpl8 in a 24 pL reaction
(50 mm Tris/HCl/pH 7.8, 2 mm DTT, 0.2 mm EDTA, 5%
glycerol, and 125 mwm NaCl) at 37 °C for 10 min. The mix-
ture was then incubated with subtilisin (40 ng) for 10 min
at 37 °C and separated by SDS/PAGE on 15% gels. The
band corresponding to the subtilisin-resistant protein frag-
ment was excised, digested with trypsin, and subjected to
LC-MS/MS (Life Science Laboratories, Seoul, Korea).

Cell cycle analysis of budding yeast

Yeast cells were grown to saturation at 30 °C in YPD
(yeast extract/peptone/dextrose) medium. The cells were
diluted in YPD to yield an Agy value of 0.2 and then
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grown at 30 °C until Aggo reached 0.5. One milliliter of the
culture was harvested, fixed in 70% ethanol, and stored at
room temperature for 4 h (asynchronous sample). a-factor
was added to the remaining culture at 15 pgmL~' to
induce G1 arrest, and the culture was incubated at 30 °C
for an additional 1.5 h. At this point, G1 arrest was con-
firmed microscopically, and an aliquot (I mL) was with-
drawn for ethanol fixation. The arrested cells were then
harvested, washed, and released into fresh YPD media in
the presence or absence of MMS at the designated temper-
ature. Aliquots (1 mL) were harvested at the indicated time
interval for ethanol fixation. The fixed cells were washed
with 200 pL of 1x FACS buffer (200 mm Tris/HCl/pH 7.5,
20 mm EDTA), resuspended in 100 pL. of RNase A solu-
tion (1 mgmL™" in 1x FACS buffer), and incubated at
37 °C overnight. The samples were then washed with
200 uL of 1x PBS, resuspended in 1 mL of propidium
iodide solution (50 pg-mL~' in 1x PBS), and stored for
2.5 h at 4 °C. Stained cells were sonicated at 30% ampli-
tude for 10 s, diluted 10-fold in 1x PBS, and then analyzed
by flow cytometry (BD LSRFortessa). A total of 30 000
events per sample were recorded for analysis.

Yeast protein extract preparation and western
blotting

Protein extracts were prepared by trichloroacetic acid pre-
cipitation [31]. Western blotting was conducted as described
previously [69] using an anti-Rad53 antibody (ab104232;
Abcam, Cambridge, UK), diluted 1:2500.
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