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SMARCAL1, a DNA remodeling protein fundamental to genome
integrity during replication, is the only gene associated with the
developmental disorder Schimke immuno-osseous dysplasia (SIOD).
SMARCAL1-deficient cells show collapsed replication forks, S-phase
cell cycle arrest, increased chromosomal breaks, hypersensitivity to
genotoxic agents, and chromosomal instability. The SMARCAL1 cat-
alytic domain (SMARCAL1CD) is composed of an SNF2-type double-
stranded DNA motor ATPase fused to a HARP domain of unknown
function. The mechanisms by which SMARCAL1 and other DNA
translocases repair replication forks are poorly understood, in part
because of a lack of structural information on the domains outside
of the common ATPase motor. In the present work, we determined
the crystal structure of the SMARCAL1 HARP domain and examined
its conformation and assembly in solution by small angle X-ray scat-
tering. We report that this domain is conserved with the DNA mis-
match and damage recognition domains of MutS/MSH and NER
helicase XPB, respectively, as well as with the putative DNA speci-
ficity motif of the T4 phage fork regression protein UvsW. Loss of
UvsW fork regression activity by deletion of this domain was res-
cued by its replacement with HARP, establishing the importance of
this domain in UvsW and demonstrating a functional complemen-
tarity between these structurally homologous domains. Mutation of
predicted DNA-binding residues in HARP dramatically reduced fork
binding and regression activities of SMARCAL1CD. Thus, this work
has uncovered a conserved substrate recognition domain in DNA
repair enzymes that couples ATP-hydrolysis to remodeling of a vari-
ety of DNA structures, and provides insight into this domain’s role in
replication fork stability and genome integrity.

replication restart | fork reversal

Accurate DNA replication is essential for genomic stability
(1). Aberrant DNA structures, protein barriers, and chem-

ically modified DNA thwart progression of the replication fork
and lead to mutations, cytotoxicity, and increased chromosomal
rearrangements (2–5). Uncoupling of polymerase and helicase
activities at a stalled fork (6) results in an accumulation of single-
stranded (ss) DNA (Fig. 1A), rendering the genome susceptible
to nuclease cleavage and thereby increasing the probability of
genetic rearrangements (7–9). Failure to stabilize stalled forks
can lead to replisome dissociation and fork degradation or col-
lapse. DNA damage response (DDR) pathways maintain geno-
mic integrity by rectifying or protecting stalled or collapsed forks
and regulating DNA repair (9–11). In humans, accumulation
of the ssDNA-binding protein Replication Protein A (RPA)
at stalled forks signals recruitment of the S-phase checkpoint
kinase ATR (12–15), consequently triggering recruitment of
proteins that promote sister chromatid cohesion and stabilize
the histone/chromatin structure (16).
Stabilization, repair, and restart of stalled forks can involve

regression of the fork into a four-stranded “chicken foot” structure,
in which the nascent DNA strands are unwound from their re-
spective leading and lagging strand templates and reannealed to
one another (Fig. 1A) (17). SMARCAL1 (SWI/SNF-related, matrix
associated, actin-dependent regulator of chromatin, subfamily a-like

1), also known as HARP (HepA-related protein), is one of several
ATP-dependent motor proteins capable of fork regression and im-
portant for genetic stability, including Rad54, RecQ paralogs, BLM,
WRN, FANCM, ZRANB3, HLTF/Rad5, T4 bacteriophage UvsW,
archaeal HelQ/Hel308/Hjm, and Escherichia coli RecG (18–26).
SMARCAL1 is a distant SNF2 family member of dsDNA trans-
locating chromatin remodeling proteins (27) with a binding prefer-
ence for branched DNA structures, and has been shown to catalyze
ATP-dependent regression of model replication forks (Fig. 1A),
branch migration of Holliday junctions, and reannealing of RPA-
coated plasmids (28–30). RPA binding recruits SMARCAL1 to
stalled replication forks in cells and regulates its specificity to
promote regression of stalled forks caused by stalling of the
leading strand polymerase as well as the reverse reaction to re-
store normal replication forks with lagging-strand ssDNA (31).
Depletion of SMARCAL1 in cells leads to MUS81-dependent

double-strand (ds) breaks and cellular sensitivity to replication
stress agents (29). Inherited, biallelic loss of function mutations
in SMARCAL1 result in the disease Schimke immunoosseous
dysplasia (SIOD), characterized by pleiotropic developmental
problems and cancer predisposition (32–35). Mutations associ-
ated with SIOD are localized to the N-terminal RPA-binding
domain, two HARP domains (HARP1 and HARP2), and the
SNF2 (DEXD/HELICc) ATPase region (Fig. 1B).
Despite the conservation of the SMARCAL1 ATPase domain

to the SNF2 family of chromatin remodelers (27, 36), the HARP
sequences are unique, and thus how these accessory domains
contribute to DNA remodeling activities of SMARCAL1 is
unclear. Here we show that the HARP domain is structurally
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homologous to the substrate recognition domains of MutS and
XPB and the putative DNA specificity motif of UvsW. We
demonstrate the importance of this domain to catalytic activity
by showing that loss of UvsW activity by deleting this domain
is restored by a HARP-UvsW chimera, and that mutations in
SMARCAL1 HARP2 abrogate fork regression activity by pref-
erentially reducing SMARCAL1 binding to DNA junctions that
resemble replication forks. Together with SAXS analysis of the
protein–DNA complex, these data illustrate how the HARP-
ATPase catalytic core binds DNA junctions to promote stabili-
zation of stalled replication forks.

Results
HARP Is a Conserved DNA-Remodeling Domain. The SMARCAL1
catalytic domain (SMARCAL1CD; residues 325–870) consists of
the HARP2 and ATPase motifs (Fig. 1B), which together are suf-
ficient for DNA binding and fork regression activities (29). HARP2
is required for activity and folding of the catalytic domain (29), and
thus we set out to determine the crystal structure of the HARP
motif to better understand its contribution to SMARCAL1 activity.
In the absence of the ATPase domain, HARP2 was insoluble,
consistent with a unified HARP2-ATPase domain. Therefore,
we determined the crystal structure of HARP1 from Mus mus-
culus SMARCAL1, which shares 88% and 76% sequence simi-
larity to human HARP1 and HARP2, respectively. The X-ray
crystal structure was phased by single-wavelength anomalous dis-
persion (SAD) using selenomethionine (SeMet)-substituted
HARP1 and refined to 1.9 Å using native diffraction data to

a crystallographic residual of 16.9% (Rfree = 19.7%) (SI Ap-
pendix, Table S1 and Fig. S1).
HARP1 crystallized as a dimer with an N-terminal two-stranded

β-sheet (β1-β2) exchanged between two protomers related by
a noncrystallographic symmetry axis (Fig. 1C). Dimerization of
HARP1 in crystals and the presence of tandem HARP1 and
HARP2 sequences in SMARCAL1 raised the hypothesis that
the HARP domains may form intramolecular or intermolecular
dimers. However, SMARCAL1 and SMARCAL1CD are both
monomeric, as measured by size-exclusion chromatography (SEC)
(SI Appendix, Fig. S2) and small-angle X-ray scattering (SAXS)
(29), and no interaction between HARP1 and SMARCAL1CD was
observed using affinity chromatography. In addition, SAXS analysis
of HARP1 indicated a clear monomeric protein in solution (SI
Appendix, Fig. S1C), with a solution state mass of 7.76 kDa (actual,
7.54 kDa). Thus, it is likely that HARP1 dimerization is a crystal-
lographic artifact. Therefore, we constructed a model of the
HARP1 monomer by exchanging the coordinates of the two sym-
metry-related β1-β2 sheets. The resulting compact globular fold
consists of a five-stranded β-sheet packed against two α-helices.
The model of the monomeric HARP1 motif showed excellent
agreement with the SAXS profile and molecular envelope (Fig. 1D
and SI Appendix, Fig. S1C), and Kratky analysis of the HARP1
scattering data was indicative of a compact, globular fold (Fig. 1D).
Our monomeric HARP model was further validated by search-

ing for structural homologs to known protein folds using the Dali
server (37). The resulting list of HARP homologs was dominated
by DNA- and RNA-binding domains (SI Appendix, Table S2). The
top-scoring hits were DNA-remodeling proteins XPB and UvsW,
each with an rmsd of 2.1 Å and a z-score of 6.9 (Fig. 1E and SI
Appendix, Fig. S3) (38–40). XPB helicase acts in opening DNA for
transcription and nucleotide excision repair (41), and UvsW is
a fork regression enzyme important for replication and repair in T4
phage (42–44). The HARP-like domains of both XPB and UvsW
are located immediately N-terminal to an ATPase motor in
a manner reminiscent of SMARCAL1CD (SI Appendix, Fig. S4)
(29). This domain in XPB provides specificity for abasic sites and
cyclopyrimidine dimers in DNA, and has been termed the
damage recognition domain (DRD) based its similarity to the
mismatch recognition domain (MRD) of MutS (38). Similarly,
this N-terminal domain in UvsW is believed to bind DNA and
provide specificity for branched structures based on its structural
homology to the T4 transcription factor MotA (39, 45), although
to our knowledge, the significance of this domain in UvsW has
not yet been tested.
Given the conservation between the HARP folds and positions

at the N-terminal ends of ATPase domains in SMARCAL1CD

and UvsW, we hypothesized that the HARP motif is necessary
for UvsW fork regression activity. To test this, we deleted the
N-terminal domain from UvsW and replaced it with HARP1
from human SMARCAL1 to generate a HARP-UvsW chimera
(Fig. 2 A and B), and measured fork regression using an estab-
lished assay (29). The isolated UvsW ATPase domain, although
soluble, exhibited no fork regression activity, whereas addition of
HARP to the UvsW ATPase restored fork regression activity
back to ∼75% of that of wild-type UvsW (Fig. 2C and SI Ap-
pendix, Fig. S5). Introduction of a K141R Walker A mutation,
which abrogates UvsW ATPase and branch migration in wild-
type UvsW (42, 46), also rendered the HARP-UvsW chimera
inactive, indicating that the restored fork regression activity of
the chimera is ATP-dependent. Thus, the structure and position
of the HARP motif against the ATPase motor is conserved among
DNA-remodeling proteins SMARCAL1, UvsW, and XPB and
is integral to overall fork regression activities of SMARCAL1
and UvsW.

The HARP DNA-Binding Interface Is Necessary for Fork Regression.
After XPB and UvsW, the next-closest HARP homologs iden-
tified were eukaryotic translation initiation factor 1 (eIF1), the
MRD of the human MutSα MSH6 and MSH3 subunits, with all
MutS orthologs populating the list, and the T4 phage transcription
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Fig. 1. Structure of the SMARCAL1 HARP1 domain. (A) SMARCAL1 catalyzes
regression of a stalled replication fork into a four-stranded “chicken foot”
DNA structure. (B) SMARCAL1 domain organization. Patient mutations are
marked by x (sense) and o (nonsense). HARP domains are shaded green, the
RPA-binding domain (RBD) is purple, RecA domains are dark blue and red,
and SNF2-specific inserted helical domains (HD) are light blue and pink. The
HARP2-ATPase catalytic domain is denoted by a gold bar. (C) Two protomers
(green and silver) of mouse HARP1 as observed in the crystal structure. The
position of the twofold noncrystallographic symmetry axis is shown in or-
ange. (D) SAXS model of monomeric HARP1 (green) superimposed on the
GASBOR ab initio molecular envelope (gray). (E) Superposition of HARP1
(green) and the Archaeoglobus fulgidus XPB DRD (PDB ID code 2FWR; silver).
(F) AfXPB (ATPase, blue/red; DRD, green). (G) T4 phage UvsW (PDB ID code
2OCA; ATPase, blue/red; HARP-like, green).
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factor MotA (SI Appendix, Table S2 and Fig. S3). Structures of
MutS and eIF1 bound to their respective DNA and RNA sub-
strates provide a structural hypothesis for how the HARP fold may
interact with nucleic acids (SI Appendix, Figs. S6 and S7). In
structures of MutSα (MSH6-MSH2), MutSβ (MSH3-MSH2), and
bacterial and archaeal MutS bound to mismatch-containing DNA,
the MRD from the MSH6 or MSH3 subunit engages the mis-
match region through residues in the β1-β2 loop, the β2/β5 sheet,
the coil preceding β5, and along β5 and α6, which widen the minor
groove and bend the DNA (SI Appendix, Fig. S6B) (47–52). In
contrast, the same domain from MSH2 makes nonspecific DNA
contacts. Interestingly, the eIF1 protein is composed entirely of the
HARP fold (53) and binds to 18S RNA in the 40S subunit of the
ribosome in a nearly identical manner to the MRD–DNA in-
teraction (SI Appendix, Figs. S6C and S7) (54). Thus, this structural
analysis of the SMARCAL1 HARP domain identifies a generic
binding architecture that is suited to a variety of nucleic acid targets.
Our previous analyses suggested that the HARP2 domain is

required for SMARCAL1 DNA binding (29). Entire domain
deletions or domain destabilizing mutants were used in those
studies, however, making it difficult to discern whether the DNA-
binding defects of the mutants were related to disruption of DNA
interactions rather than to disruption of the SMARCAL1 fold.
Furthermore, another group has reported that the HARP domains
are not involved in DNA binding (55). Thus, to test whether and
how the SMARCAL1 HARP domain contacts DNA, we designed
a series of HARP2 mutations based on the MRD structural
alignment (Fig. 3A and SI Appendix, Fig. S7). Three cluster
mutants were designed to disrupt interactions in the β1-β2 and
β4-β5 loops (R340G/K368D), the termini of α3 and α6 (D361P/
E377N), and the β2/β5 sheet (E344Q/D346L/K371T), with sub-
stitutions to the corresponding HARP1 residues chosen to
maintain the HARP fold. Mutations were placed in the context
of SMARCAL1CD, and the structural integrity of each protein
was verified by circular dichroism spectroscopy (SI Appendix,
Fig. S7). We first examined binding of the HARP mutants to
various branched DNA structures—overhang, splayed arm, flap,
fork, and four-way junction—using fluorescence polarization.
Wild-type SMARCAL1CD bound the five different DNA struc-
tures with near-equivalent efficiency (Fig. 3C and SI Appendix,
Fig. S7E). The R340G/K368D mutant bound overhang, splayed
arm, and flap structures similarly to wild type, showed a threefold
decrease in affinity for the fork, and did not bind to a four-way
junction. The D361P/E377N and E344Q/D346L/K371T mutants
showed a 10-fold decrease in binding affinity to overhang and
splayed arm DNA, and no measurable affinity for flap, fork, or

four-way junction structures. Thus, the mutations had the greatest
effect on binding to junctions containing an increasing number of
dsDNA arms. Together with the structural homology to the MutS
MRD, these results indicate that the HARP domain binds DNA
in a structure-specific manner.
We next measured the effect of the HARP2 mutations on

DNA-dependent ATP hydrolysis and fork regression activities of
SMARCAL1CD. ATPase activity of SMARCAL1CD was identi-
cal to that of the full-length enzyme (Fig. 3D). Consistent with
their inability to bind DNA, the D361P/E377N and E344Q/D346L/
K371T mutants were unable to hydrolyze ATP in the presence of
any DNA substrate or to regress a model replication fork (Figs. 3D
and F). Likewise, the R340G/K368D mutant retained full ATPase
activity in the presence of overhang DNA (Fig. 3D), but did not
hydrolyze ATP in the presence of fork DNA (Fig. 3E), consistent
with its reduced affinity for fork DNA. Consequently, fork re-
gression of the R340G/K368D mutant was strongly impaired
(Fig. 3F and SI Appendix, Fig. S7F). Taken together, these results
demonstrate that DNA binding by the HARP2 domain is im-
portant for SMARCAL1 branch migration activity and couples
DNA binding to ATP hydrolysis.

Solution States of the SMARCAL1CD/DNA Complex. To gain structural
insight into how the HARP–DNA interaction provides specificity
during catalysis, we performed multiphase SAXS studies with
SMARCAL1CD in the presence of DNA and ATP analogs (SI
Appendix, Fig. S8). Complexes were assembled with a 25-mer
DNA duplex containing a 10-nt ssDNA overhang (a simple DNA
substrate that mimics a partial junction anticipated in DNA mi-
gration pathways) and either ATP substrate (ADPNP) or potential
transition state (ADP·BeFx) mimetics. The scattering profiles of the
ADPNP and ADP·BeFx states indicate significant differences in
conformation of the two complexes (Fig. 4A).
We determined the molecular envelopes for each complex,

with the density for the DNA and protein uniquely identified, by
simultaneous analysis of SAXS data collected on the protein
alone, DNA alone, and the complexes using MONSA. The SAXS
envelopes for the DNA in both ADPNP and ADP·BeFx com-
plexes show a linear conformation with an irregular structure at
one end, presumably representative of the ssDNA overhang (Fig.
4 B and C). In the ADPNP complex, the protein envelope shows
a two-domain globular structure bound to one end of the DNA
(Fig. 4B). A kink in the DNA phase at the point of contact with
the protein suggests that the protein is specifically bound to the
ssDNA–dsDNA junction. Although we could not discern the
precise orientation of the protein with respect to the DNA, at-
omistic models for both the catalytic core and dsDNA placed in
the molecular envelopes are consistent with the DNA-dependent
proteolysis protection pattern of SMARCAL1CD and resemble
the cross-link repair helicase Hel308/HelQ bound to a splayed arm
substrate (56–58) (SI Appendix, Fig. S9).
In contrast to the ADPNP complex, both domains of the pro-

tein in the ADP·BeFx complex engage the DNA (Fig. 4C). A
larger protein domain, presumably representing the ATPase mo-
tor domain, contacts the middle of the DNA, whereas a smaller
domain wraps around to contact one end of the DNA, which likely
corresponds to the ssDNA given its irregular structure (Fig. 4C).
The smaller protein lobe appears to correspond to the HARP
domain in contact with the ssDNA or the ssDNA–dsDNA junc-
tion, which would place the larger ATPase domain in contact with
the dsDNA, consistent with dsDNA translocase activity of the
SNF2 superfamily (59, 60). Thus, the SAXS data are consistent
with a DNA-binding function of the HARP domain and a con-
formational change that effects how the catalytic domain
engages the DNA in the presence of nucleotide.

Discussion
This work establishes the HARP fold as a structurally conserved
nucleic acid-binding domain that contributes to DNA remodel-
ing by SMARCAL1 and UvsW through direct interaction with
DNA. We had previously demonstrated that alanine substitution
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of invariant Trp and Phe residues in the interior of both HARP1
(W277A/F279A) and HARP2 (W372A/F374A) reduced DNA
binding and ATPase activity (29), likely by disrupting the protein
fold. Here, the structural homology between HARP and known
nucleic acid-binding domains that we identified allowed us to
assess DNA binding directly by creating surface mutations that
retain protein folding.
Because HARP2 is integral to the fold of the catalytic domain

(29), we cannot rule out the possibility that these mutations have
an indirect effect on DNA binding, ATP hydrolysis, and fork
regression by disrupting the HARP2–ATPase interface. None-
theless, the subtle and specific effects of the R340G/K368D mutant
on fork-dependent DNA binding and ATPase activity strongly
support a direct HARP2–DNA interaction consistent with the
extended DNA interaction surface visible in the ADP·BeFx
SAXS density. Likewise, both SIOD point mutations in the
HARP2 domain (E377Q and H379P) reside near the putative
DNA-binding surface, suggesting that these mutations disrupt
DNA binding by SMARCAL1 (SI Appendix, Fig. S10).
The preference of SMARCAL1 for substrates containing two

regions of double-stranded character with an intervening gap
suggests that the HARP domain senses a specific junction con-
formation or a disruption in the duplex structure. The analogous
substrate recognition domains from MutS and XPB recognize
DNA mismatches and modified nucleotides that disrupt the
DNA duplex; thus, it is reasonable to hypothesize that the HARP
domain recognizes the distortion in DNA found at the branch
point of a stalled or regressed replication fork. Our mutational
analysis of binding to different types of junctions implies that this
specificity may be a result of the extra rigidity imposed by duplex
DNA at a full DNA junction compared with a flap or splayed arm;
that is, the HARP domain may be less important for binding to
the flap structure because of the flexibility generated by the
presence of ssDNA, whereas an additional dsDNA arm in the fork
substrate reduces the degrees of freedom of the DNA and, con-
sequently, renders the HARP domain more important for binding.

Full-length SMARCAL1 has two HARP domains, HARP1
and HARP2. We have shown that deletion of HARP1 from
SMARCAL1 or the introduction of destabilizing HARP1mutations
has a modest effect on binding to splayed arm substrates, ATPase
activity, and fork regression activities compared with deletion of
HARP2 (29), but deletion of HARP1 greatly diminishes binding to
a gapped DNA molecule. Thus, although HARP1 is not essential
for translocation activity of the catalytic domain, it plays a role in
substrate recognition and likely provides an additional level of
specificity for a fork or a regression intermediate through weaker or
more transient contacts to undistorted regions of the junction. In
this way, HARP1 may be analogous to the MRD/domain I of
MSH2, which aids mismatch recognition by MSH3 or MSH6 by
stabilizing a sharp bend in the DNA through nonspecific contacts
to dsDNA immediately adjacent to the damage (47, 48). Con-
sistent with a DNA-binding role for HARP1, one of the two SIOD
mutations in HARP1 (R247P) resides on the putative DNA-
binding surface (SI Appendix, Fig. S10).
The relatively enigmatic structure-based mechanism for how

SF2 translocases process various DNA substrates is clarified by
these SMARCAL1 structural and mutational results coupled to
existing structural information. E. coli RecG binds to a three-way
junction with the fork arms disposed around a wedge domain
(61). To regress a fork, RecG may pull on the template arm to
direct the junction across the wedge domain (Fig. 4E). Displace-
ment of the nascent DNA strands from the template and their
adjacency would allow base pairing to form a four-way junction.
These observations suggest a mechanism whereby the HARP
domains provide specificity for a fork and stabilize the branch
point during translocation, thereby guiding the displaced nascent
strands to form a new dsDNA arm (Fig. 4D). SMARCAL1 re-
cruitment to stalled forks with an orientation provided by binding
RPA would endow SMARCAL1 with specific polarity and fork
movement (31).
Collectively, the SMARCAL1 HARP domain and the damage

recognition domains of MutS and XPB reveal related substrate
recognition domains that couple specific DNA remodeling activities
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Fig. 3. HARP2 is a DNA-binding domain. (A) Structure-based sequence alignment of the HARP1 domain from M. musculus (m) SMARCAL1 and the MRD of
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onto ATPase motor domains. These unified views of specific
functional recognition of distorted DNA provide a framework
and focus for many ongoing studies on replication fork stability
and genome integrity.

Experimental Procedures
Detailed experimental procedures are available in the SI Appendix.

Protein Production. Mus musculus (m) HARP1 (amino acids 197–268) and T4
phage UvsW proteins were expressed as His6-GST-fusion proteins from E. coli
and purified by Ni-NTA affinity chromatography (NAC). After removal of the
His6-GST-tag by protease cleavage, mHARP1 was further purified by ion
exchange (IEX) and SEC, and UvsW was purified by heparin Sepharose chro-
matography. SeMet-mHARP1 was produced by methionine metabolic in-
hibition and purified as for native mHARP1. The HARP-UvsW chimera (human
SMARCAL1 amino acids 237–302 + UvsW amino acids 83–503) was constructed
by restriction-free cloning, and HARP-UvsWK141R was generated using Quik-
Change (Stratagene). UvsWATPase (amino acids 83–503) was subcloned from the
wild-type vector. All mutant and chimera UvsW proteins were purified as for
wild-type UvsW, but with an additional SEC finishing step. Human SMARCAL1
and SMARCAL1CD (amino acids 325–870) were purified from baculovirus-
infected insect cells by NAC, IEX, and SEC. SMARCAL1 cluster mutants were
constructed by replacing the DNA-encoding HARP2 (amino acids 325–397)
with synthetic HARP2 cassettes that contained mutations, and the proteins
were purified as for SMARCAL1CD.

Crystallization and X-Ray Data Collection. mHARP1 crystals were grown by
vapor diffusion at 21 °C from solutions containing ammonium sulfate and
PEG 5K monomethyl ether at pH 6.5 (native) or ammonium sulfate and so-
dium acetate at pH 4.5 (SeMet). Native and Se-SAD X-ray diffraction data
were collected from cryocooled crystals at beamline 21-ID at the Advanced
Photon Source in Argonne, IL. X-ray phases were obtained from the positions
of eight Se atoms in the asymmetric unit. The resulting 3.3-Å SAD electron
density map was used to build polypeptide chains for all four HARP1 molecules
in the asymmetric unit, which then served as a molecular replacement search
model against 1.9-Å native diffraction data. The model was refined against
a maximum likelihood target, with changes to the model made after each
round of refinement using 2Fo-Fc composite omit and Fo-Fc maps. The coor-
dinates and diffraction data have been deposited in the Protein Data Bank
(PDB ID code 4O66).

Biochemical Assays. Fork regression assays were performed as described
previously (29) with minor modifications, as described in SI Appendix.
Reactions were performed for 20 min at 37 °C in 40 mM Hepes (pH 7.6),
20 mMKCl, 5 mMMgCl2, 1 mM TCEP, 0.1 mg/mL BSA, 2 mM ATP, and 1 nM 32P-
labeled DNA fork substrate. DNA-dependent ATPase activity was determined
with a high-throughput colorimetric ATPase assay (Innova Biosciences) using
8 nM protein and 2–80 nM DNA in 100 mM Tris pH 7.4, 5 mMMgCl2, and 1 mM
ATP. DNA binding was assayed by fluorescence polarization using 6-carboxy-
fluorescein–labeled DNA substrates containing 20-nt arms (SI Appendix, Table
S3). Reactions were incubated for 20 min at 25 °C and contained 10–3,000 nM
protein, 25 nMDNA, 20mMHepes (pH 7.6), 100 mMKCl, 5 mMMgCl2, 0.25 mg/
mL BSA, 0.05 mM EDTA, 0.5 mM DTT, and 0.01% Tween 20.

SAXS. SAXS data were collected and processed at the SIBYLS beamline at the
Advanced Light Source (62–64). The DNA overhang substrate is shown in SI
Appendix, Table S3. Samples were purified immediately before SAXS mea-
surements by SEC using a Shodex KW-402 column in 20 mM Hepes (pH 7.5),
1% glycerol, 0.01% sodium azide, 2 mM TCEP, and either 150 mM NaCl
(mHARP1) or 200 mM NaCl and 2 mM MgCl2 (SMARCAL1CD). For the nu-
cleotide experiments, purification was performed with SEC buffer supple-
mented with either 1 mM ADPNP or 500 μM ADP, 500 μM BeCl2, and 5 mM
NaF (ADP·BeFx). Sample homogeneity and complex formation were con-
firmed by inline SEC-coupled multiangle light scattering (65). Individual
components were concentrated to 5 mg/mL for SEC purification, and for
each sample, the peak fraction (40 μL) was obtained for SAXS analysis, with
the corresponding SEC flow-through taken at 1.2 column volumes as the
SAXS buffer blank (64).

For each fraction, four different SAXS exposures were measured as a 2/3
dilution series. Preliminary data analysis and reduction were performed with
the ScÅtter program (SIBYLS beamline). Concentration-independent SAXS
profiles were used directly for multiphase bead modeling by MONSA (66).
For each complex, 10 independent MONSA runs were performed and av-
eraged using DAMAVERM. The resulting averaged models were converted
to volumetric density maps with the SITUS program suite (67) and then vi-
sualized with VMD (68).
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