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ABSTRACT

SMARCAL1, ZRANB3 and HLTF are required for
the remodeling of replication forks upon stress to
promote genome stability. RAD51, along with the
RAD51 paralog complex, were also found to have
recombination-independent functions in fork rever-
sal, yet the underlying mechanisms remained un-
clear. Using reconstituted reactions, we build upon
previous data to show that SMARCAL1, ZRANB3 and
HLTF have unequal biochemical capacities, explain-
ing why they have non-redundant functions. SMAR-
CAL1 uniquely anneals RPA-coated ssDNA, which
depends on its direct interaction with RPA, but not on
ATP. SMARCAL1, along with ZRANB3, but not HLTF
efficiently employ ATPase driven translocase activity
to rezip RPA-covered bubbled DNA, which was pro-
posed to mimic elements of fork reversal. In contrast,
ZRANB3 and HLTF but not SMARCAL1 are efficient in
branch migration that occurs downstream in fork re-
modeling. We also show that low concentrations of
RAD51 and the RAD51 paralog complex, RAD51B–
RAD51C–RAD51D–XRCC2 (BCDX2), directly stimu-
late the motor-driven activities of SMARCAL1 and
ZRANB3 but not HLTF, and the interplay is under-
pinned by physical interactions. Our data provide a
possible mechanism explaining previous cellular ex-
periments implicating RAD51 and BCDX2 in fork re-
versal.

INTRODUCTION

RAD51 is a key protein responsible for genome integrity
in human cells. RAD51 has well-defined functions in the
repair of DNA double-strand breaks (DSBs) by homolo-

gous recombination. The DSBs are first resected, gener-
ating ssDNA overhangs coated with the single-stranded
DNA binding protein replication protein A (RPA). The
breast cancer suppressor BRCA2 and the RAD51 paralog
complexes, either RAD51B–RAD51C–RAD51D–XRCC2
(BCDX2) or RAD51C–XRCC3 (CX3) then help load
RAD51 on the resected DNA to form a filament, displac-
ing RPA. The RAD51 nucleoprotein filament has the capac-
ity to identify, pair and invade homologous DNA, which is
used as a repair template in recombination. The strand ex-
change activity of RAD51 is thus essential for its canonical
function in homologous recombination (1).

More recently, it has been discovered that RAD51 has
additional, strand exchange independent functions in the
metabolism of replication forks upon stress (2,3). When
replicating damaged templates, repetitive DNA sequences
or DNA at telomeres, during replication-transcription con-
flicts or upon the overexpression of oncogenes, the forks
can uncouple and the leading strand polymerase may tran-
siently stall (4). Upon prolonged stalling, depending on
the cellular context, replication can restart by PRIMPOL-
mediated repriming, or the forks can undergo reversal (5–7).
Fork reversal involves annealing of the two nascent DNA
strands yielding a 4-way junction, followed by branch mi-
gration (8–10). For a long time, fork reversal was thought
to be only a pathological process (11). More recent data
however uncovered that depending on the context and cel-
lular genetic background, fork reversal may be beneficial
(8,9,12). Fork reversal may in fact limit the extent of ssDNA
at stalled forks, provide cells time to deal with the respective
challenge, and in this way to prevent DNA breakage or even
enable specific post-replicative DNA repair. Indeed, several
motor proteins with unique capacities to reverse replica-
tion forks have been identified, including but not limited to
SMARCAL1, ZRANB3 and HLTF (9,13). Depletion of ei-
ther of these DNA translocases leads to defects in fork re-
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versal, showing that these enzymes act in a non-redundant
manner. Depletion of SMARCAL1 or ZRANB3 results in
sensitivity to conditions inducing replication stress and en-
hancing genome instability, indicating that fork reversal cat-
alyzed by these enzymes in wild type cells can be a protective
event (14–19).

In contrast to homologous recombination, the functions
of RAD51 under replication stress remain mostly unde-
fined from a mechanistic standpoint. Cellular and elec-
tron microscopy experiments suggested that RAD51 pro-
motes fork reversal (10). While the motor proteins SMAR-
CAL1, ZRANB3 or HLTF catalyze fork remodeling by
their strand annealing and branch migration activities, how
RAD51 facilitates fork reversal remains puzzling. RAD51
function in fork metabolism appears to be distinct from its
function in canonical recombination as it is genetically sep-
arable (20), and it is independent of BRCA2 (2,21). More re-
cently, the BCDX2 RAD51 paralog complex was also found
to promote fork reversal alongside RAD51 in cellular as-
says (22), yet the underlying mechanism remains similarly
unclear.

Once replication fork reverse, they may become vulnera-
ble to pathological degradation. Proteins such as RAD51,
BRCA1 and BRCA2 along with a growing list of addi-
tional factors are necessary to protect DNA against nucle-
ases such as MRE11, EXO1, DNA2 or MUS81, depend-
ing on the genetic background (9). Depletion of BRCA1 or
BRCA2 leads to nascent DNA degradation that extends for
kilobases in length (2,3). Such DNA degradation is depen-
dent on the proteins implicated in fork reversal, including
SMARCAL1, ZRANB3 and HLTF, which suggested that
reversed, but not stalled replication forks are primarily sub-
jected to degradation (2,21,23–25). However, nascent DNA
degradation is not observed upon depletion of RAD51 itself
(10,21). This apparent paradox was explained by a model
where RAD51 also promotes fork reversal (10,21). Accord-
ingly, in the absence of RAD51, the substrates for DNA
degradation, i.e. reversed forks, are not formed. In the ab-
sence of the relevant substrate, the function of RAD51 in
fork protection becomes irrelevant, explaining why nascent
DNA is stable upon depletion of RAD51 (10,26). The in-
volvement of RAD51 in fork reversal was confirmed by
physical analysis of DNA intermediates by electron mi-
croscopy (10). Further experiments revealed that the con-
centrations of RAD51 required for fork reversal and pro-
tection are different: while low RAD51 concentrations are
sufficient to promote reversal, elevated RAD51 concentra-
tions are necessary for DNA protection (26,27). Under-
standing the involvement of RAD51 in fork reversal and
DNA protection is highly relevant for cancer therapy, as
nascent DNA degradation was linked to lethality of BRCA-
deficient cells, and restoration of DNA protection is one of
the key mechanisms of chemoresistance of BRCA-deficient
tumors (28,29).

Here, we use reconstitution biochemistry to study the
fork remodeling enzymes SMARCAL1, ZRANB3 and
HLTF, and their regulation by RAD51 and the RAD51
paralog complex. Using comparative biochemical analy-
ses, we show that the motor proteins have distinct bio-
chemical activities, and uncover a strand annealing ac-
tivity of SMARCAL1, which depends on its specific in-

teraction with RPA. We further show that RAD51 and
the BCDX2 RAD51 paralog complex directly promote
the motor-driven strand annealing of SMARCAL1 and
ZRANB3, underpinned by their physical interactions. To-
gether, our data provide insights into the mechanisms un-
derlying the non-catalytic function of RAD51 and RAD51
paralogs in the metabolism of challenged replication forks.

MATERIALS AND METHODS

Cloning, expression and purification of recombinant proteins

Human SMARCAL1, ZRANB3. Recombinant FLAG-
SMARCAL1, FLAG-ZRANB3 and their variants were ex-
pressed in insect Spodoptera frugiperda 9 (Sf9) cells and pu-
rified by affinity chromatography, using pFastBac-FLAG-
SMARCAL1 and pFastBac-FLAG-ZRANB3 expression
constructs (15). Point mutagenesis of the corresponding
DNA sequences was carried out by QuikChange II site-
directed mutagenesis kit (Agilent Technologies), and the
proteins were expressed and purified similarly as the wild
type counterparts. Primers used for cloning and mutagene-
sis are listed in Supplementary Table S1.

Human HLTF. The HLTF sequence was codon-
optimized for Sf9 insect cells and synthesized by Synbio
Technologies, and cloned using NheI and XmaI sites
(New England Biolabs) into pFB-2xMBP-CtIP-10xHis
(30) to create pFB-2xMBP-HLTFco-10xHis, replacing
the CtIP sequence with that of HLTF. The bacmids and
baculoviruses were prepared according to manufacturer’s
instructions (Bac-to-Bac system, Life Technologies). Sf9
cells were transfected using a Trans-IT insect reagent
(Mirus Bio). For protein production, Sf9 insect cells were
seeded at 0.5 × 106 cells per ml 16 h before infection. The
cells were then infected with respective baculoviruses and
incubated for 52 h at 27◦C with constant agitation. Cells
were harvested (500 g, 10 min) and washed once with ice
cold phosphate buffer saline (PBS). The cell pellets were
snap frozen in liquid nitrogen and stored at -80◦C. All the
subsequent steps were carried out on ice or at 4◦C. The
pellets were resuspended and incubated for 20 min with
continuous stirring in 3 volumes of lysis buffer (50 mM
Tris–HCl pH 7.5, 1 mM dithiothreitol [DTT], 5 mM beta-
mercaptoethanol [�-ME], 1 mM phenylmethylsulfonyl
fluoride [PMSF], 1:400 [v/v] protease inhibitor cocktail
[Sigma, P8340], 30 �g/ml leupeptin [Merck]). Next, 50%
glycerol was added to reach a final concentration of ∼16%
to the cell extract, followed by 6.5% volume of 5 M NaCl
(final concentration 305 mM), and further incubated for
30 min with continuous stirring. The cell suspension was
centrifuged for 30 min at 48 000 g to obtain soluble extract.
The supernatant was transferred to tubes containing pre-
equilibrated amylose resin (New England Biolabs, 4 ml/l of
Sf9 culture) and incubated for 1 h with continuous rotation.
The resin was collected by spinning at 2000 g for 2 min and
washed extensively batchwise and also on a disposable 10
ml column (ThermoFisher) with amylose wash buffer (50
mM Tris–HCl pH 7.5, 5 mM �-ME, 1 mM PMSF, 10%
glycerol, 1 M NaCl). The final wash was performed at 300
mM NaCl. Protein was eluted with amylose elution buffer
(50 mM Tris–HCl pH 7.5, 5 mM �-ME, 1 mM PMSF,
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10% glycerol, 300 mM NaCl, 10 mM maltose [Sigma]) and
the total protein concentration was estimated by Bradford
assay. To cleave off the maltose-binding protein (MBP)
tag, 1/6 (w/w) of PreScission Protease, with respect to
total protein concentration in the eluate, was added and
incubated for 1 h at 4◦C. The sample was then supple-
mented with 10 mM imidazole and further passed through
pre-equilibrated (amylose elution buffer supplemented
with 10 mM imidazole) Ni-NTA agarose resin (Qiagen)
on a disposable column for 1 h in flow. The Ni-NTA resin
was washed 4-times with Ni-NTA wash buffer (50 mM
Tris–HCl pH 7.5, 5 mM �-ME, 1 M NaCl, 10% glycerol,
1 mM PMSF, 40 mM imidazole). Prior to elution, the
protein was washed once with the same Ni-NTA wash
buffer as above but with 150 mM NaCl. Protein was eluted
in the same buffer supplemented with 300 mM imidazole,
and subsequently dialyzed (50 mM Tris–HCl pH 7.5, 5
mM �-ME, 100 mM NaCl, 10% glycerol, 0.5 mM PMSF),
sub-aliquoted, snap frozen and stored at –80◦C for later
use.

Human RAD51 paralogs complex BCDX2. Sequences for
human RAD51 paralogs (RAD51B, RAD51C, RAD51D,
XRCC2) were codon-optimized for expression in Sf9 cells
and synthetized by Synbio Technologies. FLAG-RAD51B
and 10xHis-RAD51C were cloned into a pFB dual expres-
sion vector (ThermoFisher). The multiple cloning site 1
was utilized for FLAG-RAD51B using BamHI and NotI
cloning sites and the multiple cloning site 2 was used
for 10xHis-RAD51C employing the XmaI and NheI re-
striction sites, to create pFB-FLAG–RAD51Bco–10xHis–
RAD51Cco. RAD51D and XRCC2 were cloned without
any affinity tag into the same restriction sites, respectively,
to obtain pFB–RAD51Dco–XRCC2co. Baculoviruses ex-
pressing RAD51B–RAD51C and RAD51D–XRCC2 were
prepared separately and Sf9 cells were co-infected with op-
timized ratios for these viruses to express the BCDX2 com-
plex as a heterotetramer. Cells were harvested 52 h post in-
fection, washed once with cold PBS, and the pellets were
frozen in liquid nitrogen and stored at –80 ◦C until fur-
ther use. The subsequent steps were carried out on ice or
at 4◦C. The cell pellet was resuspended in lysis buffer (50
mM Tris–HCl pH 7.5, 2 mM �-ME, 1:400 [v/v] protease in-
hibitor cocktail [Sigma], 1 mM PMSF, 30 �g/ml leupeptin
[Merck], 20 mM imidazole) for 20 min. Then, 50% glycerol
was added to a final concentration of ∼16%, followed by 5
M NaCl to a final concentration of 305 mM. The suspen-
sion was incubated for additional 30 min with gentle ag-
itation. The total cell extract was centrifuged at 48 000 g
for 30 min to obtain soluble extract. The extract was then
bound to Ni-NTA resin (Qiagen) for 1 h batchwise fol-
lowed by extensive washing with Ni-NTA wash buffer (50
mM Tris–HCl pH 7.5, 2 mM �-ME, 300 mM NaCl, 10%
glycerol, 1 mM PMSF, 10 �g/ml leupeptin, 20 mM imida-
zole) both batchwise and on a disposable column. The pro-
tein complexes were eluted by Ni-NTA elution buffer (Ni-
NTA wash buffer containing 300 mM imidazole). The elu-
ates were diluted 1:6 with a dilution buffer (Ni-NTA elution
buffer without imidazole and 0.5 mM �-ME) and bound to
FLAG resin (Sigma) pre-equilibrated with dilution buffer
in flow with a total contact time of ∼90 min. Protein bound

FLAG-resin was washed 3-times with FLAG wash buffer
(50 mM Tris–HCl pH 7.5, 0.5 mM �-ME, 150 mM NaCl,
10% glycerol, 1 mM PMSF) and 2 times with the same
buffer with 100 mM NaCl before being eluted with a FLAG
elution buffer (FLAG wash buffer with 100 mM NaCl and
150 ng/�l 3xFLAG peptide [Sigma]). Complexes were sub-
aliquoted, snap frozen and stored at –80◦C for later use.

Drosophila topoisomerase I. To prepare N-terminally
truncated Drosophila topoisomerase I (catalytic subunit)
with 6xHis tag on its C-terminus, the ND423 plasmid (a
kind gift from James T. Kadonaga, University of Califor-
nia, San Diego, USA), was transformed in BL21 (DE3)
pLysS cells and protein was purified by nickel affinity chro-
matography(31). The cell pellet from 1 liter culture was re-
suspended and sonicated in lysis buffer (50 mM Tris–HCl
pH 7.5, 1 mM PMSF, 500 mM NaCl, 10% glycerol, 2 mM
�-ME, 10 �g/ml leupeptin, 20 mM imidazole) and supple-
mented with 1:400 protease inhibitor cocktail (Sigma). Sol-
uble extract was obtained by centrifugation at 48,000 g for
30 min and was incubated with pre-equilibrated Ni-NTA
resin (Qiagen) for 2 h at 4◦C. Next, resin was washed 4 times
with Ni-NTA wash buffer (50 mM Tris–HCl pH 7.5, 1 mM
PMSF, 500 mM NaCl, 10% glycerol, 2 mM �-ME, 20 mM
imidazole). Before elution the resin was washed once with
the same Ni-NTA wash buffer as above but with 100 mM
NaCl. Protein was eluted with elution buffer (50 mM Tris–
HCl pH 7.5, 1 mM PMSF, 100 mM NaCl, 10% glycerol, 0.5
mM �-ME, 300 mM imidazole, 10 �g/ml leupeptin). Peak
fractions were pooled and diluted 1:5 in dilution buffer (50
mM Tris–HCl pH 7.5, 0.5 mM �-ME, 100 mM NaCl, 10%
glycerol, 1 mM PMSF, 10 �g/ml leupeptin) and the sam-
ple was loaded onto pre-equilibrated HiTrap S and HiTrap
Heparin columns connected in tandem (GE Healthcare),
and washed with 20 ml of dilution buffer. The same buffer
with a salt gradient up to 1 M NaCl was used to elute the
protein from the HiTrap Heparin column after the HiTrap S
column was disconnected. Peak fractions were pooled and
dialyzed in dilution buffer for 2 h. Protein was aliquoted,
snap-frozen and stored at –80◦C.

Human RAD51. The RAD51 sequence was cloned from
pTXB3-RAD51 construct (32) into pMALT-P vector
BamHI and PstI restriction sites, yielding N-terminal MBP
tag, PreScission protease site and RAD51. The RAD51 was
expressed in BL21 (DE3) pLysS cells and was supplemented
with 0.2% glucose, induced with 0.5 mM IPTG and grown
overnight at 18◦C. The cells were then pelleted at 2500 g for
15 min at 4◦C, washed once with STE buffer (10 mM Tris–
HCl pH 8, 500 mM NaCl, 1 mM EDTA), snap-frozen and
kept in –80◦C until use. The pellets were then resuspended
in lysis buffer (50 mM Tris–HCl pH 7.5, 1 mM PMSF, 1
mM DTT, 10% glycerol, 500 mM NaCl, 1:500 protease in-
hibitor cocktail [Sigma]), sonicated and lysate was clarified
by centrifugation at 48 000 g for 30 min. Next, the lysate
was incubated with amylose resin for 1 h batchwise at 4◦C,
washed first with wash buffer I (50 mM Tris–HCl pH 7.5,
1 mM DTT, 10% glycerol, 1 M NaCl) and then with wash
buffer II (50 mM Tris–HCl pH 7.5, 1 mM DTT, 10% glyc-
erol, 300 mM NaCl) followed by elution with wash buffer
II containing 10 mM maltose. To cleave off the MBP tag,
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PreScission Protease was added to the eluate and incubated
overnight at 4◦C (1:5, w/w). Cleaved RAD51 eluate was di-
luted with 50 mM Tris–HCl pH 7.5 to lower the NaCl con-
centration to 150 mM. The eluate was then applied to a Hi-
trap Q column (GE Healthcare). The column was washed
sequentially with wash buffer III (20 mM Tris–HCl pH 7.5,
1 mM EDTA, 0.5 mM DTT, 10% glycerol, 150 mM NaCl)
and eluted with wash buffer III with 300 mM NaCl. The
fractions containing RAD51 were pooled and dialyzed in
20 mM Tris–HCl pH 7.5, 1 mM DTT, 20% glycerol and 100
mM NaCl overnight. The dialyzed protein was aliquoted,
snap-frozen and stored at –80◦C. Wild type RAD51 was
prepared from 4 l of culture and all other variants were pre-
pared from 1 l cultures following the same purification pro-
cedure.

Human RPA. Recombinant human RPA was expressed
from p11d–tRPA construct (a kind gift from M. Wold, Uni-
versity of Iowa) in BL21 (DE3) pLysS cells. Bacterial cul-
ture was grown at 37◦C (200 RPM) until O.D.600 = 0.6, in-
duced with 0.4 mM IPTG, and shaken at 18◦C (200 RPM)
overnight. Bacterial pellet was obtained by centrifugation,
washed once with SD Buffer (10 mM Tris pH 8.0, 150 mM
NaCl, 1 mM EDTA), snap-frozen and stored at –80◦C.
Cell lysis, followed by purification using ÄKTA pure (GE
Healthcare) using HiTrap Blue HP, HiTrap desalting and
HiTrap Q chromatography columns (all GE Healthcare)
(33).

Human mitochondrial single-stranded DNA binding protein
(SSB). Recombinant mitochondrial SSB was expressed
and purified from E. coli BL21 cells (34).

Mass photometry

Mass photometry measurements were performed on a
2MP-0132 mass photometer (Refeyn Ltd). For the mea-
surements, coverslips (No. 1.5 H thickness, 24 × 50 mm,
VWR) were cleaned by dipping it into iso-propanol and
Milli-Q water followed by drying under a stream of gaseous
nitrogen. Subsequently, silicone gaskets (CultureWellTM
Reusable Gasket, Grace Bio-Labs) were placed on the
cleaned coverslips to create wells for samples. For mass
measurements, gaskets were filled with 18 �l protein elu-
tion buffer to allow focusing the microscope onto the cov-
erslip surface. Subsequently, 2 �l (50 nM) protein solu-
tion was added into the 18 �l droplets and mixed. A
movie was recorded for 1 min using the software Ac-
quireMP (Refeyn Ltd). Data analysis was performed using
DiscoverMP (Refeyn Ltd). To convert the measured opti-
cal reflection-interference contrast into a molecular mass,
a known protein size marker (NativeMarkTM Unstained
Protein Standard, Invitrogen) was used.

Preparation of oligonucleotide-based DNA substrates

Oligonucleotides were either 5′-end-labeled with [� -32P]-
ATP (Perkin Elmer) and T4 polynucleotide kinase (New
England Biolabs), or 3′-end-labeled with [�-32P]-dCTP
(Perkin Elmer) and terminal transferase (New England Bi-
olabs) enzymes, respectively. The labeled DNA was then

purified on a Micro Bio-Spin P-30 Tris chromatography
columns (Bio-Rad) (35). Sequences for all oligonucleotides
used to obtain the DNA substrates are listed in Supplemen-
tary Table S1.

Branch migration substrate was prepared as described
previously (36). Briefly, 5′- or 3′-end-labeled 2 �M XO1 was
mixed with 2.4 �M XO2 (1:1.2 ratio) in annealing buffer (10
mM Tris–HCl pH 8, 50 mM NaCl, 10 mM MgCl2). In par-
allel, 2 �M each (1:1 ratio) of XO1c.MM2 and XO2c.MM
oligonucleotides were similarly combined. The respective
mixes were heated for 3 min at 95◦C and slowly cooled down
to room temperature overnight. The two respective samples
were then combined and annealed together (37◦C for 30
min), followed by gradual cooling down to room temper-
ature (2 h). Substrate was then stored at –20◦C until further
use.

Fork reversal substrates were prepared as described ear-
lier (37). Briefly, to create a fork with a leading strand gap,
3′- or 5′-labeled nascent #DC-6 (100 nM final) was annealed
with unlabeled parental #DC-2 (120 nM final) in annealing
buffer (as above) by heating (3 min at 95 ◦C) and gradu-
ally cooled down to room temperature overnight. Similarly,
the complementary half comprising of unlabeled parental
#DC-1 (180 nM final) and unlabeled nascent #DC-4 (180
nM final) were separately annealed. These two correspond-
ing halves (#DC-6 + #DC-2 and #DC-1 + #DC-4) were
then combined and annealed at 37 ◦C for 45 min and
then cooled down to room temperature during 2 h, and
stored at –20◦C until further use. To create a fork with a
lagging strand gap, 3′- or 5′-labeled nascent #DC-3 (100
nM final) was annealed with unlabeled parental #DC-1
(120 nM final) and the corresponding half containing un-
labeled parental #DC-2 (150 nM final) was annealed with
unlabeled nascent #DC-5 (150 nM final) oligos. These two
halves (#DC-3 + #DC-1 and #DC-2 + #DC-5) were then
combined and annealed as above.

Topoisomerase-coupled annealing assays

The bubbled DNA annealing assay was performed as de-
scribed (38) with the following modifications. pBluescript
II KS (+) plasmid (a kind gift from Marcus Thelen, IRB,
Bellinzona, Switzerland) was used as a substrate. 100 ng su-
percoiled DNA was mixed with 1 �g RPA in TE pH 8.0 in
10 �l volume, and incubated for 45 min at 37◦C. Next, 16.5
nM (final) of catalytic domain of Drosophila topoisomerase
I was added to the reaction mixture and incubated for ad-
ditional 10 min at 37 ◦C. Next, annealing buffer (20 mM
Tris–HCl pH 7.5, 5 mM MgCl2, 1 mM DTT, 0.2 mg/ml
BSA, 100 mM NaCl), 2.5 mM ATP (final) and correspond-
ing amounts of proteins (as indicated in figures) or protein
storage buffer were added. The final volume was adjusted
to 20 �l with water and the reactions were incubated for 30
min at 37 ◦C. The reactions were terminated by adding 2.5
�l of 5 M NaCl at room temperature for 2 min, followed
by 6.5 �l of 2% stop buffer (100 mM Tris–HCl pH 7.5, 150
mM EDTA, 2% SDS [w/v], 30% glycerol, 0.1% bromophe-
nol blue) and 1 �l Proteinase K (14–22 mg/ml, Roche), and
incubated 10 min at 37◦C. The mixture was resolved by 1%
agarose gel electrophoresis in 1× TAE buffer, and DNA was
visualized by post-staining with GelRed (Biotium) accord-
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ing to manufacturer’s instructions. The gels were then im-
aged (InGenius3, GeneSys) and quantitated as the fraction
of near or fully relaxed DNA using Image J. Graphs were
generated by GraphPad Prism software.

Fork reversal and branch migration assays

The assays were carried out in a reaction buffer contain-
ing 20 mM Tris–HCl pH 7.5, 5 mM MgCl2, 1 mM DTT,
0.1 mg/ml BSA, 10% glycerol, 2.5 mM ATP (unless in-
dicated otherwise), and 1 nM (fork reversal) or 0.5 nM
(branch migration) DNA substrate, with 150 mM NaCl
(unless indicated otherwise). Master-mixes were prepared
on ice and where indicated, RPA (3 nM) was added to the
master-mix for 15 min on ice. 13 �l reaction mixture was
then dispersed to individual tubes and supplemented with
other recombinant proteins (as indicated) and final volume
was adjusted to 15 �l with protein storage buffer. The re-
actions were continued for additional 30 min at 37◦C and
terminated by the addition of 5 �l stop buffer (100 mM
Tris–HCl pH 7.5, 150 mM EDTA, 0.2% SDS [w/v], 30%
glycerol, 0.1% bromophenol blue) and 1 �l Proteinase K
(14–22 mg/ml, Roche) and incubated for 10 min at 37◦C.
Samples were loaded onto 8% polyacrylamide (19:1 acry-
lamide:bisacrylamide) gels in 1× Tris–borate–EDTA (TBE)
(BIO-RAD Mini-PROTEAN system, 1 mm thick) and sep-
arated for 60 min at 80 V at room temperature. The gels
were dried using a BIO-RAD gel drier on 17 CHR paper
(Whatman), and were exposed to storage phosphor screens
and scanned using Typhoon FLA 9500 (GE Healthcare)
phosphor imager. The gels were quantitated with ImageJ.
Graphs were generated by GraphPad Prism software.

Single-stranded DNA annealing assay

DNA annealing reactions were carried out at 37◦C for
the times indicated using complementary oligonucleotides
X12-3 and X12-4C (please see Supplementary Table S1 for
sequences), 1 nM each. The X12-3 oligonucleotide was la-
beled at the 3′-end. Control reactions were supplemented
with protein storage buffer. Reaction master mixes were pre-
pared separately with the respective ssDNA in a buffer con-
taining 25 mM Tris–acetate pH 7.5, 5 mM magnesium ac-
etate, 1 mM DTT, 1 mM ATP and supplemented with 4
nM RPA or SSB where indicated. The two respective mas-
ter mixes were then incubated for 5 min at 37◦C to allow
RPA or SSB binding. The two respective mixes containing
complementary ssDNA were then combined. Motor pro-
teins and co-factors (when indicated) were added immedi-
ately and reaction volume was adjusted with water. The re-
actions were then incubated at 37◦C; 15 �l reaction mixture
was withdrawn at the indicated time points into tubes con-
taining 5 �l stop buffer (100 mM Tris–HCl pH 7.5, 150 mM
EDTA, 0.2% SDS [w/v], 30% glycerol, 0.1% bromophe-
nol blue) and 1 �l Proteinase K (14–22 mg/ml, Roche).
Tubes were kept on ice until the collection of the last time
point, and finally transferred to 37◦C for 10 min to achieve
deproteination. Samples were then loaded onto 8% poly-
acrylamide (19:1 acrylamide:bisacrylamide) gels in 1× TBE
(BIO-RAD Mini-PROTEAN system, 1 mm thick), and
processed as described above.

ATPase assays

ATPase assays were performed in a buffer containing 20
mM Tris–HCl pH 7.5, 5 mM MgCl2, 1 mM DTT, 0.1 mg/ml
BSA, 10% glycerol, 100 mM NaCl (unless otherwise indi-
cated in the figures), 100 nM ATP, 1 nM of [� -32P] ATP
(Perkin Elmer). 2961 bp long supercoiled pBluescript II KS
(+) (7 nM, in molecules) or 5 nM unlabeled fork (#DC-1
+ #DC-2) or Holliday junction structures ([XO1 + XO2]+
[XO1c.MM2 + XO2c.MM]) were used as a substrate. Re-
combinant proteins were added on ice and the samples were
incubated at 37◦C for 60 min. Reactions were stopped with
2 �l of 0.5 M EDTA and separated using TLC plates (Merk)
and 0.3 M LiCl and 0.3 M formic acid as a mobile phase.
Dried plates were exposed to storage phosphor screens (GE
Healthcare) and scanned by a Typhoon FLA 9500 phos-
phorimager (GE Healthcare). Signals were quantified us-
ing ImageJ software. Spontaneous ATP hydrolysis signal
(Pi) from no protein lanes were removed as a background
and the fraction of ATP hydrolysis was obtained as a nor-
malized value. Graphs were generated by GraphPad Prism
software.

Electrophoretic mobility shift assays

The electrophoretic mobility shift assay (EMSA) to char-
acterize the binding of BCDX2 complex to 70-mer ssDNA
(PC210) or dsDNA (PC210 annealed with PC211), 1 nM fi-
nal; was carried out in 15 �l volume in a binding buffer con-
taining 20 mM Tris–acetate pH 7.5, 1 mM DTT, 1 mM mag-
nesium acetate, 0.1 mg/mL BSA (New England Biolabs)
and 1 mM ATP. PC210 was labeled at 5′ end. Reactions were
assembled on ice and supplemented with increasing con-
centrations of BCDX2, and incubated for 30 min at 37◦C.
The reactions were mixed with 5 �l loading buffer (50%
glycerol, 0.1% bromophenol blue) and loaded on 6% poly-
acrylamide (19:1 acrylamide:bisacrylamide) gels in 1× TBE
(BIO-RAD Mini-PROTEAN system, 1 mm thick), and sep-
arated for 150 min at 80 V at 4◦C. The gels were dried using
a BIO-RAD gel drier on 17 CHR paper (Whatman), ex-
posed to storage phosphor screens and scanned using Ty-
phoon FLA 9500 (GE Healthcare) phosphor imager.

Protein-protein interaction assays

To study the interaction between SMARCAL1 wild type
and corresponding SMARCAL1 F→A variants with
RAD51 or between ZRANB3 WT, ZRANB3 F→A vari-
ants with RAD51, bacterial soluble extract containing
MBP-RAD51 was incubated with amylose resin (50 �l,
New England Biolabs). The resin was washed with wash
buffer I (25 mM Tris–HCl pH 7.5, 0.5 mM DTT, 3 mM
EDTA, 100 mM NaCl, 0.2 �g/�l BSA) and incubated
with recombinant purified FLAG-SMARCAL1, FLAG-
ZRANB3 or the FLAG-BCDX2 complex (all 1 �g) in 150
�l IP buffer (25 mM Tris–HCl pH 7.5, 0.5 mM DTT, 3 mM
EDTA, 100 mM NaCl, 0.2 �g/�l BSA, 10% Glycerol) for
1 h at 4◦C. The resin with bound proteins was washed 5
times with 1 ml wash buffer III (25 mM Tris–HCl pH 7.5,
1 mM DTT, 3 mM EDTA, 100 mM NaCl, 0.05% Triton
X-100), and eluted with wash buffer III (70 �l) contain-
ing 30 mM maltose and Avidin (0.11 �g/�l, Sigma) as a
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stabilizer. Samples were analyzed by Western blotting us-
ing anti-MBP primary antibody (MBL, M091-3, 1:1000)
against MBP-RAD51 and anti-FLAG primary antibody
(Sigma, F3165, 1:1000) against SMARCAL1, ZRANB3 or
against RAD51B of the BCDX2 complex, respectively, by
standard procedures.

To study interaction between RAD51 and ZRANB3 vari-
ants, FLAG-tagged ZRANB3 variants were expressed in
Sf9 cells, cells were lysed and soluble extract containing the
FLAG-ZRANB3 proteins was bound to M2 anti-FLAG
affinity resin (50 �l, Sigma). The resin was washed 3-times
with 1 ml wash buffer I (25 mM Tris–HCl pH 7.5, 0.5 mM
DTT, 3 mM EDTA, 100 mM NaCl, 0.2 �g/�l BSA) and
incubated for 1 h at 4◦C with recombinant purified RAD51
(1 �g) in 150 �l IP buffer (25 mM Tris–HCl pH 7.5, 0.5
mM DTT, 3 mM EDTA, 100 mM NaCl, 0.2 �g/�l BSA).
The resin with bound proteins was washed 5-times with 1
ml wash buffer II (25 mM Tris–HCl pH 7.5, 0.5 mM DTT,
3 mM EDTA, 100 mM NaCl, 0.1% NP40, 0.2 �g/�l BSA),
and proteins were eluted with wash buffer II (70 �l) con-
taining 150 ng/�l 3xFLAG peptide (GLPBIO) and Avidin
(0.11 �g/�l, Sigma) as a stabilizer. Samples were analyzed
by Western blotting using anti-RAD51 primary antibody
(Abcam-133534, 1:1000) or by Ponceau staining to show
ZRANB3, using standard laboratory procedures.

To study the interaction between ZRANB3 and the
BCDX2 complex, or between SMARCAL1 variants and
the BCDX2 complex, 1 �g (1 �l) anti-His primary antibody
(MBL-D2913) was mixed with 15 �l Dynabeads Protein G
(Invitrogen) slurry in a solution containing 150 �l 1X PBS
containing 0.05% Tween 20 (PBS-T). The mixture was incu-
bated for 45 min at room temperature with gentle mixing,
washed 3 times with 150 �l PBS-T and was further resus-
pended in 60 �l IP buffer (25 mM Tris–HCl pH 7.5, 0.5
mM DTT, 3 mM EDTA, 100 mM NaCl, 0.2 �g/�l BSA),
which was then supplemented with 1 �g recombinant pu-
rified BCDX2 complex and incubated for 1 h at 4◦C with
gentle mixing. The beads were washed 3-times with 150 �l
wash buffer (50 mM Tris–HCl pH 7.5, 1 mM DTT, 3 mM
EDTA, 100 mM NaCl, 0.05% Triton X-100) and again re-
suspended in IP buffer. Purified recombinant SMARCAL1
or ZRANB3 (1 �g) was added and incubated for 1 h at 4◦C
with gentle mixing, and washed 4-times with wash buffer
(50 mM Tris–HCl pH 7.5, 100 mM NaCl, 0.05% Triton X-
100). Proteins were eluted by heating the beads for 3 min at
95◦C in 60 �l SDS buffer (50 mM Tris–HCl pH 6.8, 1.6%
SDS, 10% Glycerol, 10% DTT, 0.01% bromophenol blue)
and transferred to a new tube containing Avidin as a stabi-
lizer (0.11 �g/�l, Sigma). Samples were resolved by poly-
acrylamide gel electrophoresis and protein bands were vi-
sualized either by silver staining or by Western blotting us-
ing anti-FLAG to detect SMARCAL1 and ZRANB3, and
by anti-His primary antibodies to detect RAD51C of the
BCDX2 complex by standard procedures.

Antibodies

The antibodies used for Western blotting, immunoprecip-
itation and DNA fiber assay were used as follows: Mouse
anti-RAD51B (Santa Cruz sc-377192; 1:1000 dilution for
WB), Mouse anti-XRCC2 (Santa Cruz sc-365854; 1:1000

dilution for WB), Rabbit anti-RAD51C (Abcam ab95069;
1:1000 dilution for WB), Rabbit anti-RAD51D (Abcam
ab202063; 1:1000 dilution for WB), Rat anti-BrdU (Ab-
cam ab6326; 1:100 dilution for DNA fiber assay), Mouse
anti-BrdU (Becton Dickinson BD347580; 1:100 dilution for
DNA fiber assay), Mouse anti-SMARCAL1 (Santa Cruz
sc-376377; 1:1000 dilution for WB), Mouse anti-BRCA1
(Santa Cruz sc-6954; 1:100 dilution for WB), Rat anti-
TUBULIN (Abcam ab-6160; 1:50 000 dilution for WB),
Goat anti-mouse Alexa Fluor 488 (Thermo Fisher A-
11029; 1:300 dilution for DNA fiber assay), Goat anti-rabbit
Alexa Fluor 594 (Thermo Fisher A-11008; 1:300 dilution
for DNA fiber assay), Mouse anti-his (MBL D291-3; 1
�g for pulldown assay), Mouse anti-FLAG (Sigma F3165;
1:2,000 dilution for WB), Mouse anti-MBP (MBL M091-
3; 1:1000 dilution for WB), Rabbit anti-RAD51 (Abcam
ab133534; 1:1000 dilution for WB).

Cellular assays

MCF10A cells were maintained in a 1:1 mixture of DMEM
and Ham’s F12 medium (Thermo Fisher Scientific), sup-
plemented with 5% horse serum (Thermo Fisher Scientific),
20 ng/ml human epidermal growth factor (Peprotech), 100
ng/ml cholera toxin, 10 �g/ml insulin and 0.5 �g/ml hydro-
cortisone (Sigma-Aldrich). The human embryonic kidney
fibroblast cell line HEK293T was maintained in DMEM
supplemented with 10% Fetalgro bovine growth serum.
Gateway LR recombination (Thermo Fisher Scientific)
was used to recombine pDONR223-SMARCAL1(F446A)
with the lentiviral expression vector pHAGE-C-FLAG-
HA-DEST (39). Recombinant lentiviruses were generated
by cotransfecting helper packaging vectors together with
lentiviral vectors into HEK293T cells using the TransIT-
293 transfection reagent (Mirus Bio). Virus-containing su-
pernatants were collected 48 h after transfection and uti-
lized to infect MCF10A cells in the presence of 8 �g/ml
polybrene. 48 h after viral addition, MCF10A cells were
selected using 1 �g/ml puromycin for 3 days. To perform
RNAi treatments, MCF10A SMARCAL1 KO cells com-
plemented with WT and F446A mutant SMARCAL1 were
transfected with control or BRCA1 siRNA (GE Dharma-
con) using lipofectamine RNAiMAX (Thermo Fisher Sci-
entific) according to manufacturer’s instructions and sub-
jected to DNA fiber assays 3 days after transfection. To an-
alyze cell lysates by Western blotting, cells were collected by
trypsinization and lysed in SB lysis buffer (62.5 mM Tris–
HCl pH 6.8, 1.25% SDS, 12% glycerol, 0.71 M [5%] �-ME,
0.002% bromophenol blue). Whole cell extracts were son-
icated and heated for 5 min at 95◦C. Following gel elec-
trophoresis and transfer of cell extracts onto nitrocellulose,
membranes were incubated for 1 h or overnight in blocking
buffer (5% milk in TBS + 0.1% Tween20). Membranes were
subsequently incubated with primary antibodies diluted in
antibody blocking buffer for 2 h at room temperature or
overnight at 4◦C. Detection was achieved using appropriate
horseradish peroxidase (HRP)-conjugated secondary anti-
bodies. Anti-SMARCAL1 (1:1000, Santa Cruz Biotechnol-
ogy), anti-BRCA1 (1:100, Santa Cruz Biotechnology) and
anti-TUBULIN (1:50000, Abcam) antibodies were used in
western blot experiments.
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Single-molecule analysis of DNA replication

Exponentially growing MCF10A cells were pulse-labeled
with 30 �M CldU (25 min), washed and exposed to 150
�M IdU (35 min). After exposure to the second nucleotide
analog, the cells were washed again in warm 1× PBS and
treated or not for 4 h with hydroxyurea (HU, 2 mM, Sigma).
Labeled cells were trypsinized and resuspended in ice-cold
PBS at 4 × 105 cells/ml. Two microliters of this suspen-
sion were spotted onto a pre-cleaned glass slide and lysed
with 10 �l of spreading buffer (0.5% SDS in 200 mM Tris–
HCl pH 7.4, 50 mM EDTA). After 6 min, the slides were
tilted at 15◦ relative to horizontal, allowing the DNA to
spread. Slides were air-dried, fixed in methanol and acetic
acid (3:1) for 2 min, rehydrated in PBS for 10 min and de-
natured with 2.5 M HCl for 50 min at room temperature.
Slides were then rinsed in PBS and blocked in PBS + 0.1%
Triton X-100 (PBS-T) + 5% BSA for 1 h at room tempera-
ture. Rat anti-BrdU (1:100, Abcam) and mouse anti-BrdU
(1:100, BD) were then applied to detect CldU and IdU, re-
spectively. After 1 h incubation, the slides were washed in
PBS and stained with Alexa Fluor 488-labeled goat anti-
mouse IgG1 antibody and Alexa Fluor 594-labeled goat
anti-rat antibody (1:300 each, Thermo Fisher Scientific).
Slides were mounted in Prolong Gold Antifade (Thermo
Fisher Scientific) and held at –20◦C. Replication tracks were
imaged on a Nikon Eclipse 90i microscope fitted with a PL
Apo 40×/0.95 numerical aperture (NA) objective and mea-
sured using ImageJ software. In each experiment, 100 or
more dual-labeled tracts were measured for fork degrada-
tion estimation.

RESULTS

SMARCAL1, ZRANB3 and HLTF have unequal biochemi-
cal activities

SMARCAL1, ZRANB3 and HLTF have all been im-
plicated in replication fork reversal in vitro and in vivo
(15,23,24,40–43). The loss of either of these enzymes was
shown to abolish nascent DNA degradation in BRCA1/2-
deficient cells, suggesting that these factors may act in a
non-redundant manner to promote fork reversal (12,23).
We expressed and purified SMARCAL1, ZRANB3 and
HLTF from insect Sf9 cells to be able to analyze their bio-
chemical activities side by side (Figure 1A). Our prepara-
tions of SMARCAL1, ZRANB3 and HLTF were largely
monomeric, with a small fraction of dimers in case of
ZRANB3 and HLTF, as determined by mass photome-
try (Supplementary Figure S1A). All three translocases hy-
drolyzed ATP, as expected, with SMARCAL1 showing the
highest specific activity, followed by HLTF and ZRANB3
(Supplementary Figure S1B). We next set out to compare
the relative activities of these motor proteins in biochemi-
cal assays mimicking elements of fork reversal. We first used
oligonucleotide-based DNA substrates resembling stalled
replication forks with ssDNA gaps either in the leading
or the lagging DNA strand (Figure 1B). We observed, as
reported previously, that SMARCAL1 in the presence of
the ssDNA binding protein RPA was more efficient on
forks with leading strand gaps, as opposed to ZRANB3,
which prefers RPA on lagging strand gaps (37) (Figure 1C).

Using the leading strand gap substrate, SMARCAL1 was
also more efficient than HLTF (Figure 1C), while the three
translocases exhibited similar specific activities on the lag-
ging strand gap substrate (Figure 1C). In contrast to the
activities of SMARCAL1 and ZRANB3 that are regulated
by RPA (37), the function of HLTF was not RPA sensitive
(Figure 1D), in agreement with previous data (44). Dur-
ing fork reversal, the initial annealing of the nascent DNA
strands leads to the formation of a 4-way junction (Holli-
day junction, HJ), which is further branch migrated by the
motor proteins, leading to reversed forks of up to several
kilobases in length (9). Using a mobile HJ substrate to assay
for branch migration (Figure 1E), we observed that SMAR-
CAL1 was in contrast the least efficient enzyme, essentially
incapable of branch migration at physiological (150 mM)
salt concentrations. However, under less restrictive condi-
tions in lower salt (100 mM) and with increased concentra-
tion of ATP, the branch migration activity of SMARCAL1
was readily detected (Figure 1F, right panel). Instead, both
ZRANB3 and HLTF were highly and comparably efficient
in branch migration at 150 mM salt (Figure 1E, F). The
nearly complete disruption of fork reversal upon depletion
of either SMARCAL1, ZRANB3 or HLTF, as observed in
cellular experiments (12,23), might suggest that these en-
zymes function together at the same time. We performed
experiments with different combinations of SMARCAL1,
ZRANB3 or HLTF, and only observed additive effects
(Supplementary Figure S1 C,D). The absence of synergy,
at least in the reconstituted system, rather argues against a
joint function.

The activity of the SMARCAL1 and ZRANB3 enzymes
was first analyzed by a topoisomerase-coupled assay that
monitors the annealing of RPA-coated ssDNA bubbles in
plasmid DNA, which can be observed as changes in DNA
topology (18,38,45). Such activity is thought to mimic the
initial stages of fork remodeling. Both SMARCAL1 and
ZRANB3 were shown to anneal the RPA-coated DNA bub-
bles as a result of their motor functions, as ATP hydrolysis
is required for this reaction (18,38,45). However, the specific
activities of SMARCAL1 and ZRANB3 have not been di-
rectly compared. We observed that SMARCAL1 was com-
parably efficient to ZRANB3, while HLTF showed much
lesser capacity to anneal DNA in this assay (Figure 1G, H).

Taken together, our data support and extend previous ob-
servation that SMARCAL1, ZRANB3 and HLTF possess
quite different biochemical activities and substrate prefer-
ences. Our results are in agreement with models positing
that fork reversal is not catalyzed by a single enzyme in a
processive manner, but that it is rather a dynamic process
that involves the sequential engagement of several factors
(9,23,46,47). SMARCAL1 is efficient at DNA annealing,
followed by ZRANB3, while HLTF and ZRANB3 are more
efficient in branch migration.

SMARCAL1 specifically anneals RPA-coated ssDNA

Several helicases, such as members of the RecQ family, were
reported to anneal two ssDNA molecules, but the reactions
were inhibited by RPA (48,49). Considering that cellular
RPA concentration is thought to be sufficient to coat all ss-
DNA in most cases, the physiological relevance of these ob-
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Figure 1. SMARCAL1, ZRANB3 and HLTF possess distinct biochemical activities. (A) Recombinant SMARCAL1, ZRANB3, and HLTF were ana-
lyzed by polyacrylamide gel electrophoresis and stained with Coomassie Brilliant Blue. (B) A schematic of replication fork reversal assay (leading and
lagging strand gap structure is shown). (C) Fork reversal assays with SMARCAL1, ZRANB3 and HLTF with RPA (3 nM). Top, quantifications (error
bars show SEM of three replicates); bottom, representative experiments. (D) Fork reversal assays with HLTF without or with RPA (3 nM). Top, quantifi-
cations (error bars indicate SEM of three replicates); bottom, representative experiments. (E) A schematic of Holliday junction branch migration assay.
(F) Holliday junction branch migrations assay with SMARCAL1, ZRANB3 and HLTF. Top, quantifications (error bars indicate SEM of three replicates);
bottom, representative experiments. (G) A schematic of topoisomerase-coupled annealing assay. (H) Comparison of SMARCAL1, ZRANB3 and HLTF in
topoisomerase-coupled annealing assays. ATP hydrolysis by HLTF is required, as no detectable annealing was observed without ATP. Top, quantifications
(error bars indicate SEM of three replicates); bottom, representative experiments.
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servations remains unclear. In this regard, the reported ac-
tivities of the RecQ family members differ from the canon-
ical RecO/RAD52 family annealing proteins, which an-
neal RPA-coated ssDNA to promote homologous recom-
bination and single strand annealing (SSA) (50,51). Simi-
larly, HELQ was recently described to anneal RPA-coated
ssDNA (52). We next set out to investigate whether the
fork reversal enzymes can anneal two ssDNA molecules
similarly as RAD52 or HELQ. The annealing of the bub-
bled DNA in the topoisomerase-coupled assays could re-
sult from an annealing activity per se, or can be a con-
sequence of the dsDNA translocase activity rezipping the
bubble from the side. To distinguish between these two pos-
sibilities, we set to define the function of the fork remod-
elers in complementary ssDNA annealing (Figure 2A). We
observed that SMARCAL1, ZRANB3 and HLTF were all
able to anneal free ssDNA, which can be explained by mul-
tiple ssDNA binding sites on a single enzyme or by en-
zyme oligomerization, which can bring multiple ssDNA
molecules to close proximity, stimulating their annealing
(Figure 2B, C). However, in the presence of RPA, the ss-
DNA annealing by ZRANB3 and HLTF was strongly re-
duced, similarly as observed with the RecQ family helicases
(48), arguing against physiological relevance. In contrast,
ssDNA annealing by SMARCAL1 remained highly profi-
cient in the presence of RPA (Figure 2B, C). Unlike with
RPA, the ssDNA annealing capacity of SMARCAL1 was
abrogated when the ssDNA was pre-coated with mitochon-
drial SSB, showing that the annealing of ssDNA by SMAR-
CAL1 is allowed in the presence of RPA in a specific man-
ner (Figure 2D). The annealing activity of SMARCAL1
was also observed in the absence of ATP, or when using the
motor-dead SMARCAL1 (D549A, E550A, SMARCAL1-
HD) variant showing that this particular activity is not AT-
Pase dependent (Supplementary Figure S2A), as is the case
of RAD52 (51), but distinct from HELQ (52). Therefore,
the annealing of two complementary ssDNA molecules by
SMARCAL1 mechanistically differs from the annealing of
bubbled DNA in the topoisomerase coupled assays, which
largely require ATP hydrolysis, and hence likely results from
the enzyme translocating on dsDNA (18,38,45).

The N-terminal region of SMARCAL1 contains a pre-
viously defined RPA-binding site, the integrity of which
is required for the recruitment of SMARCAL1 to DNA
damage sites, and to direct SMARCAL1 to substrates
with RPA-coated ssDNA gaps (14) (Figure 2E). However,
SMARCAL1-�N, lacking the RPA interaction domain, is
still proficient in the bubbled DNA annealing assay (18,53).
To test for the requirement for direct interaction between
SMARCAL1 and RPA in ssDNA annealing, we expressed
and purified the SMARCAL1-�N variant (Figure 2F). The
truncated SMARCAL1 was fully proficient in DNA branch
migration in the absence of RPA and identical to wild type
SMARCAL1 as an ATPase (Supplementary Figure S2B,
C). However, the mutant was inefficient in ssDNA anneal-
ing in the presence of RPA, showing that the direct in-
teraction of SMARCAL1 with RPA is essential for this
activity (Figure 2G). Our results reveal that SMARCAL1
possesses a strand annealing activity similar to members
of the RAD52 protein family, which also rely on specific
interaction with RPA (51). We suggest that such activity

may be employed during the very initial steps of fork re-
versal, when the daughter ssDNA molecules are separated
from the parental strands and need to anneal with each
other. These results further underline the mechanistic differ-
ences between the fork remodeling enzymes SMARCAL1,
ZRANB3 and HLTF.

RAD51 and BCDX2 paralogs promote motor-driven strand
annealing activity of SMARCAL1 and ZRANB3 but not
HLTF

Challenged DNA replication forks may undergo reversal,
and reversed replication forks must be subsequently pro-
tected by RAD51 to prevent pathological nascent DNA
degradation (2,3,8,9,54). However, RAD51, along with the
RAD51 paralog BCDX2 complex, were also paradoxically
implicated in promoting fork reversal, through a yet un-
known mechanism (10,22). To elucidate whether the func-
tion of RAD51 and the RAD51 paralogs in fork remodel-
ing may be direct, we next expressed and purified RAD51
and the BCDX2 complex (Figure 3A and Supplementary
Figure S3A). The BCDX2 complex was obtained upon co-
expression of all subunits in insect cells, as the preparation
of the individual proteins resulted in poor yields and sol-
ubility. The BCDX2 complex did not aggregate, bound ss-
DNA and very weakly hydrolyzed ATP, as observed pre-
viously (Supplementary Figure S3B–D) (55). Using a mass
photometer, the stoichiometry of the obtained complex was
consistent with that of a dimer of the heterotetramer (Sup-
plementary Figure S3E).

We next set out to test whether RAD51 and the BCDX2
complex affect the strand annealing and motor activities
of SMARCAL1. To this point, we used the established
topoisomerase-coupled assay (18,38,45). Strikingly, we ob-
served that low concentrations of RAD51 and the BCDX2
complex promoted bubbled DNA annealing by SMAR-
CAL1, while none of these co-factors had a notable ca-
pacity to mediate DNA annealing per se without SMAR-
CAL1, even at much higher concentrations (Figure 3B, Sup-
plementary Figure S3F, G). Additionally, controls where
no ATP was used or helicase-dead SMARCAL1 variant re-
placed the wild type protein largely abolished DNA anneal-
ing, indicating that a large proportion of the relaxed DNA
signal in the assay can be linked to the ATP hydrolysis-
driven translocation activity of SMARCAL1 (Figure 3B,
Supplementary Figure S3H). Similarly to SMARCAL1,
we observed that RAD51 and the BCDX2 paralogs pro-
moted the annealing capacity of ZRANB3. As above with
SMARCAL1, we observed that RAD51 and BCDX2 could
both promote ZRANB3 independently of each other (Fig-
ure 3C). Only limited changes in DNA topology were
observed when using helicase-dead ZRANB3 and all co-
factors, demonstrating that the majority of the signal in
the assay can be linked to the motor activity of ZRANB3
leading to DNA annealing (Supplementary Figure S3I).
Differently from SMARCAL1 and ZRANB3, HLTF was
not stimulated by either RAD51 or BCDX2 (Figure 3D).
Together, we show that RAD51 and BCDX2 promote
the translocation-driven annealing of RPA-coated bubbled
DNA by SMARCAL1 and ZRANB3, suggesting that the
co-factors may have a direct role in fork reversal to stimulate
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Figure 2. SMARCAL1 anneals RPA-coated ssDNA. (A) A schematic of ssDNA annealing assay. (B) Annealing of ssDNA by SMARCAL1, ZRANB3
and HLTF without or with RPA (4 nM). Representative experiments are shown. (C) Quantification of experiment as in (B) at 30 min (error bars indi-
cate SEM of three replicates). Two-tailed unpaired t-test was performed to generate the P values. (D) Annealing of ssDNA by SMARCAL1 without or
with human mitochondrial SSB (4 nM). Top, quantifications (error bars indicate SEM of three replicates); bottom, representative experiment. (E) Top, a
schematic showing domain organization of SMARCAL1. RPA binding domain is located in the N-terminal part of SMARCAL1 (indicated in dark blue).
SMARCAL1-�N lacking RPA binding domain is shown below. (F) Recombinant SMARCAL1-WT and SMARCAL1-�N were analyzed by polyacry-
lamide gel electrophoresis and stained with Coomassie Brilliant Blue. (G) A comparison of SMARCAL1-WT and SMARCAL1-�N in ssDNA annealing
without or with RPA (4 nM). Top, quantifications (error bars indicate SEM of three replicates); bottom, representative experiments.

the DNA translocases. We note that the motor activity of
HELQ was recently described to be stimulated by RAD51
(52), so a structural function of RAD51 in regulating DNA
translocases may be a more common mechanism.

SMARCAL1 and ZRANB3 physically interact with RAD51
and BCDX2

To test whether the functional interplay between SMAR-
CAL1 and ZRANB3 with RAD51 and BCDX2 may in-
volve direct physical interactions, we immobilized RAD51
and performed pulldown experiments with the co-factors.
We observed that BCDX2 interacted with RAD51 (the
RAD51B component was detected), as described previ-
ously (56). Importantly, we found that both SMARCAL1
and ZRANB3 also interacted with RAD51 (Figure 4A).
We next immobilized the BCDX2 complex, and observed
reciprocally a direct interaction with SMARCAL1 and
ZRANB3, as detected by Western blotting and silver stain-
ing (Figure 4B, C). These results collectively suggest that the
interplay of SMARCAL1 and ZRANB3 with RAD51 and
BCDX2 likely involves direct physical interactions.

Point mutation in SMARCAL1 disrupts physical and func-
tional interactions with RAD51

We next set out to define motifs in SMARCAL1 and
ZRANB3 that mediate the interactions with RAD51 and
BCDX2. We failed to identify an interaction motif with
BCDX2, but we found regions in SMARCAL1 mediat-
ing the binding to RAD51. Physical and functional in-
teractions between RAD51 and many of its co-factors,
such as BRCA2, BARD1, MMS22L, RECQL5, SWSAP1
and FINGL1 are mediated by the FXXA motif (32,57–
61). We identified such a motif in SMARCAL1, which is
conserved in evolution (Figure 5A, Supplementary Figure
S4A). The FXXA motif is positioned ahead of the con-
served �I SNF2 family ATPase domain (Supplementary
Figure S4B). The mutation of phenylalanine 446 into ala-
nine (F446A) in SMARCAL1 disrupted the physical inter-
action with RAD51 (Figure 5B, C). In contrast, disruption
of F439, which is part of a less conserved FXXA sequence
in human SMARCAL1 upstream of F446, did not impair
the interaction (Figure 5C, Supplementary Figure S4A). We
note that SMARCAL1-F446A variant per se was very simi-
lar to wild type SMARCAL1 in its fork reversal and ATPase
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Figure 3. RAD51 and BCDX2 promote SMARCAL1 and ZRANB3 mediated bubbled DNA annealing. (A) Recombinant RAD51 and BCDX2 were
analyzed by polyacrylamide gel electrophoresis and stained with Coomassie Brilliant Blue. (B) Annealing helicase assay. RAD51 and BCDX2 separately
stimulate SMARCAL1-mediated annealing of RPA-coated ssDNA. Top, quantifications (error bars indicate SEM of four replicates); bottom, representa-
tive experiment. Statistical significance; *(P < 0.05), ***(P < 0.001), two-tailed t-test. (C) RAD51 and BCDX2 separately promote ZRANB3 mediated
strand annealing. Top, quantifications (error bars indicate SEM of four replicates); bottom, representative experiment. Statistical significance bars; ns
(P > 0.05, not significant); **(P < 0.01); two-tailed t-test. (D) RAD51 and BCDX2 do not promote HLTF-mediated DNA annealing. Top, quantifica-
tions (error bars indicate SEM of three replicates); bottom, representative experiment. Statistical significance; ns (P > 0.05, not significant); *(P < 0.05),
two-tailed t-test.

capacities in vitro and retained its physical interaction with
the BCDX2 complex (Supplementary Figure S4C, D and
Figure 5D). ZRANB3 contains a phenylalanine at the anal-
ogous position to SMARCAL1 ahead of the ATPase do-
main. The phenylalanine however does not conform to the
FXXA motif, and the F47A substitution mutant retained
its capacity to interact with RAD51 and was impaired in its
ATPase activities (Supplementary Figure S4E-H). We next
found that mutation F736A in ZRANB3 disrupted inter-
action with RAD51, however it is likely that the mutation
affected the fold of the substrate recognition domain, as it
likewise abolished the biochemical activities of ZRANB3
and may thus not represent a direct interaction motif (Sup-
plementary Figure S4I–K) (62). Due to the impact of this
mutation on the activities of ZRANB3 per se, we could not
test for the physiological relevance of the interaction with
RAD51.

To investigate the physiological relevance of the disrupted
physical interaction between SMARCAL1 and RAD51, we
used MCF10A SMARCAL1 KO cells (23), which were
complemented with either wild type SMARCAL1 or the
F446A variant (Figure 5E). Following replication stress in-
duced by hydroxyurea, it was previously demonstrated that
SMARCAL1-mediated fork reversal can lead to nascent
DNA degradation, as long as the nascent DNA is not pro-

tected by RAD51 (23). The nascent DNA degradation is
evident in cells lacking BRCA1 or BRCA2, which may
be required to recruit, load or stabilize RAD51. In agree-
ment with previous data (23), we observed extensive nascent
DNA degradation in BRCA1-depleted SMARCAL1 KO
cells reconstituted with wild type SMARCAL1 (Figure 5E).
In contrast, such extensive DNA degradation was not ob-
served in BRCA1-depleted SMARCAL1 KO cells reconsti-
tuted with empty vector (no SMARCAL1), and it was par-
tially attenuated in cells with SMARCAL1-F446A, which
was expressed at levels comparable to wild type (Sup-
plementary Figure S4L). Taking into consideration that
nascent DNA degradation in BRCA-deficient cells requires
the fork reversal activity of SMARCAL1 (23), our results
suggest that SMARCAL1-F446A, which does not interact
with RAD51, might display a defective fork reversal activity
in mammalian cells.

DISCUSSION

Here, we used biochemistry to study the function of the
replication fork remodelers SMARCAL1, ZRANB3 and
HLTF, and their regulation by RAD51 and RAD51 par-
alogs.
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Figure 4. SMARCAL1 and ZRANB3 physically interact with RAD51 and BCDX2. (A) Soluble extract from E. coli containing MBP-RAD51 (bait)
was immobilized on amylose resin and incubated with purified recombinant proteins (RAD51 paralogs BCDX2, ZRANB3 or SMARCAL1, [prey]) as
indicated. Western blot analyses were performed with anti-MBP and anti-FLAG antibodies. (B) and (C) Anti-His antibody was coupled to Protein G
agarose, bound to the BCDX2 complex (bait) and tested for interaction with ZRANB3 (prey) or SMARCAL1 (prey), respectively. Samples were subjected
to either silver staining or Western blot analysis with anti-FLAG and anti-His antibodies.

Novel strand annealing function of SMARCAL1

Depletion of either SMARCAL1, ZRANB3 or HLTF
brings about a profound defect in replication fork rever-
sal, as observed by electron microscopy, or by proxy meth-
ods scoring for e.g. nascent DNA degradation in various
genetic backgrounds upon stress (12,15,40–42,63). To bet-
ter define the function of the fork remodelers, we compared
their specific activities on various substrates mimicking el-
ements of fork reversal. We found that SMARCAL1, but
not ZRANB3 or HLTF, has a unique capacity to anneal
RPA-coated ssDNA, a function reminiscent of the RAD52
protein family or as recently described for HELQ (52). The
annealing function of SMARCAL1 depends on the RPA
interaction motif within the N-terminus of SMARCAL1.
The RPA interaction motif was earlier found to be necessary
for the recruitment of SMARCAL1 to DNA damage sites
and for its physiological function in cells (14). We hypothe-
size that such annealing function might be relevant during
the initial annealing of the displaced daughter strands dur-
ing the early steps of fork reversal. The annealing activity
of SMARCAL1, similarly to RAD52, does not involve AT-
Pase activity.

Previously, the function of SMARCAL1 and ZRANB3
was monitored in assays scoring for the annealing of bub-
bled DNA within circular plasmid (18,38,45). Such activ-
ity, in contrast to annealing of RPA-coated ssDNA oligonu-
cleotides, is dependent on the motor activities of the remod-
elers. In case of SMARCAL1, its direct interaction with
RPA is not required (18,53). We show that in contrast to
SMARCAL1 and ZRANB3, which are similarly proficient
in the bubbled DNA rezipping, HLTF was largely inefficient
in this assay. Branch migration follows the initial strand
annealing during fork reversal. Using 4-way junction sub-
strates to monitor branch migration, HLTF and ZRANB3
were the most active enzymes, while SMARCAL1 was the
least efficient. Our experiments demonstrated that the fork

remodelers possess quite different specific activities with re-
spect to the substrates used, which extends results reported
previously (18,23,47,63). The data support a model where
fork remodeling is not catalyzed by a single enzyme in a
processive manner, but it is rather a process with various
remodelers acting in a distributive fashion (63), depending
on the nature of the DNA intermediate and the substrate
preference of the respective remodeler. Such model would
explain the non-redundant relationship of the remodelers
in fork reversal (23,47,63).

RAD51 and the paralog complex BCDX2 directly promote
SMARCAL1 and ZRANB3

Previous cellular data suggested that RAD51 and the
BCDX2 complex promote fork reversal, but the underlying
mechanism was not clear (10,22). The function of RAD51
in fork remodeling was shown to be genetically separable
and thus different from its canonical role in homologous
recombination (20). Specifically, the strand exchange func-
tion of RAD51 was dispensable, pointing at a potential
non-catalytic function (20). We show here that RAD51 and
the RAD51 BCDX2 paralog complex stimulate the strand
annealing and branch migration activities of SMARCAL1
and ZRANB3, two of the key enzymes implicated in fork
reversal. SMARCAL1 and ZRANB3 were stimulated when
RAD51 concentration was too low to support a nucleopro-
tein filament formation. Recently, RAD51 was shown to
promote the helicase activity of HELQ (52), showing that
RAD51 may structurally promote several DNA motor pro-
teins.

In accord with a recent cellular study that identified a
function of BCDX2 in promoting fork reversal (22), we find
that the paralog complex also directly stimulates SMAR-
CAL1 and ZRANB3. Unexpectedly, RAD51 and BCDX2
stimulated SMARCAL1 and ZRANB3 independently of



8020 Nucleic Acids Research, 2022, Vol. 50, No. 14

A B C

ED

Figure 5. Identification and functional characterization of RAD51 interaction site in SMARCAL1. (A) Multiple sequence alignment showing the presence
of a consensus FxxA motif in SMARCAL1 along with previously characterized RAD51 interacting proteins or BRCA2 domains (highlighted in grey
with bold red letters). (B) Recombinant SMARCAL1-WT and SMARCAL1-F446A were analyzed by polyacrylamide gel electrophoresis and stained
with Coomassie Brilliant Blue. (C) SMARCAL1-F446A fails to interact with RAD51. Soluble extract from E. coli containing MBP-RAD51 (bait) was
immobilized on amylose resin and incubated with purified recombinant SMARCAL1 variants (prey). Ponceau staining shows RAD51. Western blot
analysis was performed with anti-FLAG antibody to detect SMARCAL1. (D) SMARCAL1-F446A, as SMARCAL1-WT, interacts with the BCDX2
complex. Anti-His antibody was immobilized on protein G agarose, bound to BCDX2 complex (bait) and tested for interaction with SMARCAL1 variants
(prey). Samples were subjected to silver staining. (E) DNA fiber assay to monitor SMARCAL1-mediated nascent DNA degradation in BRCA1-deficient
cells. Wild type or SMARCAL1-F446A proteins were expressed in SMARCAL1 KO MCF10A cells upon BRCA1 depletion, as indicated. SMARCAL1-
deficiency renders BRCA1-depleted cells resistant to replication fork degradation upon hydroxyurea (HU) treatment, as a result of impaired fork reversal.
Top: a schematic of the assay: CldU (25 min), IdU (35 min) pulse-labeling protocol to evaluate fork degradation upon HU treatment. Under wild type
condition the ratio of IdU/CldU tract length will remain ∼1, however if there is fork degradation this ratio will be <1. Bottom: graphical representation
of IdU/CIdU tract length ratio. The median value of 100 or more IdU and CldU tracts per experimental condition is indicated. Statistical analysis was
conducted using Mann–Whitney test (****P < 0.0001). Data are representative of two independent experiments.

each other, as we observed mostly additive effects when
combined. The function of the RAD51 paralogs, such as
the BCDX2 complex, in homologous recombination re-
mains poorly defined. Some reports suggest a joint func-
tion for the paralogs and RAD51. Specifically, BCDX2 was
shown to have a classical recombination mediator function
to load RAD51 on RPA-coated ssDNA (64–66), to remodel
RAD51 filaments for activation (67), or to make them
more resistant against disruption (68). However, RAD51-
independent function of the RAD51 paralogs were also
identified in cellular studies, such as in the single-strand
annealing pathway of DSB repair (69), and BCDX2 was
also found to physically and functionally associate with the
HELQ helicase (70). The function of BCDX2 to promote
SMARCAL1/ZRANB3 described here in vitro also does
not require RAD51.

The interplay of RAD51 and paralogs in promoting SMAR-
CAL1 and ZRANB3 involves physical interactions

RAD51 and BCDX2 did not stimulate HLTF, a third en-
zyme shown to catalyze fork reversal, suggesting a speci-
ficity in the interplay of SMARCAL1 and ZRANB3 with
RAD51 and BCDX2. In accord, we found that RAD51
and BCDX2 physically interact with SMARCAL1 and
ZRANB3. We could then map the RAD51 interaction site
in SMARCAL1 and constructed a single point mutant
(SMARCAL1-F446A) that disrupted the physical interac-
tion with RAD51. The SMARCAL1 mutant was not im-
paired in its activities per se, but was deficient in promoting
nascent DNA degradation in BRCA1-deficient cells, a pro-
cess that requires the fork reversal activity of SMARCAL1,
supporting the idea that the identified interplay of SMAR-
CAL1 and RAD51 is physiologically relevant.
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