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ABSTRACT

Replication protein A (RPA), a eukaryotic single-
stranded DNA (ssDNA) binding protein, dynamically
interacts with ssDNA in different binding modes and
plays essential roles in DNA metabolism such as
replication, repair, and recombination. RPA accumu-
lation on ssDNA due to replication stress triggers the
DNA damage response (DDR) by activating the ataxia
telangiectasia and RAD3-related (ATR) kinase, which
phosphorylates itself and downstream DDR factors,
including RPA. We recently reported that the N-
methyl-D-aspartate receptor synaptonuclear signal-
ing and neuronal migration factor (NSMF), a neuronal
protein associated with Kallmann syndrome, pro-
motes RPA32 phosphorylation via ATR upon repli-
cation stress. However, how NSMF enhances ATR-
mediated RPA32 phosphorylation remains elusive.
Here, we demonstrate that NSMF colocalizes and
physically interacts with RPA at DNA damage sites
in vivo and in vitro. Using purified RPA and NSMF
in biochemical and single-molecule assays, we find
that NSMF selectively displaces RPA in the more
weakly bound 8- and 20-nucleotide binding modes
from ssDNA, allowing the retention of more stable
RPA molecules in the 30-nt binding mode. The 30-
nt binding mode of RPA enhances RPA32 phospho-
rylation by ATR, and phosphorylated RPA becomes
stabilized on ssDNA. Our findings provide new mech-
anistic insight into how NSMF facilitates the role of
RPA in the ATR pathway.
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INTRODUCTION

The eukaryotic single-stranded DNA-binding protein RPA
interacts dynamically with ssDNA as a heterotrimeric com-
plex consisting of RPA70, RPA32, and RPA14. RPA plays
important roles in diverse DNA metabolic reactions, such
as replication, repair, and recombination, by protecting
transient ssDNA and preventing secondary structure for-
mation of ssDNA (1,2). DNA-bound RPA interacts with
many proteins to guide processes in DNA metabolism. RPA
binding to ssDNA is primarily an intermediate stage in
DNA metabolism. In addition, RPA-coated ssDNA pro-
vides a platform for the DNA damage response (DDR) in-
duced by replication stress (3—5). When replication forks
encounter DNA lesions, such as inter-strand crosslinks
(ICLs), pyrimidine dimers, or bulky lesions, they can stall,
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leading to the uncoupling of DNA helicase and DNA poly-
merase and the generation of ssDNA covered with RPA.
Long RPA-ssDNA filaments trigger the DDR primar-
ily by activating an apical kinase, the ataxia telangiecta-
sia and RAD3-related (ATR) kinase, through a complex
with ATR-interacting protein (ATRIP) (5,6). The Radl7-
RFC2-5 clamp loader then loads the Rad9-Rad1-Husl (9-
1-1) complex on the recessed 5 terminus of the nascent
primer downstream of the stalled primer-template junction,
leading to the stimulation of ATR kinase activity aided
by TopBP1 (7-11). Additionally, the RPA-ssDNA complex
can be bound by ETAAI1 to activate ATR kinase (12). Fi-
nally, Chkl is activated by phosphorylation by ATR, lead-
ing to cell-cycle arrest, DNA repair, and replication fork
stabilization (13). During this process, ATR-ATRIP phos-
phorylates RPA and RPA phosphorylation is essential for
recruiting downstream proteins to the stalled fork and ac-
tivating ATR signaling. Moreover, RPA phosphorylation
may minimize sSDNA generation under replication stress
by stimulating repair DNA synthesis (14,15). Despite the
importance of RPA phosphorylation, the molecular details
of ATR-mediated RPA phosphorylation are poorly under-
stood.

Central to the DNA-binding activity of RPA are DNA-
binding oligonucleotide/oligosaccharide-binding folds
(here referred to as DNA-binding domains [DBDs]).
RPA70 has four DBDs: DBD-A, DBD-B, DBD-C, and
DBD-F, while RPA32 and RPA14 have DBD-D and
DBD-E, respectively (1,2,16-18). RPA binds ssDNA in at
least three distinct binding modes defined by the length
of the ssDNA stretches directly bound to RPA (16). The
lowest affinity 8-nucleotide (nt) mode has a binding affinity
(Kyq) of approximately 100 nM, in which only DBD-A and
DBD-B of RPA70 bind to ssDNA (19,20). The second
mode is the ~20-nt binding mode with a Ky of about 5
nM, in which DBD-A, DBD-B, and DBD-C of RPA70
bind ssDNA (21-23). The third mode is the highest affinity
30-nt binding mode with a Ky of approximately 0.05 nM,
in which DBD-A, DBD-B, and DBD-C of RPA70 and
DBD-D of RPA32 are all engaged with ssDNA (18,19).
The binding modes can change dynamically (23,24). RPA
must tightly bind to ssDNA to accomplish its biological
function; however, it must also be displaced to allow access
to downstream proteins. Therefore, the dynamic behavior
of RPA and the various binding modes may be important
for DNA metabolism.

N-methyl-D-aspartate receptor synaptonuclear signaling
and neuronal migration factor (NSMF), also known as Ja-
cob (the mouse ortholog is NELF [nasal embryonic LHRH
factor]), is a 60 kDa neuronal protein originally identi-
fied as being expressed in both central and peripheral ner-
vous system tissues during embryonic development (25,26).
It is involved in the migration of olfactory and GnRH
(gonadotropin-releasing hormone) neurons into the fore-
brain and is related to neuronal plasticity (25,26). Defects
in NSMF are associated with Kallmann syndrome, which is
characterized by an impaired sense of smell (anosmia) and
idiopathic hypogonadotropic hypogonadism (IHH) (27—
29). In addition, NSMF carries the extracellular signal-
regulated kinase (ERK) phosphorylation signal to the nu-
cleus in response to synaptic and extrasynaptic NMDA re-
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ceptor stimulation (28,30). Although NSMF is highly ex-
pressed in the brain, it is also weakly expressed in other or-
gans (e.g. heart, liver, testis, and kidney) (26,29). Moreover,
NSMF is expressed in myoblast skeletal muscle cells and
may enhance myoblast proliferation (31). We recently ob-
served that NSMF is involved in the DDR pathway and that
NSMF deficiency increases the sensitivity to DNA damage
(32). As a scaffold, NSMF, along with cell division cycle
5-like (CDCS5L) and ATR-ATRIP, enhances RPA32 phos-
phorylation. However, how NSMF mediates DDR is un-
known. In this study, we investigated the molecular mech-
anism underlying how NSMF activates ATR-mediated
RPA32 phosphorylation. We observed that NSMF is re-
cruited to DNA damage sites at a very early stage and inter-
acts with RPA. Using purified NSMF and RPA in single-
molecule and biochemical assays, we demonstrated that
NSMF promotes the more stable 30-nt binding mode of
RPA on ssDNA to facilitate RPA32 phosphorylation and
stabilization.

MATERIALS AND METHODS

All the details of the materials and methods are described in
the Supplementary Data. Here, they are briefly described.

Cell-based experiments

Cell culture. HeLa and human embryonic kidney (HEK)
293T cells were purchased from the American Type Cul-
ture Collection (ATCC). The cell lines were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen)
supplemented with 10% fetal bovine serum (FBS) (Milli-
pore) and 1% penicillin/streptomycin (Gibco) at 37°C with
5% CO,;. The NSMF knockout (KO) cell line was cultured
as described previously (32). For chromatin fraction anal-
ysis, HeLa cells stably expressing FLAG-NSMF-wild-type
(WT) or AD2 were obtained upon antibiotic selection with
3 pg/ml puromycin (InvivoGen) for 2 weeks. Clones were
pooled into a single population to avoid clonal heterogene-
ity.

Laser microirradiation and imaging of cells. Laser microir-
radiation was performed with a Nikon A1 laser microdissec-
tion system equipped with a 37°C chamber and CO; mod-
ule (Nikon, Tokyo, Japan). An ultraviolet A laser with a
355 nm wavelength was illuminated, and time-lapse fluores-
cence images were acquired at 10 or 15-s intervals.

Transfection and small interfering RNAs (siRNAs). Tran-
sient transfection of plasmid DNA and siRNAs was per-
formed using Lipofectamine 3000 (Thermo Fisher Scien-
tific) and Lipofectamine RNAIMAX (Thermo Fisher Sci-
entific). The control siRNAs were previously described (33).
The following custom siRNA sequences, RPA32 #1: 5'-
GGCUCCAACCAACAUUGUU-3" and RPA32 #2: 5'-
CCUAGUUUCACAAUCUGUU-3, were synthesized by
Bioneer Inc. (South Korea).

Plasmids. The SFB-NSMF, FLAG-NSMF, GFP-NSMF,
the NSMF D-1, D-2, D-3, D-4 and D-5 deletion mutants,
and Myc-RPA32 expression plasmids were described previ-
ously (32). All other plasmid constructs are described in the
Supplementary Data.
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Immunoprecipitation

Detailed immunoprecipitation materials and methods are
provided in the Supplementary Data.

Chromatin fraction analysis

NSMF KO HelLa cells were treated with or without 2 mM
hydroxyurea (HU) for 16 hrs. The cells were then collected
and washed with 1xPBS. The collected cells were lysed in
NETN buffer at 4°C for 30 min. The crude lysates were
cleared by centrifugation at 13 000 rpm for 10 min at 4°C,
and the pellet was resuspended in 0.2 M HCl for 1 h. The re-
suspended mixture was centrifuged at 13 000 rpm for 10 min
at 4°C. The supernatant chromatin fraction was neutralized
with 1 M Tris—HCI [8.0] and mixed with 2xSDS sample
buffer (0.15 M Tris—HCI [6.8], 10% beta-mercaptoethanol,
1.2% SDS, 30% glycerol and 0.04% bromophenol blue) and
boiled at 95°C for 10 min. Histone 3 (H3) served as a control
for the chromatin fraction. To see the effect of NSMF-AD2
on RPA32 phosphorylation in the presence of HU, NSMF
KO HeLa cells were complemented with stable FLAG-
NSMF-WT or AD2 expression. Chromatin fraction analy-
sis was conducted as described above.

Protein purification

All details for the protein purification are described in
the Supplementary Data. All proteins, including NSMF,
RPA, each RPA subunit, and RPA mutants, were puri-
fied from proper E. coli strains, and purification was per-
formed at 4°C. Brieflyy, NSMF and the NSMF-AD2 mu-
tant were cloned into a pET19b-derived plasmid contain-
ing maltose binding protein (MBP), a PreScission cleav-
age site, 3x FLAG at the amino (N)-terminus, and 10x His
at the carboxyl (C)-terminus (Figure S2A). The proteins
were purified with an amylose resin, and the MBP-tag was
cleaved out using the PreScission protease (27-0843-01, Cy-
tiva). The eluant was further purified by gel filtration using
Superdex200 10/300 GL (17-5175-01, Cytiva) and finally
stored at -80°C after dialysis. Human RPA and its deriva-
tives were purified as previously described with modifica-
tions (34). Purified Escherichia coli single-stranded binding
(EcSSB) was purchased (S3917, Sigma Aldrich).

DNA preparation

Oligomers were synthesized (Bioneer, South Korea) and are
listed in the Supplementary Table. All DNA constructs were
prepared as previously described (35). The oligomers were
mixed at equimolar ratios in 10 mM Tris—HCI [7.5] and 100
mM NacCl. For annealing, the mixtures were heated at 95°C
for 10 min and slowly cooled to 23°C.

Biochemical and biophysical assays

All the details for the biochemical assays are described in
the Supplementary Data.

Electrophoretic mobility shift assay (EMSA). All reac-
tions were performed in reaction buffer (50 mM Tris—HCI
[7.5], 50 mM NacCl, 1 mM DTT, and 0.01% Tween-20) at
23°C. Fluorescently labeled ssDNA (10 nM) or other DNA

constructs were used (Supplementary Table) for NSMF
binding or the RPA/NSMF titration. The gels were imaged
using the Typhoon RGB (GE Healthcare) and analyzed by
ImageJ (NIH).

Magnetic bead pulldown assay. Biotinylated ssDNA was
conjugated to streptavidin-coated magnetic beads (Dyn-
abeads M-280, Invitrogen). RPA (1.2 wM) was bound to
the ssDNA-decorated magnetic beads, and then NSMF
or NSMF-AD2 was incubated with the beads in reaction
buffer at 23°C for 30 min. After boiling the reactants at
95°C for 3 min, the supernatant and eluant were analyzed
by western blotting.

Single-molecule  photobleaching assay. The single-
molecule photobleaching assay was conducted as described
previously (36). All reactions were performed at 23°C
in reaction buffer. Biotinylated ssDNA was anchored
on a streptavidin-coated slide and then incubated with
RPA-eGFP (Supplementary Table). In the presence of
NSMF or NSMF-AD2 mutant, the fluorescence signal
from RPA-eGFP was collected by illumination with a 488
nm laser until almost all eGFP fluorescent puncta were
photobleached. Fluorescence signals were analyzed with
customized software.

In vitro phosphorylation of RPA. In vitro phosphoryla-
tion was performed using a previous protocol with mi-
nor modifications (37,38). Purified RPA was phosphory-
lated with 2 ng/pl pcDNA3, 2 ng/pl M13mpl8 ssDNA
(NEB, N4040S) and 10 mg/ml HEK293T cell lysate in
1 xphosphorylation buffer (40 mM HEPES [7.5], § mM
MgCl, 3 mM ATP, and 0.5 mM DTT). RPA was fur-
ther purified with a Ni-NTA resin (HisPur™ Ni-NTA Resin.
Thermo Fisher Scientific, # 88222). The proteins were con-
centrated using Amicon with buffer exchange into storage
buffer (25 mM Tris—HCI [7.5], 40 mM NaCl, | mM DTT,
0.5 mM EDTA and 10% glycerol).

In vitro binding assay. Purified RPA and eGFP-tagged
NSMF-WT or AD2 were incubated in NETN buffer at
4°C for 1 h. Anti-GFP-coupled protein G agarose (Thermo
Fisher Scientific, Pierce Protein G Agarose, 20399) was then
added, and the samples were incubated at 4°C for an addi-
tional 1 h. The immunoprecipitates were washed three times
with NETN buffer and analyzed by western blotting.

ATR kinase assay. The details for the ATR kinase assays
are described in the Supplementary Data. Briefly, 10-nt, 20-
nt, and 30-nt ssDNA oligomers (d T, dT5, and dT3p) were
synthesized by Bioneer (South Korea) (Supplementary Ta-
ble). Human ATR protein was pulled down from crude ex-
tracts of HeLa cells treated with 2 mM HU for 16 hrs using
protein A-agarose (CA-PRI-0005, Repligen) conjugated to
ATR antibodies (A300-137A, Bethyl Laboratories). For the
30-nt binding mode effect, 75 nM RPA was incubated with
30 nM ssDNA (dTjg, dT,g, or dT3p) in ATR kinase buffer
(20 mM HEPES [8.0], 10 mM MgCl,, 2 mM DTT, and 0.1
mM ATP) at 23°C for 20 min. The reactant (25 wl) was
added to the immunoprecipitated ATR kinase and incu-
bated at 30°C for 30 min. For the NSMF effect, excess RPA
(150 nM) was incubated with 10 nM 91-nt ssDNA in ATR
kinase buffer at 23°C for 20 min, and then the samples were
incubated with 80 nM NSMF for 30 min. The reactant (25
wl) was added to the immunoprecipitated ATR kinase and
incubated at 30°C for 30 min. After the reactions, all sam-



ples were separated by SDS-PAGE and analyzed by western
blotting with the indicated antibodies.

RESULTS

NSMF is recruited to DNA damage sites and interacts with
RPA both in vivo and in vitro

Previously, we reported that NSMF regulates RPA32 phos-
phorylation and ubiquitination in response to replication
stress (32). To investigate the interaction between NSMF
and RPA for RPA32 phosphorylation in the DDR path-
way, we conducted laser microirradiation experiments us-
ing HeLa cells (Figure 1A). NSMF was localized to laser-
induced DNA damage sites at very early time points (less
than 3 min) and subsequently dissipated, while RPA gradu-
ally accumulated at the same sites but with slower kinetics.
In NSMF KO cells, RPA translocated to the DNA dam-
age sites with similar kinetics as in the wild-type (WT) cells
(Figure S1A). Conversely, in RPA32 knockdown (KD) cells,
NSMF was recruited to the DNA damage sites as it was in
WT cells (Figure S1B). These results showed that NSMF
and RPA do not modulate each other’s recruitment to DNA
damage sites.

We also determined the effect of NSMF on RPA32 phos-
phorylation under replication stress using the chromatin
fraction assay with NSMF-WT and KO HeLa cells (Fig-
ure 1B). HU treatment resulted in RPA32 serine 33 (S33)
phosphorylation, which was compromised in two indepen-
dently derived NSMF KO cell lines, confirming that NSMF
enhances RPA32 phosphorylation in the presence of repli-
cation stress. We next examined the endogenous binding be-
tween NSMF and RPA by immunoprecipitation (IP) using
HeLa cell extracts and found that NSMF and other RPA
subunits were immunoprecipitated with RPA32 (Figure
1C). Moreover, we also tested the binding between NSMF
and RPA using an overexpression system (Figure S1C and
D). In this IP assay, NSMF interacted with RPA regardless
of benzonase, suggesting that NSMF binds directly to RPA.
FLAG-NSMF was immunoprecipitated from HEK293T
cell lysates using anti-FLAG beads. RPA70 and RPA 14 co-
precipitated with NSMF, whereas only a weak signal was
observed for RPA32. Taken together, our IP data suggested
that NSMF and RPA interact in cells.

To directly probe the interaction between NSMF and
RPA using purified proteins, we expressed and purified full-
length NSMF tagged with MBP and 3xFLAG at the N-
terminus and eGFP at the C-terminus from E. coli (Fig-
ure S2A). MBP was cleaved off using the HRV 3C pro-
tease. We also purified the RPA trimer consisting of the
RPA70, RPA32, and RPA14 subunits. In addition, we pu-
rified eGFP-tagged RPA trimer and individual RPA32 and
RPA14 subunits. All RPA constructs were expressed in E.
coli (Figure S2B). The purified RPA70 subunit was pur-
chased. We investigated the direct binding between NSMF
and RPA using the purified proteins by IP and found that
all RPA subunits were co-immunoprecipitated with NSMF
(Figure 1D). In contrast, when NSMF was incubated with
each individual RPA subunit, none of them were immuno-
precipitated with NSMF, indicating that NSMF interacts
with the trimeric complex of RPA (Figure S2C).
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Next, we tested whether NSMF could bind to DNA us-
ing EMSA with the various nucleic acid constructs (Figure
S3A, B). NSMF bound to ssDNA, primer-template junc-
tions (PTJ), and fork structure (Y-shape) with low affin-
ity. No binding was detected for duplex, bubble, D-loop,
ssDNA gap, and R-loop structures. Our EMSA data sug-
gested that NSMF preferentially binds to oligonucleotides
containing a free ssDNA end with low affinity.

NSMF mediates the rearrangement of RPA to a more stable
binding mode on ssDNA

We investigated the interaction between NSMF and RPA-
ssDNA complexes using EMSA. For the 91-nt ssDNA, as
the RPA concentration increased, the bands shifted to yield
protein-DNA complexes with five distinct mobilities, which
we interpreted to be 1-5 RPA molecules per ssDNA (Fig-
ure 1E). To see the effect of NSMF on RPA bound to ss-
DNA, RPA was incubated with the 91-nt ssDNA, and then
NSMF was added to the reaction. Surprisingly, the addi-
tion of increasing amounts of NSMF to the reaction at the
highest RPA concentration (150 nM) resulted in RPA-DNA
bands with increased mobility (Figure 1E). The band shift
also occurred when NSMF was pre-incubated with ssDNA
prior to the addition of RPA, further indicating that NSMF
could modulate RPA binding to ssDNA (Figure 1F). To test
whether NSMF had a similar effect on a single-stranded
binding protein (SSB) from a different species, we used E.
coli SSB (EcSSB), which has three distinct binding modes
(35-nt, 56-nt, and 65-nt) depending on the salt concentra-
tion (39-41). At the salt concentration used in our RPA ex-
periments (50 mM NaCl), the three modes can coexist, and
combinations of the modes are possible depending on the
length of the ssDNA. We tested 91-nt ssDNA (Figure S2D).
Aslow EcSSB concentrations, one band shift appeared, and
this band transitioned to a slower migrating band at higher
concentrations. This indicates that the 91-nt ssDNA accom-
modates two EcSSB molecules in other binding modes; pre-
sumably one in the 35-nt mode and the other in the 56-
nt binding mode. When the saturated EcSSB-ssDNA com-
plexes were titrated with NSMF, the bands did not change.
Our data showed that in the presence of NSMF, no tran-
sitions between binding modes between EcSSBs were ob-
served, suggesting that the effect of NSMF on the mobil-
ity of the RPA-DNA complexes was species-specific. Fi-
nally, we tested whether NSMF remained on the RPA-
ssDNA complex using EMSA with NSMF-eGFP and Cy5-
labeled ssDNA to which unlabeled RPA binds. NSMF-
eGFP did not colocalize with Cy5-ssDNA but remained in
the well, indicating that NSMF did not co-bind with the
RPA-ssDNA complex (Figure S3D).

To test whether NSMF actively dissociated RPA from
ssDNA, we performed magnetic bead pulldown assays.
NSMF was added to RPA-bound 91-nt ssDNA immobi-
lized on magnetic beads via a biotin-streptavidin linkage.
Analysis of the supernatant fractions revealed that more
RPA molecules were dissociated from the ssDNA in the
presence of NSMF, suggesting that NSMF promoted the
dissociation of RPA from the ssDNA (Figure 1G). RPA
dissociation from ssDNA was quantified using the single-
molecule photobleaching assay (Figure 1H). RPA-eGFP
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Figure 1. NSMF interacts with RPA at DNA damage sites and dissociates RPA from ssDNA. (A) Laser microirradiation experiments were performed
on HeLa cells transfected with eGFP-NSMF and mCherry-RPA32. The kinetics of NSMF and RPA32 localization at DNA damage sites were examined.
Left: fluorescence images of a laser-irradiated cell as a function of time. The red lines indicate the laser-irradiated sites. Right: quantification of relative
fluorescence intensity of eGFP and mCherry. The initial fluorescent intensity at the damage site was set as 100 for each cell, and the recruitment kinetics were
plotted. The intensity was averaged for more than 10 cells under each condition, and the data represent the mean + SEM for three repeated experiments.
(B) (Top) Chromatin fraction analysis for the NSMF effect on RPA32 phosphorylation under replication stress. (Bottom) NSMF expression in WT and
KO cells. The asterisks (*) represent nonspecific bands. (C) Endogenous immunoprecipitation (IP) assay for NSMF and the RPA trimer in HeLa cells.
WCL: whole cell lysates. (D) In vitro IP assay for NSMF and RPA binding. Purified NSMF and RPA trimer were immunoprecipitated with anti-GFP
at different concentrations. Each RPA subunit was analyzed by western blotting. (E) EMSA for NSMF and the RPA-ssDNA complex. RPA (0, 25, 75,
100, 125, and 150 nM) was titrated with 10 nM 91-nt ssDNA. NSMF (0, 10, 20, 40, 80, 140, and 200 nM) was titrated with the RPA (150 nM)-ssDNA
complex. (F) The effect of NSMF on the formation of RPA-ssDNA complexes. Left: only RPA (0, 25, 75, 125, and 150 nM) was titrated with the 91-nt
ssDNA without NSMF. Right: NSMF (200 nM) was pre-incubated with 10 nM ssDNA, and then RPA was titrated. (G) Magnetic bead pulldown assay for
RPA dissociation by NSMFE. The supernatant and bound fractions were analyzed by western blotting using an anti-FLAG antibody («FLAG) for NSMF
and an RPA32 antibody (a«RPA32). (H) Single-molecule photobleaching assay for NSMF-mediated RPA dissociation from ssDNA. Left: schematic of
the single-molecule photobleaching assay. The 91-nt ssDNA was anchored on a slide surface passivated by a lipid bilayer via a biotin-streptavidin linkage.
eGFP molecules tagged on RPA proteins were bleached step-wise under continuous laser illumination, and the fluorescence signal was detected by total
internal reflection fluorescence microscopy. Right: time traces of the fluorescence intensities of RPA-eGFP bound to ssDNA molecules in the absence (top)
or presence (bottom) of NSMF. The steps of fluorescence intensity indicate the photobleaching events of individual eGFP molecules. (I) Histogram for the
photobleaching steps of RPA-eGFPs bound to ssDNA in the presence (magenta) or absence (green) of NSMF. Error bars represent the standard deviation

in triplicate. The number of analyzed molecules was >100.



was bound to ssDNA anchored on a slide surface. The
number of RPA molecules bound to ssDNA was estimated
by counting the photobleaching events of individual eGFP
fluorophores tagged on RPA under continuous laser illu-
mination. In the absence of NSMF, most of the ssDNA
was bound by four to five RPA molecules. The observa-
tion of two and four photobleaching steps in the presence
and absence of NSMF, respectively, likely results from non-
fluorescence or inactive eGFP, which has been observed
in similar applications (42,43). The addition of NSMF re-
duced the number of bound RPA molecules to two or three
per ssDNA (Figure 11). The single-molecule photobleach-
ing data quantitatively demonstrated the rearrangement of
RPA to a more stable binding mode in the presence of
NSME, presumably by releasing less stably bound RPA
molecules. These data are consistent with the EMSA re-
sults in Figure 1E. Taken together, our data suggested that
NSMF promotes the rearrangement of RPA to bind ssDNA
in a more favorable binding mode.

NSMF deletion mutant lacking the RPA binding domain does
not destabilize RPA from ssDNA

We previously reported that NSMF interacts with RPA
through the D2 domain (amino acids 74-239) (Figure
2A) (32). We explored the effect of the D2 domain on
RPA recruitment to DNA damage sites. We conducted
laser microirradiation experiments with HeLa cells trans-
fected with eGFP-NSMF-WT, a D2 domain deletion mu-
tant (eGFP-NSMF-AD?2), or an empty vector together
with a mCherry-RPA32 expressing vector (Figure 2B). Al-
though less NSMF-AD2 accumulated at sites of DNA
damage than NSMF-WT, neither NSMF-WT nor NSMF-
AD2 altered the accumulation of RPA32 at these sites.
We also investigated the effect of NSMF-AD2 on RPA32
phosphorylation upon replication stress using chromatin
fraction analysis (Figure S4A). In response to HU treat-
ment, RPA32 phosphorylation was reduced when NSMF-
AD2, but not WT NSME, was expressed in NSMF KO
cells.

We next tested the binding of NSMF-AD?2 to RPA using
IP. RPA did not interact with NSMF-AD?2 overexpressed in
HeLa cells (Figures 2C and S4B), and we did not detect any
interactions between purified NSMF-AD2 and RPA (Fig-
ures 2D and S4C). Next, we determined whether NSMF-
AD?2 could modulate the binding of RPA to ssDNA us-
ing EMSA. We observed that NSMF-AD2 did not alter
the binding of RPA to the 91-nt ssDNA (Figure 2E). Sim-
ilarly, incubation of NSMF-AD2 with ssDNA prior to the
RPA addition did not change the EMSA results (Figure
2F). Finally, NSMF-AD?2 did not promote RPA dissocia-
tion from ssDNA in the magnetic bead pulldown (Figure
2@G) or single-molecule photobleaching (Figure 2H) assays.
Thus, our data suggested that the interaction between RPA
and NSMF is dependent on the D2 domain and that this
specific interaction is critical for modifying the interaction
of RPA with ssDNA.

NSMF promotes the stable 30-nt binding mode of RPA by
destabilizing the 8-nt and 20-nt binding modes

RPA dynamically binds to ssDNA in different binding
modes (16,19-23,44-46). Our EMSA and single-molecule
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photobleaching results demonstrated that multiple RPA
molecules bind to ssDNA in a step-wise manner, with up
to at least five RPA molecules associated with the 91-
nt ssDNA at high protein concentrations. With five RPA
molecules per 91 nucleotides, not all RPA molecules can
bind in the most stable 30-nt binding mode (Figure 1E, I).
Although the addition of NSMF altered the binding mode
to the preferred 30-nt mode for three RPA molecules, ex-
cess NSMF could not remove RPA from the ssDNA (Figure
1E). Based on these results, we assumed that NSMF par-
tially disrupts RPA molecules in the 8-nt and 20-nt binding
modes and promotes more stable RPA binding on ssDNA
in the 30-nt binding mode. To test whether NSMF could
alter the RPA binding modes, we conducted EMSA using
ssDNA of various lengths (Figure 3A—C). For the 60-nt and
30-nt ssDNA, RPA titration resulted in the appearance of
three and two distinct RPA-ssDNA complexes, respectively.
The addition of NSMF to both complexes caused the dis-
appearance of the band shift with the lowest mobility, sug-
gesting that unstably bound RPA molecules were released
(Figure 3A, B).

We quantitatively estimated the number of RPA
molecules bound to ssDNA using single-molecule pho-
tobleaching assays. In the absence of NSMF, three and
two bleaching steps were predominant for the 60-nt and
30-nt ssDNA molecules, respectively, suggesting that the
RPA molecules were associated with ssDNA in modes
other than the 30-nt binding mode (Figure 3D, E). In the
presence of NSMF, the overall number of bleaching steps
was reduced by one, consistent with the EMSA results. Two
RPA molecules per 60-nt ssDNA and one RPA molecule
per 30-nt ssDNA are consistent with the 30-nt binding
mode of RPA and strongly support our model that NSMF
has the ability to remove RPA molecules bound to ssDNA
in the 8-nt or 20-nt binding modes and could rearrange
the binding mode of the remaining RPA molecules to the
more stable 30-nt mode. In support of this hypothesis, we
found that RPA bound to 14-nt ssDNA, for which only
the 8-nt binding mode is possible as indicated by a single
shifted band, was completely released by NSMF (Figure
3C). Likewise, in the single-molecule photobleaching
assay with the 14-nt ssDNA, almost all fluorescent puncta
disappeared when NSMF was added, indicating that
NSMF completely dissociated single RPA-eGFP in the
8-nt binding mode from the 14-nt ssDNA (Figure S5A,
B). These EMSA and single-molecule photobleaching
experiments demonstrated that NSMF dislodges RPA
molecules associated with ssDNA when they are in the less
stable 8-nt and 20-nt binding modes and promotes the more
stable 30-nt binding mode of RPA on ssDNA. In contrast,
NSMF-AD2 could not detach RPA from ssDNA even on
short ssDNAs (Figure SS5C-G). Consistent with this model,
NSMF was unable to alter the binding of RPA bound
to 30-nt ssDNA, for which only a single band was ob-
served by EMSA. Even at high concentrations of NSMF,
the mobility of the RPA-ssDNA band was unaffected
(Figure 3F).

NSMF more severely destabilizes RPA with DNA binding—

defective RPA32

Our results suggested that NSMF dissociated unstably
bound RPA from ssDNA, promoting the stable 30-nt mode.
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We, therefore, hypothesized that NSMF would destabi-
lize the ssDNA binding of an RPA mutant defective in
the 30-nt binding mode. The DBD-D domain of RPA32
specifically engages with ssDNA in the 30-nt binding
mode (18,19). Thus, we determined the effect of NSMF
on the DNA binding of an RPA32 mutant (DBM-RPA),
in which Trpl07 and Phel35 were both replaced with
Ala (Figure 3G). DBM-RPA weakly binds to ssDNA
and suppresses the 30-nt binding mode (46,47). Accord-
ingly, laser microirradiation experiments with DBM-RPA
showed that the recruitment of DBM-RPA to DNA dam-
age sites was impaired (Figure S6A). At 25 nM, a sin-
gle DBM-RPA molecule bound to 30-nt ssDNA. However,
when EMSA was performed in the presence of increasing
amounts of NSMEF, the free DNA band reappeared, in-
dicating that DBM-RPA dissociated from ssDNA due to
NSMF (Figure 3G). These results support our model that
NSMF can dissociate ssDNA-bound low-affinity forms of
RPA.

Direct NSMF-RPA interactions are needed for the dissocia-
tion of RPA from ssDNA

Given the data showing that NSMF could destabilize
DBM-RPA, we hypothesized that RPA detachment by
NSMF results from NSMF-mediated disruption of DNA
binding by RPA70. We investigated which regions of RPA70
and RPA32 were responsible for the interaction of RPA
with NSMF; the RPA14 subunit was too small to divide
into subdomains. We performed IP assays with NSMF and
RPA in which individual domains of RPA70 and RPA32
were deleted. We found that the deletion of the DBD-C do-
main in RPA70 strongly impaired the interaction between
NSMF and RPA, and the deletion of the DBD-A domain
only weakly disrupted the interaction with NSMF, indi-
cating that RPA70-DBD-C was the major determinant for
NSMF binding; RPA70-DBD-A had a minor role in this
binding (Figures 4A, B, and S6B). The interaction was con-
firmed by add-back mutants (Figure S6C, D). For RPA32,
deleting the C-terminal winged-helix (WH) domain im-
paired its interaction with NSMF (Figures 4C, D and S6E).
We also tested the possibility that NSMF and RPA com-
pete for binding to ssDNA. Using EMSA, we estimated
the binding affinities (K3) of NSMF-WT and NSMF-AD?2
for ssDNA (Figures S3A, C, and 4E). The K4 value of
NSMF-WT was 200 + 22 nM, which was comparable to
that of the 8-nt binding mode (Kg = ~100 nM) and hence
could compete for binding to ssDNA, whereas the Ky of
NSMF-AD2 was 540 4+ 59 nM, about five times higher
than that of the 8-nt binding mode of RPA. Thus, the mu-
tant was not an efficient competitor for binding (Figure
4E). Finally, we examined whether NSMF could disrupt
the RPA trimeric complex. RPA70 and RPA14 were co-
immunoprecipitated with RPA32 in NSMF-proficient and
-deficient cells, suggesting that NSMF does not disrupt the
formation of the RPA trimer in vivo (Figure 4F). Taken
together, our data suggested that a direct interaction be-
tween NSMF and RPA and the competition for ssDNA
binding between NSMF and RPA contribute to the dis-
sociation of the 8- and 20-nt binding forms of RPA from
ssDNA.

RPA phosphorylation by ATR is enhanced in the stable 30-nt
binding mode in vitro

We examined whether the RPA binding modes influence
RPA32 phosphorylation by ATR in vitro using ATR iso-
lated with anti-ATR antibody-coated beads. We tested dif-
ferent lengths of ssDNA (dTg, dTy, and dT3p) to which
RPA binds in a different binding mode. RPA phosphoryla-
tion was dramatically enhanced with 30-nt ssDNA (Figure
SA). Because only 30-nt ssDNA provides the stable 30-nt
binding mode of RPA, our result demonstrated that the sta-
ble 30-nt binding mode enhances RPA32 phosphorylation.
Next, using 91-nt ssDNA with excess RPA, we investigated
whether NSMF could enhance RPA32 phosphorylation by
ATR invitro. As shown in Figure 5A, the presence of 91-nt
ssDNA increased RPA32 phosphorylation. When NSMF
was added, RPA32 phosphorylation was increased further,
indicating that NSMF enhances RPA32 phosphorylation
(Figure 5B). These results demonstrated that NSMF me-
diates the 30-nt binding mode of RPA, enhancing RPA32
phosphorylation.

NSMF does not destabilize phosphorylated RPA from ss-
DNA

We hypothesized that one of the roles of the RPA rear-
rangement on ssSDNA is to facilitate phosphorylation in the
DDR. To test whether the phosphorylation status of RPA
affects its interaction with NSMF, we investigated the inter-
action between NSMF and a phosphomimetic derivative of
RPA (pmRPA), where S33, the main ATR phosphorylation
site upon replication stress, is replaced by Asp (D) (pmRPA-
S33D) (48.,49). Unlike WT RPA, which displayed five dis-
tinct RPA-ssDNA bands in the EMSA, only three bands
were observed for pmRPA-S33D binding to 91-nt ssDNA
(Figure 6A), suggesting that pmRPA-S33D prefers the most
stable 30-nt binding mode even in the absence of NSMF.
Consistent with this idea, when NSMF was added, there
was no apparent change in the mobility of the RPA-ssDNA
complexes, even at high NSMF concentrations (Figure 6B).
For the 60-nt and 30-nt ssDNAs, pmRPA-S33D titration re-
sulted in two- and one-step band shifts, respectively, which
was a different pattern from WT RPA (Figure S7A, C).
Like 91-nt ssDNA, NSMF did not dissociate pmRPA-S33D
from 60-nt and 30-nt ssDNA (Figure S7B, D). The three-,
two-, and one-step shifts for the 91-nt, 60-nt, and 30-nt ss-
DNA, respectively, indicated that pmRPA-S33D bound to
ssDNA mostly in the 30-nt mode. Therefore, we concluded
that NSMF did not rearrange the pmRPA-S33D binding
mode for ssDNA because pmRPA-S33D was already stably
bound to ssDNA in the 30-nt mode. In contrast, pmRPA-
S33D was released from the 14-nt ssDNA similarly to WT
RPA because it could not bind to this substrate in the 30-nt
binding mode (Figure S7E, F).

After S33 of RPA32 is phosphorylated by ATR, the
N-terminus of RPA32 is further phosphorylated by ad-
ditional kinases at Ser4 (S4) and Ser8 (S8) (48-50). We
examined the interaction between NSMF and multi-
phosphorylated RPA using a phosphomimetic triple
mutant (pmRPA-S4/8D&S33D). Like pmRPA-S33D,
pmRPA-S4/8D&S33D bound to ssDNA in the 30-nt
binding mode and was resistant to dissociation by NSMF
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Figure 5. RPA 30-nt binding mode induced by NSMF enhances RPA32
phosphorylation by ATR in vitro. (A) In vitro phosphorylation of RPA32
by ATR depends on the ssDNA length (10-nt [dTjo], 20-nt [dTyg], or
30-nt [dT30] ssDNA consisting of only thymines). ATR was pulled down
from HeLa cell extracts treated with 2 mM hydroxyurea using anti-ATR
antibody-coated beads. The samples were analyzed by western blotting us-
ing the indicated antibodies. (B) NSMF-mediated enhancement of RPA32
phosphorylation by ATR in vitro. Excess RPA was incubated with 91-nt
ssDNA followed by 80 nM NSMF and pulled-down ATR. The proteins
were analyzed by western blotting using the indicated antibodies.

(Figures 6C, D and S8A-D), suggesting that additional
phosphorylation events do not affect the 30-nt binding
mode. For the 14-nt ssDNA, NSMF could release pmR PA-
S4/8&33D from ssDNA similar to pmRPA-S33D (Figure
S8E, F).

To corroborate our findings, we directly phosphorylated
RPA in vitro using the SV40 replication system in HEK293T
cell extracts (37,38). Although the number of phosphory-
lated residues could not be accurately determined, incuba-
tion with phospho-specific antibodies revealed that at least
S33 and S4/8 were phosphorylated (Figure S9A). We exam-
ined the effect of RPA phosphorylation on ssDNA binding
and its interaction with NSMF. Like the phosphomimetics,
RPA phosphorylated in vitro (pRPA) caused triple-, double-
, and single-step shifts for the 91-nt, 60-nt, and 30-nt ss-
DNA, respectively, which were not rearranged upon NSMF
addition (Figures 6E, F and S9B-E). Interestingly, pRPA
did not bind to the 14-nt ssDNA, suggesting that the phos-

phorylation of RPA32 lowers the binding affinity of the
DBD-A and B domains (Figure S9F, G).

DISCUSSION

The accumulation of RPA on ssDNA in response to replica-
tion stress is needed for ATR activation, which results in the
phosphorylation of ATR itself, RPA, and downstream pro-
teins, such as Chkl (3,5). RPA phosphorylation is in turn
essential for recruiting repair enzymes to stalled replication
forks. We previously reported that a deficiency in NSMF
reduces RPA phosphorylation upon replication stress (32).
In the current work, we demonstrate that NSMF facilitates
RPA phosphorylation by rearranging RPA binding to ss-
DNA to the most stable 30-nt binding mode.

The mode of RPA binding to ssDNA is concentration-
dependent

It is well-known that RPA dynamically binds to ssDNA
in three distinct modes that are classified by the length of
ssDNA occluded by RPA: the 8-nt binding mode (Kg ~
100 nM), the 20-nt binding mode (K4 =~ 5 nM), and the
30-nt binding mode (K4 ~ 0.05 nM) (16,19,21-23,45). Em-
ploying EMSA and single-molecule photobleaching assays
with different lengths of ssDNA, we observed that multiple
RPA molecules bound to ssDNA. Because the 30-nt bind-
ing mode provides the highest binding affinity, we expected
that the number of RPA molecules bound to the ssDNA
oligomers would be restricted by the 30-nt mode. However,
at higher RPA concentrations, it became evident that more
than one RPA molecule per 30 nucleotides can occupy ss-
DNA, such that not all RPA molecules bind in the 30-nt
binding mode. Our results are consistent with a previous
study reporting that the DNA binding of RPA is compacted
at high RPA concentrations (22). We do not know the bind-
ing modes of RPA molecules in the compact conformation
on ssDNA. All RPA molecules could bind in the less stable
modes, or some molecules could associate in the 30-nt mode
and others in the less stable modes.

NSMF changes RPA binding to ssDNA to the most stable
mode

We found that NSMF releases RPAs bound in the less sta-
ble modes from ssDNA and promotes the most stable 30-
nt binding mode of RPA. The transition from the §8-nt to
30-nt mode accompanies conformational changes in the
RPA70-DBD-A/B domains and ssDNA and the sequential
association of RPA70-DBD-C and RPA32-DBD-D, which
form a compact Tri-C structure along with DBD-E (18,51).
We showed that NSMF binds preferentially to the RPA70-
DBD-C domain and the RPA32 C-terminal WH domain
(Figures S2C, 4B, D, and S6B-E). In particular, the NSMF
D2 domain (74 to 239 amino acids) physically interacts with
RPA70 and RPA32 and is essential for RPA release (Fig-
ures 2C, D and S4B, C). The WH domain of RPA32 in-
teracts with several proteins, including Rad52, XPA, and
SV40 T antigen (16,52,53). In particular, the interaction be-
tween the SV40 T antigen and the WH domain may play
a role in displacing RPA from ssDNA for SV40 replica-
tion activity (54). It is likely that the interaction between
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Figure 6. NSMF does not destabilize phosphorylated RPA. (A) EMSA for the binding of WT RPA and pmRPA-S33D (0, 25, 75, 100, 125, and 150 nM)
to 91-nt ssDNA. (B) EMSA for the NSMF effect on pmRPA-S33D. NSMF (0, 20, 40, 80, 140, and 200 nM) was titrated with 200 nM pmRPA-S33D
pre-incubated with 10 nM 91-nt ssDNA. (C) EMSA for WT RPA and pmRPA-S4/8D&S33D (0, 25, 75, 100, 125, and 150 nM) to compare their binding
to 91-nt ssDNA. (D) EMSA for the NSMF effect on pmRPA-S4/8D&S33D. NSMF (0, 20, 40, 80, 140, and 200 nM) was titrated with 200 nM pmRPA-
S4/8D&S33D pre-incubated with 10 nM 91-nt ssDNA. (E) EMSA for WT RPA and pRPA (0, 25, 75, 100, 125, and 150 nM) to compare their binding
to 91-nt ssDNA. (F) EMSA for NSMF effect on pRPA. NSMF (0, 10, 20, 40, 80, 140, and 200 nM) was titrated with 200 nM pRPA pre-incubated with
10 nM 91-nt ssDNA.
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8-nt or 20-nt binding mode

30-nt binding mode m— ssDNA

ATRIP

RPA32 phosphorylation
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Figure 7. Model for the effect of NSMF on RPA phosphorylation. Im-
mediately after ssDNA is exposed due to replication stress, RPA com-
pactly binds to ssDNA in less stable mode(s). NSMF partially dissociates
RPA from the ssDNA, and the remaining RPA molecules form a stable
30-nt binding mode, which promotes RPA phosphorylation via ATR and
ATRIP.

NSMF and the WH domain contributes to the RPA dis-
placement from ssDNA. This hypothesis is supported by
the evidence that NSMF destabilizes the ssDNA binding
of DBM-RPA, which is defective in the DNA binding of
RPA32 (Figure 3G). In addition, the binding affinity of
NSMF to ssDNA is comparable to that of the 8-nt binding
mode of human RPA (Figure 4E). We, therefore, propose
that NSMF releases RPA from ssDNA by disrupting the
binding of DBD-C or Tri-C to ssDNA and competing with
RPA for ssDNA. When RPA molecules are partially disso-
ciated from ssDNA, the remaining RPA molecules can oc-
cupy the vacant ssDNA and become stabilized in the 30-nt
binding mode. The rearrangement of RPA binding modes
by NSMF can occur by passive or active model. In the
passive model, NSMF only detaches RPA molecules in the
less stable modes, and RPA adopts the stable 30-nt binding
mode upon the displacement of the other binding modes.
Alternatively, NSMF may actively rearrange RPA to the
30-nt binding mode after the displacement of other bind-
ing modes. In our study, we cannot discern the two models.
On the other hand, once RPA is stabilized in the 30-nt bind-
ing mode, NSMF no longer disturbs RPA binding (Figure
3F).

The 30-nt binding mode enhances RPA32 phosphorylation

Our in vitro ATR kinase assays demonstrated that the 30-
nt binding mode increases RPA32 phosphorylation (Figure
5A). A previous study using DNA-PK reported that RPA32

phosphorylation was increased for the 30-nt binding mode
(55). In the 30-nt binding mode, the DBD-D of RPA32
binds to ssDNA, stabilizing RPA binding (16). These results
suggest that the engagement of DBD-D with ssDNA is im-
portant for RPA32 phosphorylation. In addition, RPA32
phosphorylation by ATR was increased by NSMF in the
presence of excess RPA (Figure 5B). Taken together, our
results showed that NSMF rearranges RPA into the 30-nt
binding mode, enhancing RPA32 phosphorylation by ATR.

NSMEF does not destabilize phosphorylated RPA

We also investigated how NSMF acts on RPA after ATR
phosphorylates RPA32. S33 of RPA32 is the primary phos-
phorylation target of ATR in response to replication stress
(48,49). RPA32 is hyperphosphorylated via the ATR path-
way (50). To determine the consequence of RPA phospho-
rylation, we first tested the ssDNA binding of the phos-
phomimetic RPA derivative pmRPA-S33D. Unlike WT,
pmRPA-S33D did not bind ssDNA in the compact, less
stable binding modes; it only bound ssDNA in the 30-nt
binding mode. Even though the number of bound RPA
molecules was reduced, the binding stability was increased
at any given RPA concentration. Moreover, pmRPA-S33D
was not dissociated by NSMF (Figures 6A, B and S7TA—
D). To see the effect of multi-phosphorylated RPA32, we
tested pmRPA-S4/8&S33D, in which serines 4, 8, and 33
were replaced by aspartic acid. Similar to pmRPA-S33D,
the triple RPA mutant stably bound to ssDNA in the 30-
nt mode and was resistant to dissociation by NSMF, sug-
gesting that phosphorylation of S33 by ATR is sufficient to
alter the RPA binding mode and that NSMF no longer af-
fects RPA binding to ssDNA once RPA32 is phosphory-
lated (Figures 6C, D and S8A-D).

We also showed that phosphorylated RPA binds ssDNA
in the 30-nt mode using in vitro RPA phosphorylation with
the SV40 replication system in HEK293T cell extracts. Al-
though the exact phosphorylated residues were not deter-
mined, the phosphorylated RPA (pRPA) exhibited simi-
lar behavior to the phosphomimetic RPA mutants in re-
sponse to NSMF, supporting our suggestion that RPA32
phosphorylation promotes the stable 30-nt binding mode
(Figures 6E, F and S9B-E). Compared with unphospho-
rylated RPA, the band shift for the pPRPA-ssDNA com-
plex was less retarded at the same concentration, indicat-
ing that phosphorylation of RPA reduces ssDNA binding.
These results are consistent with a previous report show-
ing that hyperphosphorylation of RPA decreases its ability
to bind ssDNA (56). How RPA32 phosphorylation leads
to the preferential formation of the 30-nt mode is not yet
understood. However, it has been proposed that the phos-
phorylated N-terminus of RPA32 directly interacts with the
basic cleft of the RPA70 DBD-F domain through electro-
static attraction, leading to a global conformational change
in RPA (57). We speculate that the electrostatic interaction
and conformational change suppress the unstable binding
mode(s) and facilitate the 30-nt binding mode.

In our laser microirradiation experiments, NSMF was re-
cruited to DNA damage sites only at the very early stage
(Figure 1A). Intriguingly, this short period of recruitment
enhanced RPA phosphorylation by ATR. Thus, when RPA



begins to accumulate at DNA damage sites, NSMF de-
taches unstably bound RPA molecules to induce the sta-
ble 30-nt binding mode, promoting RPA32 phosphoryla-
tion. This RPA phosphorylation drives the phosphorylation
of other residues in RPA32 and ATR itself. Once RPA32
is phosphorylated, NSMF no longer interacts with RPA.
Thus, it is no longer needed at the DNA damage sites (Fig-
ure 7).
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