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The annealing helicase HARP
is recruited to DNA repair sites
via an interaction with RPA
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HepA-related protein (HARP) (also known as SMAR-
CAL1) is an ATP-driven annealing helicase that catalyzes
the formation of dsDNA from complementary Replica-
tion protein A (RPA)-bound ssDNA. Here we find that
HARP contains a conserved N-terminal motif that is
necessary and sufficient for binding to RPA. This RPA-
binding motif is not required for annealing helicase
activity, but is essential for the recruitment of HARP to
sites of laser-induced DNA damage. These findings sug-
gest that the interaction of HARP with RPA increases the
concentration of annealing helicase activity in the
vicinity of ssDNA regions to facilitate processes such as
DNA repair.
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Proteins in the SNF2 family of ATPases participate in
a variety of nuclear processes, such as chromatin assem-
bly and remodeling, transcription, DNA repair, and re-
combination (Gorbalenya and Koonin 1993; Eisen et al.
1995; Flaus et al. 2006). The HepA-related protein
(HARP, also known as SMARCALL) is a distant member
of the SNF2 family (Coleman et al. 2000; Flaus et al.
2006). HARP is present in many eukaryotes but appears
to be absent in fungi. In humans, mutations in HARP
contribute to the pleiotropic disorder known as Schimke
immunoosseous dysplasia (SIOD) (Boerkoel et al. 2002.).
HARP is an ATP-dependent annealing helicase
(Yusufzai and Kadonaga 2008). Specifically, HARP is
able to rewind complementary ssDNA that is bound by
the ssDNA-binding protein Replication protein A (RPA).
HARP binds preferentially to fork DNA relative to
ssDNA or to dsDNA (Yusufzai and Kadonaga 2008).
The ATPase activity of HARP is also stimulated prefer-
entially by fork DNA relative to ssDNA or dsDNA
(Yusufzai and Kadonaga 2008). This property is consis-
tent with the observation that the ATPase activity of
HARP is enhanced by DNA species with ssDNA-dsDNA
junctions (Hockensmith et al. 1986; Muthuswami et al.
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2000). These findings suggest a model wherein the bind-
ing of HARP to a DNA fork activates its ATP-driven
motor with which it catalyzes the rewinding of DNA.

The DNA rewinding activity of HARP could poten-
tially participate in many different processes such as
transcription, DNA replication, and DNA repair, in
which ssDNA regions are generated by the action of
helicases or polymerases (for example, see Liu and
Wang 1987; Kowalski et al. 1988; Havas et al. 2000; Pyle
2008). These ssDNA regions can be stabilized by ssDNA-
binding proteins (SSBs) such as RPA, the major SSB in
eukaryotes (for example, see Wold 1997; Iftode et al. 1999;
Zou et al. 2006). RPA is a heterotrimer (RPA1 [70 kDa],
RPA2 [32 kDa], and RPA3 [14 kDa]) that binds stably to
ssDNA and prevents complementary DNA from rean-
nealing. RPA is required for many cellular processes,
including replication, recombination, and repair, during
which it stabilizes ssDNA intermediates. Because HARP
catalyzes the regeneration of dsDNA from complemen-
tary RPA-bound ssDNA, it is possible that there is
a specific link between HARP and RPA. In this study,
we identify and characterize a direct interaction between
these factors.

Results and Discussion

HARP is present in a stable complex with RPA

To gain a better understanding of the function of HARP,
we created a stable HeLa cell line that expresses a trans-
gene encoding Flag-HA-tagged HARP protein, and then
purified Flag-HA-HARP and associated proteins from
these cells by sequential Flag and HA immunoaffinity
chromatography. As a control, the same procedures were
performed in parallel with normal HeLa cells lacking the
HARP transgene. The resulting samples were analyzed by
SDS-polyacrylamide gel electrophoresis, which revealed
several polypeptides that copurify with Flag-HA-HARP.
Several independent repetitions of this procedure showed
that three polypeptides consistently copurified with
HARP. Analysis of these three polypeptides by mass
spectrometry indicated that they are the three subunits
of RPA (Fig. 1J.

To investigate whether the interaction between HARP
and RPA occurs in other cell types, we tested the
association of the native proteins in MO59K human
glioblastoma cells. In these experiments, we observed
that RPA coimmunoprecipitates with HARP in whole-
cell extracts from M0O59K cells (Supplemental Fig. S1). We
also observed coimmunoprecipitation of RPA and HARP
in cell extracts from human Jurkat and MCF7 cells (data
not shown). Thus, HARP forms a stable complex with
RPA in different cell types.

HARP interacts with RPA via a conserved N-terminal
motif

We next sought to identify the region of HARP that is
responsible for its interaction with RPA. First, we exam-
ined the conserved regions of vertebrate HARP proteins.
This analysis revealed the previously described SNF2
ATPase domain and HARP motifs of unknown function
(Fig. 2A; Coleman et al. 2000). In addition, we observed
that the N terminus of HARP contains a highly charged
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Figure 1. Purification of a HARP-containing complex. Nuclear
extracts were prepared from normal HeLa S3 cells (—) or HeLa cells
expressing Flag-HA-tagged HARP (+). The proteins were subjected to
sequential anti-Flag and anti-HA immunoaffinity purification, and
then analyzed by SDS—polyacrylamide gel electrophoresis and silver
staining. The polypeptides that consistently copurified with Flag-
HA-HARP were identified by mass spectroscopy and are indicated.

conserved region (Fig. 2A). We investigated whether other
proteins contain sequence motifs that resemble the
conserved N-terminal region of HARP, and found that
a related sequence, which binds to the RPA2 subunit of
RPA, is present in several DNA repair factors that are
known to interact with RPA (Mer et al. 2000). These
findings suggested that the N-terminal
region of HARP is an RPA interaction

HARP binds directly to RPA

HeLa cells lacking transgenic Flag-HA-HARP. These
results indicate that sequences in the conserved N
terminus of HARP are necessary for the interaction of
RPA with HARP.

To determine whether RPA binds directly to HARP, we
synthesized Flag-tagged wild-type and mutant HARP
proteins in Sf9 cells with a baculovirus expression sys-
tem, and purified the proteins to near homogeneity by
Flag affinity chromatography (Fig. 3A). We also synthe-
sized human RPA in Escherichia coli and purified the
protein to near homogeneity (Henricksen et al. 1994;
Yusufzai and Kadonaga 2008). Purified Flag-tagged wild-
type or mutant HARP was incubated with purified RPA,
and the resulting samples were subjected to immunopre-
cipitation with anti-Flag antibodies. The presence of
HARP and RPA in the immunoprecipitates was then
detected by Western blot analysis with anti-HARP or
anti-RPA2 antibodies. These experiments revealed that
RPA binds directly to wild-type HARP but does not
interact with the mutant HARP (Fig. 3B). Hence, there
is a direct interaction between HARP and RPA that is
dependent on the conserved N-terminal region of HARP.

We then further investigated whether the N terminus
of HARP is sufficient for binding to RPA. To this end, we
synthesized and purified the wild-type and mutant ver-
sions of peptides that comprise the N-terminal 36-amino-
acid residues of HARP along with a C-terminal Flag tag.
Coimmunoprecipitation analyses with these peptides
and purified RPA revealed that the wild-type peptide,
but not the mutant peptide, binds to RPA (Fig. 3C). Thus,
the collective results indicate that the N-terminal 36-
amino-acid residues of HARP are necessary and sufficient
for binding to RPA.

motif A RPA HARP HARP SNF2
To test this idea, we generated a i T - —— -

mutant version of HARP containing
amino acid substitutions in the region
of the N terminus that corresponds to

/_‘\ Human HARP

the putative RPA2-binding motif (Fig.
2A; Mer et al. 2000). We then created
a stable HeLa cell line that expresses

a transgene encoding the mutant
HARP protein with Flag and HA tags.
The effect of the N-terminal muta-
tions on the binding of RPA to HARP B
was tested in coimmunoprecipitation

MSLPLTEEQRKKIEENRQKALARRAEKLLAEQHQRTSSGTSIAG H.sapiens
MSLPLTEEQRKKIEENROQKALARRAEKLS-EQPQSTASGSSAAG M.musculus
MSVCLTEEQKRKIEENRQRALARRAERLAAQONTLKQTNNSHST X.laevis
MSSGLTEEQKRRIEENROKALARRAERIAAHLGGQLGITGPQVK G.gallus
I |
KATASGRAIL Mutant H.sapiens

FLAG-HA-HARP in HelLa Cells

1
experiments with HeLa cell lines r Nong , \'.Nlld Typle .MUtant.
containing wild-type versus mutant NE IP NE IP NE IP
transgenic HARP proteins. The trans-
genic Flag-HA-HARP proteins were Anti-HARP - - . : :
immunoprecipitated with anti-Flag . 1P with Anti-FLAG !
antibodies, and the presence of RPA Anti-RPA? @ - = e Western Blot Analysis

was detected by Western blot with
antibodies against RPA2. These ex-
periments revealed that RPA coimmu-
noprecipitates with wild-type HARP
but not with mutant HARP (Fig.
2B). Western blot analyses with anti-
HARP also confirmed the presence
of the transgenic Flag-HA-HARP pro-
teins in both cell lines. As a control,
RPA was not detected in the anti-
Flag immunoprecipitates of normal

Figure 2. The conserved N-terminal region of HARP is required for the interaction of HARP
with RPA. (A) Schematic representation of the conserved regions of HARP. The human, mouse,
frog, and chicken HARP proteins were aligned by using the Clustal W algorithm, and conserved
amino acid residues with 100% identity are represented by black hatches. The amino acid
sequences of the N-terminal region are shown below, and the substitutions in the mutant
human HARP protein are indicated. (B) Coimmunoprecipitation of RPA and HARP. HARP was
immunoprecipitated with anti-Flag resin from nuclear extracts of cells containing wild-type or
mutant Flag-HA-HARP. The amino acid substitutions in the mutant HARP protein are as
depicted in A. As a control, normal HeLa cells lacking Flag-HA-HARP were also treated in
parallel. Western blot analysis of nuclear extract (NE) and immunoprecipitated samples (IP)
was performed by using anti-HARP and anti-RPA2 antibodies.
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Figure 3. The RPA interaction region of HARP is not required for annealing helicase activity. (A) Purification of wild-type and mutant HARP
proteins. Recombinant Flag-HARP proteins were synthesized by baculovirus expression in Sf9 cells, purified by Flag affinity chromatography,
and analyzed by SDS-polyacrylamide gel electrophoresis and staining with Coomassie Blue R-250. The amino acid substitutions in the mutant
HARP protein are depicted in Figure 2A. (B) The conserved N-terminal region of HARP is necessary for the binding of purified HARP to purified
RPA. Wild-type or mutant Flag-HARP was incubated with purified recombinant RPA, and then immunoprecipitated with anti-Flag resin. After
the beads were washed, the bound proteins were eluted and detected by Western blot analysis. (C) The N-terminal 36-amino-acid residues
of HARP are sufficient for binding to RPA. The wild-type and mutant versions of the N-terminal 36-amino-acid residues of HARP (fused to a
C-terminal Flag tag) were synthesized in bacteria and purified to near homogeneity. The binding of these peptides to purified RPA was analyzed,
as in B. (D) Both wild-type and mutant HARP proteins possess ATP-dependent annealing helicase activity. Annealing helicase assays were
carried out as described by Yusufzai and Kadonaga (2008). HARP-mediated DNA rewinding is monitored by the ATP-dependent relaxation of
RPA-unwound DNA in the presence of topoisomerase I. An equimolar amount of UTP was used as a control for the absence of ATP.

The N-terminal RPA-binding motif of HARP investigated a potential function for the RPA-HARP
is not needed for annealing helicase activity interaction. RPA-bound ssDNA is a key intermediate
We then examined whether the conserved N-terminal in processes such as DNA replication and repair [for

example, see Wold 1997; Iftode et al. 1999; Zou et al.

region of HARP is needed for its annealing helicase 2006). We examined a potential function of HARP in

activity. In the annealing he;licase assay, HARP catalyzes DNA repair. To this end, we microirradiated several
the ATP-dependent formation of dsDNA from partially different human cell lines (A172, HeLa, IMR90, and
unwound plasmid DNA containing RPA-bound ssSDNA MCF7) and determined whether HARP loéalizes tol sites
bubbles (Supplemental Fig. 52; Yusufzau and Kadongga of DNA damage. In these studies, we used a highly
2008). In the presence of topoisomerase 1, annealing focused nanosecond green laser that mostly generates

heli(;alsle activity hs dDeliigted by .th.e conﬁ/ eri%i gf thg DNA double-strand breaks (DSBs) in defined regions of
partially unwoun (containing the -boun nuclei (for example, see Kim et al. 2002, 2007). The

ssDNA bubbles) from a negatively supercoiled state to endogenous HARP protein was visualized by immuno-
relaxed dsDNA circles. We obserye;d that th.e wild-type fluorescence with anti-HARP antibodies. We observed
and mutant HAR.P proteins exhibit gpprox1mately the that HARP localizes to sites of laser-induced DNA dam-
same specific activity in the anpeahng hehcgse assay age in each of the cell lines tested (Fig. 4A). These findings
over a range of protein concentrations and reaction times suggest a role of HARP in DSB repair.

(l;llg'b‘.g%. dataf not shown). Thvese fmdmgs 1(111(fhcatﬁ that To assess the relative timing of the recruitment of HARP
the binding of RPA to HARP is not required for the an- and RPA to laser-induced DNA damage sites, we micro-
nealing helicase activity of HARP. irradiated HeLa cells and then fixed the cells at specific
i s iy . . time points subsequent to irradiation. These experiments
Z?Ieiﬁllzé ?;If;:for?%tﬁ;f ézgﬁ;d for recruitment revealed that the timing of the localization of HARP to
damaged DNA is similar to that of RPA (Supplemental Fig.

Because the intrinsic annealing helicase activity of HARP S3A). The early response factor Mrel 1 is recruited to DNA
acts independently of its binding to RPA, we further damage sites prior to RPA (Kim et al. 2005). Similarly, we
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Figure 4. Wild-type but not RPA-binding-defective mutant HARP
localizes to laser-induced damage sites. (A) Endogenous HARP
protein is localized to sites of DNA damage in several different cell
lines. The indicated cells were microirradiated with a nanosecond
green laser. After 1 h, the cells were fixed and stained with anti-
HARP antibodies. The nuclei are outlined with a dotted line. (B)
Cells containing wild-type or mutant Flag-HA-HARP were micro-
irradiated, as in A. After 30 min, cells were fixed and stained with
anti-HARP and anti-Flag antibodies. The anti-HARP antibodies
recognize both the endogenous and transgenic HARP, whereas the
anti-Flag antibodies recognize only the transgenic HARP. All of the
wild-type HARP-containing cells (N = 8) exhibited specific locali-
zation of HARP to the DNA damage sites, whereas none of the
mutant HARP-containing cells (N = 8) showed localization of the
mutant HARP to the DNA damage sites. (C) A simple view of HARP
protein.

found that Mrell is localized to microirradiated DNA
before HARP (Supplemental Fig. S3B).

To test the role of the HARP-RPA interaction in the
recruitment of HARP to damaged DNA, we compared
the properties of wild-type versus RPA-binding mutant
HARP. We created stable cell lines that express wild-type

HARP binds directly to RPA

or mutant Flag-HA-HARP proteins. Then, the localiza-
tion of total HARP proteins (both endogenous HARP and
transgenic Flag-HA-HARP) was visualized by immuno-
fluorescence with anti-HARP antibodies, whereas the
localization of transgenic HARP proteins was determined
by immunofluorescence with anti-Flag antibodies.

These experiments revealed that wild-type Flag-HA-
HARP localizes to the sites of laser-induced DNA dam-
age (Fig. 4B, bottom left) in a manner similar to endoge-
nous HARP (Fig. 4A,B [top left]). We also confirmed
the localization of wild-type Flag-HA-HARP to sites of
DNA damage that are generated with a lower-intensity
405-nm blue laser (Supplemental Fig. S4, top left), which
creates DSBs in DNA that is presensitized by the in-
corporation of BrdU (Kong et al. 2009).

Next, we analyzed the localization of mutant Flag-HA-
HARP to damaged DNA. As shown in Figure 4B (bottom
right), mutant Flag-HA-HARP (as detected with anti-Flag
antibodies) is not localized to sites of green laser-induced
DNA damage, whereas, in contrast, endogenous HARP
(as detected with anti-HARP antibodies) is recruited to
the DNA damage regions (Fig. 4B, top right). The inability
of the mutant Flag-HA-HARP to localize to damaged
DNA was also observed upon microirradiation of BrdU-
treated cells with the blue laser (Supplemental Fig. S4,
top right). These results indicate that the conserved
N-terminal RPA-binding motif is essential for the re-
cruitment of HARP to sites of DNA damage.

Summary and conclusions

In this study, we found that HARP binds stably to RPA
via a conserved N-terminal RPA interaction region (Fig.
4C). The binding of HARP to the N-terminal region is
not required for its annealing helicase activity, but is
essential for the recruitment of HARP to sites of laser-
induced DNA damage. In addition, the ATPase activity
of HARP is not stimulated by ssDNA or RPA (Yusufzai
and Kadonaga 2008). These findings suggest a model in
which the interaction between RPA and HARP serves
to recruit HARP to regions of ssDNA that are formed
during DNA damage and repair. This work has focused
on the role of HARP in the response to laser-induced
DNA damage, which mainly involves DSBs. It is also
possible, however, that HARP participates in other pro-
cesses, such as DNA replication. For instance, during the
replication of damaged DNA, the presence of a lesion can
uncouple the replicating helicase from the polymerase
and lead to the formation of an extended ssDNA bubble
(Byun et al. 2005). Thus, in a more general sense, the
recruitment of HARP to ssDNA via RPA might pro-
vide a concentrated source of annealing helicase activ-
ity that acts to rewind complementary ssDNA regions
into dsDNA.

Materials and methods

Purification of the HARP complex

The HARP complex was purified by sequential anti-Flag and anti-HA
immunoaffinity steps from HeLa S3 cells that stably express a cDNA
encoding wild-type human HARP with C-terminal Flag and HA tags. The
generation of the stable HeLa S3 cell line and the affinity purification were
carried out by using previously described methods (Nakatani and Ogryzko
2003). The specific procedures are described in detail in the Supplemental
Material.
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Mutant HARP protein

The human HARP ¢cDNA was modified by overlapping PCR with primers
that convert the coding sequence from AATCGACAAAAGGCTCTGGC
CCGCAGAGCT to AAGGCAATTGCCTCAGGAAGAGCAATCCTG
from +46 to +75 relative to A + 1 in the ATG-initiating codon. These
mutations result in the substitution of 10 consecutive amino acid residues
in the HARP protein, as depicted in Figure 2A. The integrity of the
sequence of the mutant HARP ¢cDNA was verified by DNA sequencing. A
stable HeLa S3 cell line expressing the cDNA encoding the mutant HARP
with C-terminal Flag and HA tags was constructed in an analogous
manner as for wild-type HARP.

Coimmunoprecipitation of HARP and RPA

Nuclear extracts were prepared from HeLa cells containing wild-type or
mutant HARP protein with C-terminal Flag and HA tags. Flag-HA-HARP
and associated proteins were immunoprecipitated with anti-Flag resin, as
described for the purification of the HARP complex. Proteins were
detected by Western blot analysis by using anti-HARP (rabbit polyclonal
antibodies raised against a recombinant C-terminal fragment comprising
amino acid residues 820-954 along with a His6 tag) or anti-RPA2 (gift from
Bruce Stillman, Cold Spring Harbor Laboratory, Cold Spring Harbor, NY)
antibodies. Methods for the coimmunoprecipitation of purified HARP and
RPA proteins are described in the Supplemental Material.

Annealing helicase assay

The annealing helicase assay was performed as described previously
(Yusufzai and Kadonaga 2008).

Green laser microirradiation

Laser microirradiation and immunofluorescence staining were performed
as described previously (Kong et al. 2009). In these experiments, a small
region inside the cell nucleus was irradiated by focusing a second
harmonic (532 nm) of a pulsed neodymium:ytrium aluminum garnet
laser within the selected Z plane through an epifluorescence port of
a Zeiss LSM 410 confocal system. An ~10-um line was scanned con-
tinuously for 2 min. After microirradiation, cells were fixed and stained
with anti-HARP or anti-Flag (M2; Sigma) antibodies. Typically, four to six
cells per plate, using up to seven plates, were microirradiated and then
fixed within 30-60 min post-irradiation. Experiments were repeated at
least three times and consistent results were obtained. Cell viability was
confirmed by morphology.
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