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DNA double-strand break repair by homologous recombination entails nucleolytic resection of the 5’ strand at break
ends. Dna2, a flap endonuclease with 5'-3’ helicase activity, is involved in the resection process. The Dna2 helicase
activity has been implicated in Okazaki fragment processing during DNA replication but is thought to be dispen-
sable for DNA end resection. Unexpectedly, we found a requirement for the helicase function of Dna2 in end re-
section in budding yeast cells lacking exonuclease 1. Biochemical analysis reveals that ATP hydrolysis-fueled
translocation of Dna2 on ssDNA facilitates 5 flap cleavage near a single-strand—double strand junction while at-
tenuating 3’ flap incision. Accordingly, the ATP hydrolysis-defective dna2-K1080E mutant is less able to generate
long products in a reconstituted resection system. Qur study thus reveals a previously unrecognized role of the Dna2
translocase activity in DNA break end resection and in the imposition of the 5’ strand specificity of end resection.
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DNA double-strand breaks (DSBs) are highly cytotoxic and
can cause gross chromosomal rearrangements, including
translocations and deletions, which can in turn lead to on-
cogenesis (Stephens et al. 2009, 2011; Liu et al. 2012; Jeggo
and Lobrich 2015). Thus, ensuring that DSBs are repaired
accurately is of critical importance to the maintenance
of genome integrity and cancer avoidance. Eukaryotic cells
possess two major DSB repair pathways. Nonhomologous
end-joining (NHE]) entails religation of the break ends,
whereas homologous recombination (HR) requires a ho-
mologous DNA template, usually the sister chromatid,
to guide accurate repair (San Filippo et al. 2008; Chiruvella
et al. 2013; Mehta and Haber 2014). HR provides a major
tool for DSB and DNA replication fork repair in the S and
G2 phases of the cell cycle when the sister chromatid is
available. NHE] is the default DSB repair mechanism in
G1 cells and is also operational during the other cell cycle
phases (Karathanasis and Wilson 2002).

In HR, the 5’ strands of the DSB ends are nucleolytically
resected, leading to the formation of 3’ ssDNA tails
(Supplemental Fig. S1A; Daley et al. 2015; Symington
2016). These DNA tails become coated by the ssDNA-
binding protein replication protein A (RPA), which is sub-
sequently replaced by the Rad51 recombinase to form a he-
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lical polymer known as the presynaptic filament, a process
that is enhanced by HR mediator proteins such as yeast
Rad52 and human BRCA2 (Prakash et al. 2015). The pre-
synaptic filament then functions together with other ac-
cessory factors—e.g., the DNA motor protein Rad54—to
mediate a search for DNA homology in the sister chroma-
tid. DNA strand invasion occurs upon the location of DNA
homology to yield a DNA joint called the displacement
loop (D loop) (Sung et al. 2003). This is followed by DNA
synthesis within the nascent D loop and resolution of
the resulting DNA intermediates via one of several mech-
anistically distinct pathways to yield noncrossover or
crossover recombinants (San Filippo et al. 2008).

Aside from being an integral step in HR, DNA end re-
section helps determine repair pathway choice commit-
ment, as resected DNA ends are not readily amenable to
NHE]J (Daley et al. 2005). Extensive studies in the past sev-
eral years have shown that DNA end resection is subject
to intricate regulation that occurs in a cell cycle-depen-
dent manner (Daley et al. 2015; Symington 2016). As
shown initially in yeast, several nucleases function in
end resection. The Mrell-Rad50-Xrs2 (MRX) complex
initiates the resection process together with Sae2 by
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incising the 5 DNA strand near the DSB end via the
Mrell endonuclease activity (Supplemental Fig. SI1A;
Huertas et al. 2008; Garcia et al. 2011; Cannavo and Cejka
2014). Mrell also possesses 3'-to-5" exonuclease activity,
allowing it to convert the DNA nick into a gap (Paull and
Gellert 1998; Cannavo and Cejka 2014), which creates the
entry point for two partially redundant nucleases, exonu-
clease 1 (Exol) and Dna2, to mediate long-range resection
(Supplemental Fig. S1A; Gravel et al. 2008; Mimitou and
Symington 2008; Zhu et al. 2008). Exol is a 5'-t0-3' exonu-
clease, whereas Dna2 is an endonuclease that acts on the
5’ flap generated as a result of DNA unwinding by the Sgs1
helicase (Bae et al. 1998; Budd et al. 2000; Cejka et al.
2010; Niu et al. 2010).

Dna2, a member of the SFI family of helicases, possess-
es ATP hydrolysis-dependent 5'-to-3' DNA helicase activ-
ity. Dna2 was initially identified as a helicase involved in
DNA replication (Kuo et al. 1983; Budd and Campbell
1995), and genetic and biochemical analysis suggests
that its main function in replication relates to cleavage
of 5 DNA flaps during Okazaki fragment maturation in
parallel with Rad27/FEN-1 (Bae et al. 1998, 2002; Bae
and Seo 2000; Budd et al. 2000; Lee et al. 2000; Cannavo
et al. 2013; Pinto et al. 2016). Mutation of the conserved
Walker A lysine residue K1080, which is needed for ATP
binding, to glutamate (KI1080E mutation) abolishes
ATPase and helicase activities (Budd et al. 1995). Cells
harboring the dna2-K1080E mutation are inviable unless
the DNA helicase Pifl is also absent (Bae et al. 2002;
Budd et al. 2006). Based on this observation, it has been
suggested that Dna2 cleaves the DNA flap generated
as a result of Okazaki fragment unwinding by Pifl (Ryu
et al. 2004; Budd et al. 2006). The helicase activity of
Dna2 has been implicated in the processing of Okazaki
fragment-derived DNA flaps that contain secondary struc-
ture (Bae et al. 2002) and in unwinding G4 quadruplex
DNA present at telomeres (Masuda-Sasa et al. 2008).
However, existing evidence suggests that the Dna2 heli-
case activity is not needed for DSB end resection. Specifi-
cally, yeast cells harboring the dna2-R1253Q helicase
mutation can resect DSB ends at the normal rate (Zhu
et al. 2008). In apparent concordance with this observa-
tion, the helicase activity of Dna2 appears to be dispensa-
ble for resection in reconstituted systems consisting of
purified proteins (Cejka et al. 2010; Niu et al. 2010).

Here, we present new evidence that ATP hydrolysis by
Dna? is in fact germane for DSB end resection. First, we
show that the dna2-K1080E mutation causes a major re-
section defect in cells lacking Exol, which rely on the
Sgs1-Dna2 pathway for long-range resection. Importantly,
biochemical experiments show that ATP alters the DNA
cleavage pattern in a manner indicative of ATP hydroly-
sis-driven Dna2 translocation in the 5'-to-3’ direction prior
to strand incision. In our reconstituted resection system
containing Sgsl and RPA, while Dna2 generates a wide
range of cleavage products between 12 and 100 nucleotides
(nt) in length, the K1080E mutant produces only short
products of <12 nt. Based on these findings, we present a
model in which ATP hydrolysis fuels the translocation of
Dna2 on ssDNA flaps in the 5'-to-3' direction. On a 5’
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flap, Dna2 moves toward the ss—dsDNA junction and in-
cises DNA when it pauses near the junction. This same ac-
tivity induces the enzyme to translocate off the end of a 3’
flap, which is expected to help impose the 5'-to-3' polarity
of end resection in cells. Our results thus reveal novel roles
of the DNA translocase activity of Dna2 in enhancing the
efficiency and enforcing the polarity of DNA break end re-
section in eukaryotic cells.

Results

The dna2-K1080E mutation engenders a DNA end
resection defect in exol cells

In the Dna2-dependent pathway of long-range DNA end
resection, the Sgs1 helicase separates the strands in duplex
DNA to create a forked “Y” structure. The 5" strand in the
fork is cleaved endonucleolytically by Dna2, yielding a 3’
ssDNA tail that becomes coated by RPA. Whereas the heli-
case activity of Sgsl is essential for strand unwinding, the
helicase-dead dna2-K1080E mutant is capable of efficient
resection in vitro (Cejka et al. 2010; Niu et al. 2010). An-
other helicase-defective mutant, dna2-R1253Q, has been
shown to resect an HO-induced DSB in vivo at nearly the
wild-type level (Zhu et al. 2008). These results have led
to the view that the helicase activity of Dna2 is important
for Okazaki fragment processing but dispensable for DSB
end resection. We sought to re-examine this issue by prob-
ing for differences in resection in the absence of Dna2
ATPase activity using both genetic and biochemical
approaches.

We first asked whether a resection defect would be re-
vealed in the dna2-K1080E mutant in the exol back-
ground. In the absence of Exol, cells must rely solely on
the Sgs1-Dna2 pathway for long-range resection. Since
dna2 mutations, including dna2-K1080E, are lethal in
yeast (Bae et al. 2002), these experiments were performed
in the pif1-m2 mutant background that suppresses lethal-
ity of dna2-K1080E (Budd et al. 2006). Long-range resection
was monitored 10 kb away from the HO endonuclease-in-
duced DSBsite. Consistent with previous observations, we
saw negligible delay at 10 kb in the dna2-K1080E mutant
(Fig. 1A), while the deletion of EXO1 led to a significant re-
section defect (Zhu et al. 2008). Importantly, the long-
range resection deficit in exo1 cells became greatly exacer-
bated by the dna2-K1080E mutation (Fig. 1A). Moreover,
combining the exol and dna2-K1080E mutations resulted
in a synergistic increase in cellular sensitivity to the topo-
isomerase I inhibitor camptothecin, which induces DSBs
that arereliant on HR for repair, and to hydroxyurea, which
induces stalled replication forks that require HR for timely
restart (Fig. 1B). These results thus reveal a previously un-
recognized requirement for the Dna2 ATPase activity in
resection.

Bimodal regulation of Dna2-mediated flap cleavage
by ATP

Early biochemical studies of the dna2-K1080E mutant
found that it possesses the wild-type level of nuclease
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activity (Budd et al. 1995). Results from our laboratory
corroborate this conclusion within the context of our re-
constituted system of DNA end resection (Niu et al.
2010). Given the resection defect revealed in the above ge-
netic experiments, however, we sought to re-examine
whether and how the dna2-K1080E mutation impacts
DNA end resection biochemically. We purified wild-
type Dna2 and the K1080E mutant protein as reported
previously (Niu et al. 2010) and analyzed their activity
on DNA substrates that model resection intermediates.
We specifically assessed early time points in these exper-
iments to minimize secondary cleavage of primary nucle-
ase products. We first used a Y-shaped substrate with 44-
nt flaps and a 31-base-pair duplex region, which mimics a
DSB end that has undergone DNA strand separation (Fig.
2A). To assess DNA cleavage, the 5 end of the 5 flap
strand was labeled with 2P. In the absence of ATP,
Dna2 efficiently cleaved the labeled flap strand, generat-
ing products in the range of 2-13 nt (Fig. 2A). When
ATP was included in the reaction, novel cleavage prod-

Function of Dna2 helicase domain in end resection

Figure 1. DNA end resection defect and drug sensitiv-
ity of dna2-K1080E exo1 cells. (A) Resection in cells of
the indicated genotype was monitored by Southern blot-
ting (Zhu et al. 2008) at the HO cut site and 10 kb away.
Quantitation showing the extent of resection, with the
signal being normalized against that of the TRA 1 control
locus. Experiments were done in triplicate, and error
bars represent one standard deviation. (B) The dna2-
K1080E mutation causes sensitivity to hydroxyurea
and camptothecin in the exol background. Cells of the
indicated genotypes were tested.

50 mM HU

ucts in the range of ~35-40 nt were generated in addition
to the shorter products seen without ATP (Fig. 2A). Nota-
bly, increasing the 5’ flap length to 59 nt led to even longer
products in the range of ~50 nt (Fig. 2C). Thus, a major
cleavage site in a 5’ flap strand of 44 or 59 nt is ~9 nt
from the ss—dsDNA junction.

Long 5’ flap cleavage products were seen upon substitu-
tion of ATP with dATP but not when ADP, other nucleo-
tides, and nonhydrolyzable ATP analogs were used
(Supplemental Fig. S2A). Labeling of the 3’ terminus of
the duplex region revealed that Dna2 also acts on sites
in the dsDNA region in the presence of ATP, although
the majority of the incision sites remains in the 5’ ssDNA
flap region (Supplemental Fig. S2B). These data suggest
that Dna2 is capable of catalyzing strand separation in
the duplex region before cleavage occurs. We also found
that a 3’ flap strand is not necessary for the ATP-depen-
dent shift in 5 flap incision sites, as Dna2 displayed a sim-
ilar incision pattern on a partial duplex that harbors a 5
overhang only (Supplemental Fig. S2C).
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Figure 2. Regulation of Dna2 activity by ATP. (A) Dna2 (10 nM)
was incubated with 5 nM Y substrate containing 44-nt overhangs
with or without 1 mM ATP for the indicated times. The asterisk
denotes the location of the radiolabel, and the arrow marks the
position where a 44-nt ssDNA product would be located. (B)
Dna2 activity was monitored as in A but with 0.5, 1, 2, or 4
mM ATP. The reactions were incubated for 2 min (left panel)
and 8 min (right panel). (C) Same as in A, except that the Y sub-
strate harbored 59-nt overhangs. See also Supplemental Figure S2.

The above observations are consistent with Dna2 trans-
locating in the 5'-to-3’ direction in an ATP hydrolysis-de-
pendent manner until it reaches the vicinity of the
ssDNA-dsDNA junction, where Dna2 pauses, creating a
time window for DNA flap cleavage to occur. In the ab-
sence of ATP, Dna2 can still engage the 5’ flap but does
not translocate, and repeated cycles of DNA engagement
and cleavage lead to the formation of the short products
observed in Figure 2A. This model makes the prediction
that the dna2-K1080E mutant protein, which cannot hy-
drolyze ATP (Supplemental Fig. S3A; Budd et al. 1995),
would not generate the large cleavage products seen
with the wild-type enzyme. Indeed, dna2-K1080E pro-
duced only short cleavage products on the 44-nt 5 flap
substrate with or without ATP being present (Fig. 3A).
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In cells, the 5’ strand of a DSB end is resected rapidly,
but the 3’ strand remains remarkably stable. This is sur-
prising in view of the fact that Dna2 can cleave both 5
and 3’ flaps in vitro (Bae et al. 1998; Cejka et al. 2010;
Niu et al. 2010). Previous studies have shown that the
ssDNA-binding protein RPA helps impose the 5’ polarity
of DNA end resection by enhancing 5’ flap incision while
attenuating 3’ flap cleavage (Bae et al. 2003; Stewart et al.
2008; Cejka et al. 2010; Niu et al. 2010). We considered the
possibility that ATP hydrolysis by Dna2 would attenuate
3’ flap cleavage by fueling the translocation of Dna2 to fa-
cilitate its dissociation from the 3’ flap terminus. To test
this idea, we assessed the action of Dna2 on a Y structure
with 44-nt flaps in which the 3’ end of the 3’ flap strand
was labeled with 32P (Fig. 3B). Dna2 was able to cleave
the 3’ flap efficiently in the absence of ATP, producing
mainly 3- to 6-nt products (Fig. 3B). However, 3’ flap cleav-
age became strongly attenuated upon ATP addition (Fig.
3B). Similar results were obtained when the radiolabel
was moved to the 5’ terminus of the duplex region of the
Y structure (Supplemental Fig. S3B). Thus, ATP-fueled
translocation of Dna2 on ssDNA minimizes the incision
of 3’ flaps and is therefore expected to help enforce the 5
strand specificity of DSB end resection in cells.

Next, we asked how RPA might influence flap cleavage
by Dna2 in the presence of ATP. Importantly, ATP still in-
duced the formation of long cleavage products from the Y
structure with flap strands of 44 nt in a reaction that con-
tained RPA (Fig. 3C). Consistent with published data
(Cejka et al. 2010; Niu et al. 2010), RPA enhanced 5’ flap
cleavage, leading to the accelerated disappearance of the
substrate (Fig. 3C). Notably, the ~35- to 40-nt cleavage
products were less stable with RPA being present, which
very likely stemmed from the stimulation of secondary
cleavage events by RPA (Fig. 3C). These results indicate
that RPA does not interfere with the translocation of
Dna2 on DNA significantly. This is consistent with the
deduction that Dna2-RPA interaction facilitates recipro-
cal exchange of the two factors during resection (Stewart
et al. 2008; Zhou et al. 2015).

Deficiency of dna2-K1080E in a reconstituted
resection system

Finally, we ascertained the importance of the Dna2 trans-
locase function in resecting 5 ssDNA created by Sgs1-me-
diated unwinding in a reconstituted system. This reaction
context is more physiologically relevant because (1) the
ssDNA strands generated by Sgsl are homologous and
thus have the ability to reanneal, unlike our synthetic ol-
igonucleotide structures that harbor noncomplementary
flap strands, and (2) formation of long DNA flaps is possi-
ble, as would be expected in the cellular setting. We used a
randomly radiolabeled 2-kb dsDNA fragment as substrate
in this endeavor. Because Sgsl requires ATP hydrolysis to
unwind dsDNA, we could not simply omit ATP as we did
with analyses of the oligonucleotide-based DNA sub-
strates. Instead, we monitored the size of nuclease prod-
ucts generated by Dna2 and the dna2-K1080E mutant in
conjunction with Sgsl and RPA. Importantly, while
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Dna2 produced products ranging from 2 nt to >100 nt,
dna2-K1080E generated products of <13 nt, with the
bulk of them being <10 nt (Fig. 4A). Quantitation of the
data revealed a clear deficit of dna2-K1080E in product for-
mation in the 12- to 100-nt range (Fig. 4A, right panel).
The results thus suggest that the DNA translocase activ-
ity of Dna2 endows it with the ability to incise flaps gen-
erated by Sgsl-RPA-mediated unwinding of dsDNA to
form long resection products.

Discussion

The role of the DNA-dependent ATPase function of Dna2
in DSB end resection has remained enigmatic since the
protein was first implicated in HR in yeast genetic studies
(Zhu et al. 2008). Here, we documented an unexpected
role for this Dna2 attribute in the resection process both
in vitro and in cells. Specifically, a resection defect for
the dna2-K1080E mutant is revealed in the exol back-

ground, where the Sgs1-Dna?2 pathway becomes solely re-
sponsible for long-range resection. We observed this effect
by physically monitoring resection at a DSB created by the
HO endonuclease and examining the sensitivity of cells to
the clastogenic agents camptothecin and hydroxyurea.
Both of these agents induce lesions that require Dna2- or
Exol-dependent resection for initiation of recombina-
tion-based repair (DSBs with topoisomerase-linked ends
for the former and stalled replication forks for the latter).

Biochemically, ATP alters the Dna2 cleavage specificity
on 5 flaps and inhibits 3’ flap cleavage, but the dna2-
K1080F mutant is unresponsive to ATP. In a reconstituted
resection system containing Sgsl and RPA, wild-type
Dna2 produces short as well as long cleavage products,
whereas dna2-K1080E yields only short fragments.

The findings reported here provide the basis for a model
of Dna2 action in DN A break end resection. In this model,
Dna2 hydrolyzes ATP to fuel its translocation to the base
of a 5’ DNA flap generated by the Sgs1 helicase in conjunc-
tion with RPA, where DNA incision occurs near the
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Figure 4. Analysis of Dna2 and dna2-K1080E in a reconstituted
DNA end resection system. (A) Dna2 (wild type [WT]; 5 nM) or 5
nM dna2-K1080E (K1080E) was incubated with 20 nM Sgs1, 200
nM RPA, and 0.25 nM 2-kb randomly labeled dsDNA substrate
for the indicated times. Quantitation shows the fraction of prod-
ucts in the 12- to 100-nt range relative to the total sum of all nu-
clease products. The experiment was done in triplicate, and error
bars represent one standard deviation. (B) Model for ATP hydroly-
sis-fueled Dna2 translocation in end resection. Dna2 is shown in
yellow, Sgsl is in green, and RPA is in blue. The dotted arrow in-
dicates the direction of Dna2 translocation, and the red arrow de-
notes the Dna2 cleavage site. At the expense of ATP hydrolysis,
Dna2 translocates to the base of the 5’ flap, where DNA incision
occurs. RPA can block Dna2 from accessing the 3’ flap. When
Dna2 engages the 3’ flap, ATP hydrolysis causes it to translocate
on the DNA and dissociate from the end. (C) Model for how Dna2
functions in the absence of ATP or when the K1080F mutation
prevents ATP hydrolysis. In this case, Dna?2 fails to translocate
and instead incises DNA near the 5 terminus of a DNA flap.
Moreover, a 3’ ssDNA end that is not protected by RPA becomes
susceptible to Dna2 nuclease action.

duplex junction (Fig. 4B). In the absence of ATP or in the
case of the K1080E mutant, Dna2 is unable to move and
instead cleaves a small DNA section from the end of the
5" flap (Fig. 4C). This mechanism of action is consistent
with previous biochemical data addressing the role of
Dna2 in Okazaki fragment processing (Bae and Seo
2000). On substrates that resemble intermediates formed
during Okazaki fragment processing, ATP has been re-
ported to induce a shift in the Dna2 cleavage pattern sim-
ilar to what we observed in end resection (Bae and Seo
2000). In this regard, the helicase activity of Dna2 has
been suggested to power its traversal over the RNA primer
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associated with Okazaki fragments (Balakrishnan et al.
2010). Together, the available data suggest that ATP hy-
drolysis promotes 5'-to-3' Dna2 translocation on ssDNA
flaps in a similar manner in both end resection and Okaza-
ki fragment maturation.

RPA has been shown to protect the 3’ flap DNA from
cleavage by Dna2 (Bae et al. 2003; Stewart et al. 2008;
Cejka et al. 2010; Niu et al. 2010). However, during the re-
section process, the 3’ flap strand may remain RPA-free for
a short time upon its generation or become momentarily
exposed when a bound RPA undergoes exchange with an-
other protein factor; e.g., a free RPA molecule, Dna2, or
the recombinase Rad51 (Gibb et al. 2014; Zhou et al.
2015). Under these circumstances, the DNA translocase
activity of Dna2 is expected to prompt its disengagement
from the 3’ flap strand (Fig. 4B), thus imposing an addition-
al layer of resection polarity control.

Materials and methods

Yeast DSB end resection assay and drug sensitivity tests

All yeast strains used to study resection at the HO-induced DSB
and sensitivity to damaging agents were derivatives of the haploid
yeast strain JKM139 (MATa ho hml::ADE1 hmr::ADE1 adel-100
leu2-3,112 Iys5 trp1::hisG ura3-52 lys5 ade3::GAL10::HO). The
dna2-K1080F mutant was constructed within a pif2-m?2 strain us-
ing in vivo site-directed mutagenesis (Stuckey and Storici 2013),
and the mutation was confirmed by sequencing. The kinetics of
resection was measured as described previously (Niu et al.
2010). For hydroxyurea and camptothecin sensitivity tests, cul-
tures grown in YEPD were diluted to 1 x 107 cells per milliliter
and then further serially diluted by 10-fold before being spotted
on YEPD plates containing the indicated concentration of drug.
The plates were photographed after a 3-d incubation at 30°C.

Protein expression and purification

Affinity epitope-tagged forms of Sgsl, RPA, Dna2, and dna2-
K1080E were purified as described previously (Niu et al. 2010).

DNA substrates

The oligonucleotide-based substrates used in this study have
been described previously (Daley et al. 2014). The indicated oligo-
nucleotides were either 5" end-labeled with y**P-ATP (Perkin-
Elmer) and T4 polynucleotide kinase (New England Biolabs) or
3’ end-labeled with o®?P-dATP (Perkin-Elmer) and terminal trans-
ferase (New England Biolabs). After annealing of complementary
oligonucleotides, substrates were purified by electrophoresis in
native 10% polyacrylamide gels run in TBE buffer (90 mM Tris,
90 mM boric acid, 0.5 mM EDTA at pH 8.0) at 4°C and electro-
elution into the same buffer before being concentrated in an Ami-
con Ultra-4 centrifugal concentrator.

Nuclease assays

Nuclease assays were conducted for the indicated time at 30°C
with the indicated radiolabeled DNA substrate (5 nM for the oligo-
nucleotide-based substrates or 0.25 nM for the 2-kb substrate used
in Fig. 4) in 10 pL of nuclease reaction buffer (25 mM Tris-HCI at
pH7.5,1mMDTT, 100 ng/mLBSA). All of the reactions contained
2 mM MgCl, unless otherwise indicated and were supplemented



with the indicated amount of ATP. The nucleotides used in
Supplemental Figure S2A were dATP, dGTP, dCTP, dTTP
(Denville Scientific), ADP, AMP-PNP, and ATPyS (Roche) at a
final concentration of 1 mM. The reaction was terminated by add-
ing 0.25 mg/mL proteinase K, 0.08 % Orange G dye, 10% glycerol,
and 90% formamide and was analyzed in a 20% urea—polyacryl-
amide TBE sequencing gel. After fixing with 50% methanol and
20% poly(ethylene glycol)-400 (Sigma-Aldrich) for 10 min, gels
were dried onto 3-mm Whatman paper before being analyzed in
a Personal Molecular Imager FX phosphorimager (Bio-Rad).

ATPase assay

ATPase assay was performed at 30°C as described previously (Niu
etal. 2010). Briefly, 20 nM Dna2 or mutant was incubated with 33
1M ssDNA nucleotides in 20 uL of buffer [20 mM HEPES-KOH at
pH 7.5, 5 mM Mg(C,H;0,),, 1 mM DTT, 0.2 mM ATP, 0.4 Ci
v-32P-ATP] for the indicated time at 30°C. The reaction was ter-
minated by adding 2 pL of 0.1 M EDTA. Next, 1 uL of the reaction
mixtures was spotted onto a PEI cellulose TLC plate (Select Sci-
entific), which was developed in with 0.15 M formic acid/0.15
M LiCl. The TLC plates were air-dried and then subjected to
phosphorimaging analysis.
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