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ABSTRACT

SMARCAL1 promotes the repair and restart
of damaged replication forks. Either overexpression
or silencing SMARCAL1 causes the accumulation of
replication-associated DNA damage. SMARCAL1 is
heavily phosphorylated. Here we identify multiple
phosphorylation sites, including S889, which is
phosphorylated even in undamaged cells. S889
is highly conserved through evolution and it regu-
lates SMARCAL1 activity. Specifically, S889
phosphorylation increases the DNA-stimulated
ATPase activity of SMARCAL1 and increases its
ability to catalyze replication fork regression. A
phosphomimetic S889 mutant is also hyperactive
when expressed in cells, while a non-
phosphorylatable mutant is less active. S889 lies
within a C-terminal region of the SMARCAL1
protein. Deletion of the C-terminal region also
creates a hyperactive SMARCAL1 protein suggest-
ing that S889 phosphorylation relieves an auto-
inhibitory function of this SMARCAL1 domain.
Thus, S889 phosphorylation is one mechanism by
which SMARCAL1 activity is regulated to ensure
the proper level of fork remodeling needed to
maintain genome integrity during DNA synthesis.

INTRODUCTION

To ensure complete and accurate duplication of their
genomes, cells use multiple DNA repair and signaling
mechanisms during DNA replication. These replication
stress response mechanisms operate during every S-phase
when replication forks stall owing to DNA lesions, insuf-
ficient nucleotides, collisions between the replisome
and transcriptional apparatus and difficult to replicate

sequences. The replication stress response is needed to
ensure the completion of DNA synthesis and the mainten-
ance of genome integrity (1,2).

The SNF2 ATPase family member SMARCAL1 (also
known as HARP) is a replication stress response enzyme
that functions to repair damaged replication forks and
restart stalled forks. SMARCAL1 is recruited to replica-
tion forks via a direct interaction with the single-stranded
DNA binding protein RPA (3–6). SMARCAL1 also binds
directly to forked DNA structures, and DNA binding ac-
tivates its ATPase activity (7–9).

SMARCAL1 uses the energy of ATP hydrolysis to
catalyze fork remodeling. Specifically, it can anneal
DNA strands and branch migrate DNA junctions
(7,8,10). Its branch migration activity allows it to
catalyze both regression of a replication fork into a
chicken foot structure and reversal of that chicken foot
structure back into a normal fork configuration (11).
These activities are controlled by its direct interaction
with RPA such that it catalyzes fork regression when the
replication fork has a single strand gap on the leading
strand template and catalyzes fork restoration when the
chicken foot has a longer 3’ tail (11). The net effect of
these activities is a preferential regression of stalled forks
generated by leading strand damage and restoration of
normal forks with lagging strand gaps. These substrate
preferences are shared by the Escherichia coli RecG
enzyme (11), and SMARCAL1 may be the functional
ortholog of RecG (10,11).

Biallelic loss of function mutation of SMARCAL1
causes the disease Schimke immuno-osseous dysplasia
(12). This rare disease is characterized by growth defects,
immune deficiencies, renal failure and also an increased
risk of cancer (13,14). Severely affected patients often
die in childhood from renal failure or infection.

Loss of SMARCAL1 function in cells causes the accu-
mulation of collapsed replication forks and hyper-activa-
tion of the DNA damage response due to enzymatic action
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of the MUS81 structure-specific endonuclease (3,8).
SMARCAL1 deficiency also causes increased sensitivity
to replication stress agents like hydroxyurea (HU) and
camptothecin, as well as an inability of stalled replication
forks to recover DNA synthesis (3,4,6). Overexpression
of SMARCAL1 causes replication-associated DNA
damage, and lack of proper regulation causes fork
collapse (3,15). Thus, either too much or too little
SMARCAL1 activity causes genome instability during
S-phase.

SMARCAL1 is phosphorylated in cells and hyper-
phosphorylated in response to replication stress (3,16).
Phosphorylation by ATM and RAD3-related protein
kinase (ATR) on S652 decreases SMARCAL1 activity
(15). To understand how additional phosphorylation
events regulate its activity, we used mass spectrometry to
identify phosphorylated residues. Here we describe our
analysis of one of these sites, S889. Our data indicate
that SMARCAL1 is phosphorylated at S889 even before
cells are exposed to replication stress. S889 phosphoryl-
ation increases the ATPase and fork remodeling activities
of SMARCAL1 likely by relieving an auto-inhibitory
function of a C-terminal SMARCAL1 domain. Thus,
S889 phosphorylation fine-tunes the activity of
SMARCAL1 at replication forks to maintain genome
integrity.

MATERIALS AND METHODS

Cell culture and protein purification

HEK293T and U2OS cells were maintained in Dulbecco’s
modified Eagle’s medium with 7.5% fetal bovine serum.
HEK293T cell transfections were performed with
Lipofectamine 2000. U2OS cell transfections were per-
formed with Fugene HD. Flag-SMARCAL1 was
purified from HEK293T cells following transient transfec-
tion or from insect cells after baculovirus infection as
described previously (8). The S6 siRNA to SMARCAL1
was obtained from Dharmacon.

Mass spectrometry

Endogenous SMARCAL1 was purified from HEK293T
cells treated with HU for 16 h by immunoprecipitation.
After separation on sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) gels, the
SMARCAL1 protein was excised from the gels,
trypsinized and analyzed by tandem mass spectrometry
using an Orbitrap instrument. Candidate phosphopeptide
spectra were validated manually.

DNA binding, ATPase and fork reversal assays

ATPase assays were performed as described previously
with a splayed arm DNA substrate (8). Fork reversal
assays were completed with 3 nM of gel purified, labeled
fork reversal DNA substrate containing a leading strand
gap and 3 nM of SMARCAL1 protein as previously
described (11). DNA binding assays were performed
with the leading strand gap substrate as previously
described (11).

Antibodies

The rabbit polyclonal SMARCAL1 909 antibody has been
described previously (3). The pS889 phosphopeptide-
specific antibody was ordered from ThermoFisher and
made using the following peptide antigen
KIYDLFQK(pS)FEKE.

Immunofluorescence assays

For measuring SMARCAL1 localization, U2OS cells were
transfected with GFP-SMARCAL1 expression vectors,
plated onto glass coverslips, treated with 2mM HU and
then fixed and stained as previously described (3).
For measuring gH2AX levels after SMARCAL1

overexpression, U2OS cells were transfected and then
seeded into 96-well CellCarrier plates (Perkin Elmer).
Forty-eight hours after transfection, the cells were washed
once with phosphate buffered saline, fixed with 3%
paraformaldehyde solution and permeabilized with 0.5%
triton X-100 for 10min at 4�C. Fixed cells were then
incubated with mouse anti-gH2AX antibody followed by
Cy5-conjugated secondary antibody. After washing, the
cells were incubated with 40,6-diamidino-2-phenylindole,
dihydrochloride and then imaged on an Opera automated
confocal microscope (Perkin Elmer) using a 20� water im-
mersion objective. Columbus software (Perkin Elmer) was
used to define nuclei and calculate the mean intensities per
nucleus for green fluorescent protein (GFP) and gH2AX.

RESULTS

Identification of SMARCAL1 phosphorylation sites

To understand how SMARCAL1 is regulated by post-
translational modifications, we purified the protein from
cells treated with HU and identified phosphopeptides
by mass spectrometry. This analysis identified six
phosphorylated serines: S112, S123, S129, S198, S652
and S889 (Table 1 and Figure 1A). A phosphopeptide
with phosphorylation on either S172 or S173 was also
identified but the fragmentation of the peptide was con-
sistent with phosphorylation on either serine. S112, 123,
120 and 198 are proline-directed SP sites and are poorly
evolutionarily conserved (Figure 1B and data not shown).
S173 and S652 match the consensus for the ATR family of

Table 1. SMARCAL1 phosphorylation sites identified by mass

spectrometry

Phosphorylation site Peptide identified by MS

S112 KPEEMPTACPGHS*PR
S123, S129 SQMALTGIS*PPLAQS*PPEVPK
S129 SQMALTGISPPLAQS*PPEVPK
S172 or S173 (SS)*QETPAHSSGQPPR
S198 AS*PSGQNISYIHSSSESVTPR
S652 LKSDVLS*QLPAK
S889 IYDLFQKS*FEK

SMARCAL1 was purified from human cells, trypsinized and analyzed
by tandem mass spectrometry to identify phosphorylated residues. The
fragmentation of the peptide containing S172 and S173 could not dis-
tinguish which of these residues were phosphorylated.
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checkpoint kinases, and our analysis of these sites is
described in a separate publication (15). S889 is highly
conserved throughout evolution but does not match the
consensus for the ATR family kinases (Figure 1B).
Therefore, we focused on this site for functional analyses.
We raised a phosphopeptide-specific antibody to pS889.

This antibody recognizes wild-type Flag-SMARCAL1 but
not a S889A mutant, and it poorly recognizes an S889D
mutant (Figure 2A). The antibody is specific to
phosphorylated SMARCAL1, as phosphatase treatment
of purified Flag-SMARCAL1 greatly reduces the signal
on an immunoblot (Figure 2B). It also recognizes en-
dogenous SMARCAL1, although only after immunopre-
cipitation with total SMARCAL1 antibody to enrich for
the protein (Figure 2C). Knocking down SMARCAL1
with a SMARCAL1 siRNA (S6) reduces detection
indicating specificity. SMARCAL1 phosphorylation is
visible before and after treating cells with HU
(Figure 2D and E). There are no large reproducible
changes in phosphorylation in HU or ultraviolet (UV)
light-treated cells. Thus, S889 is phosphorylated even in
undamaged cells.

Mutation of S889 alters SMARCAL1 phosphorylation
on other residues

To study the function of S889 phosphorylation, we ex-
pressed both S889A non-phosphorylatable and S889D
phosphomimetic mutants in cells. We consistently
observed that the S889D mutant migrated differently
than the wild-type or S889A protein on SDS-PAGE
gels. Specifically, a greater proportion of the S889D
protein exhibits retarded mobility on SDS-PAGE gels
and migrates as two distinct bands (Figure 3A and B).
The slower migrating band disappears after phosphatase

treatment, suggesting that this particular banding pattern
results from additional phosphorylation of the protein
(Figure 3A). The slower migrating band is more
pronounced with the S889D mutant suggesting that phos-
phorylation of S889 shifts the equilibrium of phosphoryl-
ation and dephosphorylation on other sites to favor
phosphorylation.

In line with this idea, we previously showed that the
phosphorylation-dependent gel mobility shift of
SMARCAL1 on SDS-PAGE gels is dependent on added
DNA damage and DNA damage-activated kinases (3).
The wild-type SMARCAL1 protein is shifted on SDS-
PAGE gels when isolated from HU-treated cells
(Figure 3B). In contrast, the S889A mutant has very
little shift similar to the �N protein (Figure 3B). The
�N protein cannot localize to stalled forks, as it does
not bind RPA (3). However, the reduction of damage-
induced phosphorylation on the S889A protein is not
because it fails to bind RPA and localize to stalled
forks, as both the S889A and S889D mutants localize to
foci and bind RPA the same as the wild-type protein
(Figure 3C and D). Thus, the status of S889 phosphoryl-
ation influences the amount of damage-regulated
SMARCAL1 phosphorylation independent of its
localization.

S889 phosphorylation activates SMARCAL1

We next investigated how S889 phosphorylation affects
DNA damage signaling in cells. As we observed previ-
ously, overexpression of wild-type GFP-SMARCAL1
causes hyper-H2AX phosphorylation (gH2AX) in
replicating cells (Figure 4A). A mutation that inactivates
the ATPase activity of SMARCAL1 (R764Q) alleviates,
although does not eliminate this phenotype. The

Figure 1. SMARCAL1 is phosphorylated on S889, which is evolutionarily conserved. (A) The spectrum of a S889 phosphopeptide is shown. (B) An
alignment of SMARCAL1 from four species shows that S889, unlike several other phosphorylated residues, is conserved in many other species. The
location of the phosphorylation sites with respect to identified domains (RPA binding, HARP1 and HARP2 and ATPase) is diagramed.
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SMARCAL1 S889A mutant behaves similarly to the
R764Q protein, while the phosphomimetic S889D causes
increased gH2AX (Figure 4A). The differences in gH2AX
were not due to differences in expression level, as equal
amounts of the proteins were expressed (Figure 4B), and
we further controlled for the amount of expression on a
cell-by-cell basis by only scoring gH2AX in cells with
similar GFP fluorescence levels.

These data suggest that S889 phosphorylation might
regulate the activity of the SMARCAL1 enzyme. To test
this hypothesis more directly, we purified wild-type S889A
and S889D proteins from human cells. DNA-stimulated
ATPase activity was measured with increasing concentra-
tions of a splayed arm DNA substrate. The S889A protein
has significantly less ATPase activity compared with wild-
type, whereas the S889D mutant has significantly more
(Figure 4C). Similar differences are observed when
holding the DNA concentration constant and performing
the assay with increasing concentrations of SMARCAL1
protein (Figure 4D).

In these experiments, we consistently observed the gel
mobility shift of the purified S889D mutant indicating
hyper-phosphorylation (Figure 4C and D, inset). The
hyper-phosphorylation is unlikely to cause the change in
activity because wild-type SMARCAL1 purified from cells
treated with HU to induce hyper-phosphorylation is
actually less active than the protein purified from undam-
aged cells, and damage-induced phosphorylation de-
creases SMARCAL1 activity (15). To test this more
directly, we purified the S889D mutant from baculo-
virus-infected insect cells. The S889D protein purified
from insect cells does not exhibit hyperphosphorylation

and migrates similarly to the wild-type protein on SDS-
PAGE gels (Figure 4E, inset). Nonetheless, the S889D
protein purified from insect cells did retain increased
ATPase activity compared with wild-type SMARCAL1,
suggesting that the mutation itself is the cause of the
difference in activity rather than an indirect effect on
another phosphorylation site. In addition, the S889A
SMARCAL1 protein purified from insect cells is less
active than the wild-type protein. If S889 phosphorylation
regulates SMARCAL1 activity then this result predicts
that SMARCAL1 is partially phosphorylated on S889
when expressed in insect cells. As expected the
phosphopeptide-specific antibody to pS889 recognizes
the insect cell-purified SMARCAL1 as efficiently as
SMARCAL1 purified from human cells (Figure 4F).
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Figure 3. S889 phosphorylation regulates the damage-induced phos-
phorylation of SMARCAL1 in cells without altering its localization.
(A) Flag-SMARCAL1 wild-type or S889D proteins purified from
HEK293T cells were incubated with lambda phosphatase as indicated,
separated by SDS-PAGE and immunoblotted with a total SMARCAL1
antibody. (B) GFP-SMARCAL1 proteins were expressed in HEK293T
cells at levels close to endogenous SMARCAL1. Cells were treated with
HU for 16 h where indicated and total cell lysates were immunoblotted
with SMARCAL1 antibodies. [�N=RPA-binding mutant (3)]
(C) GFP-SMARCAL1 wild-type, S889A or S889D protein expressing
U2OS cells were treated with HU for 5 h, fixed and stained with
antibodies to gH2AX. Shown are representative images of cells with
co-localized foci. Quantitative measurements found no significant dif-
ference in the percentage of cells with GFP-SMARCAL1 S889A,
S889D or wild-type foci. (D) Flag-Wild-type, �N or S889A
SMARCAL1 protein was immunoprecipitated from HEK293T cells.
Immunoprecipitated protein complexes were separated by SDS-PAGE
and immunoblotted with SMARCAL1 or RPA2 antibodies.
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To determine whether the change in ATPase activity
when S889 is phosphorylated results in a change in
SMARCAL1 function, we assayed the ability of
SMARCAL1 to catalyze replication fork regression. For
this analysis, we used the preferred SMARCAL1 substrate
containing RPA bound to a leading strand gap [Figure 5A
and (11)]. As expected, the phosphomimetic S889D mutant
is significantly more active in catalyzing fork regression
than the wild-type protein. The S889A mutant is also
slightly less active than wild-type. The differences in
ATPase and fork regression activities do not stem from a
difference in the ability of the S889A or S889D proteins to
bind DNA, as there are no significant differences in binding
to the fork regression substrate (Figure 5D and E).

S889 phosphorylation relieves auto-inhibition of
SMARCAL1 by a C-terminal domain

S889 lies within an evolutionarily conserved C-terminal
region of SMARCAL1 but outside of any known

domains including the ATPase domain. We considered
the possibility that S889 participates in some part of
enzyme catalysis. If true, we would expect that deletion
of the C-terminus containing S889 would inactivate
the SMARCAL1 enzyme. However, truncating
SMARCAL1 by deleting amino acids 861–954 (�C)
generated an enzyme that is actually hyperactive with
even greater ATPase activity than the S889D protein
(Figure 6A). When expressed in cells, the �C protein
retains the ability to localize to foci within the nucleus
of HU-treated cells. However, in contrast to the other
mutants analyzed, it also partially localizes to the cyto-
plasm (Figure 6B). This aberrant localization could poten-
tially explain why the purified protein does not migrate as
two bands on SDS-PAGE gels like the S889D protein
(Figure 6A, immunoblot insert). To test this idea and
also rule out the possibility that the �C protein is only
more active than the wild-type protein because it is
purified from cells in which a large proportion of it is
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and seeded in 96-well plates. Two days after transfection, the cells were fixed and stained with gH2AX antibodies and DAPI. Cells were imaged using an
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recombinant protein purified from insect cells due to extra amino acids encoded by the Gateway mammalian cell expression vector.
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localized to the cytoplasm, we added a nuclear localization
signal (NLS) to the cDNA. This forced the �C protein to
localize exclusively to the nucleus (Figure 6C). It also
caused increased phosphorylation as evidenced by a
slight gel mobility shift on SDS-PAGE gels (Figure 6D,
inset). Importantly, the purified �C-NLS protein is also
more active than wild-type SMARCAL1, although it is
slightly less active than the �C protein without the
NLS. The small difference in activity between the �C-
NLS and �C proteins likely results from the difference
in damage-induced phosphorylation levels on the two
proteins, as increased phosphorylation of the �C-NLS
protein by ATR on S652 would tend to decrease its
activity (15).

Finally, if the C-terminus is an auto-inhibitory domain,
then deletion of this domain should cause even greater
pan-nuclear H2AX phosphorylation when overexpressed
in cells than overexpression of the wild-type protein.
Indeed, there is a significant difference as predicted
(Figure 6E). Overall, these data suggest that the C-
terminal region is an auto-inhibitory domain that restrains
SMARCAL1 activity. Phosphorylation of the domain on
S889 likely relieves this auto-inhibition.

DISCUSSION

SMARCAL1 is important to maintain genome integrity in
response to replication stress. The DNA annealing and
branch migration activities of SMARCAL1 allow it to

catalyze fork regression and fork restoration in reactions
regulated by its interaction with RPA (8,11). Although
these activities are important to promote fork repair
and restart, they must be regulated to ensure the right
level of activity. Too much or too little SMARCAL1
activity is detrimental to genome stability, as fork-
associated damage accumulates in replicating cells when
SMARCAL1 is silenced or overexpressed (3,15,17). Our
data indicate that one mechanism of SMARCAL1
regulation is through phosphorylation of an auto-
inhibitory domain. Phosphorylation of S889 likely
relieves SMARCAL1 inhibition resulting in increased
DNA-stimulated ATPase and branch migration activities.
Interestingly, this is the opposite of how phosphorylation
at S652 regulates SMARCAL1 (15). Thus, phosphoryl-
ation in undamaged cells at S889 promotes its activity,
whereas phosphorylation at S652 after persistent replica-
tion stress decreases its activity. Together, these phosphor-
ylation events help ensure that the level of SMARCAL1
fork remodeling activity needed to repair damaged forks is
available without jeopardizing genome stability.
As yet it is not clear in what contexts S889 phosphor-

ylation is regulated. We have not observed consistent
changes in response to several different DNA-damaging
agents at different time points. We also did not observe
changes in cell cycle synchronized cells or in several cell
types. It may be that S889 phosphorylation is regulated by
a different input than DNA damage, changes in phos-
phorylation may happen on only a subset of the protein
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in the cell (such as the protein at a stalled fork), the
changes in phosphorylation may be too rapid to observe
when examining total SMARCAL1, its regulation may be
perturbed in the cells or growth conditions we have used
for these experiments or different cell types or tissues may
have different levels of SMARCAL1 phosphorylation.
SMARCAL1 belongs to the SNF2 family, which is a

subset of SF2 helicase proteins. These proteins share
similar ATPase motor domains flanked by accessory
domains that determine their specificity and impart
unique functions and regulation. In some cases, these ac-
cessory domains can block nucleic acid binding or influ-
ence the mobility of the ATPase domain lobes. For
example, the chromodomains of the CHD1 SNF2
protein regulate the ability of its ATPase domain to
bind to DNA (18). We did not observe a difference in
the abilities of the S889D and S889A proteins to bind to
DNA. Also, the S889D mutation did not remove the
nucleic acid binding requirement for SMARCAL1
activity. Thus, we favor a model in which phosphorylation
of the C-terminal domain changes its ability to block the
activity of the ATPase domain. This mechanism resembles
how an N-terminal helix of the SF2 protein DDX19 regu-
lates its activity by binding between its two ATPase
domains and preventing the formation of an active con-
formation (19). Also, the SNF2 proteins CHD1 and ISWI
contain auto-inhibitory domains that regulate their
activities (18,20). Thus, auto-inhibition may be a

common regulatory mechanism for this family of DNA
translocases.

Although our data are consistent with a model of the
SMARCAL1 C-terminus acting as an auto-inhibitory
domain, we have not yet observed SMARCAL1 inhibition
when a recombinant SMARCAL1 C-terminal fragment is
added to wild-type SMARCAL1 ATPase assays in trans
(data not shown). Thus, we cannot completely rule out
other models. For example, in principle, phosphorylation
of the C-terminus could regulate the binding of
SMARCAL1 to a regulatory protein. However, we do
not favor that model because S889 phosphorylation
changes the activity of highly purified recombinant
SMARCAL1 and we have not detected any differences
in the association of the S889A or S889D proteins with
known interacting proteins like RPA and WRN (17).

The S889D SMARCAL1 protein is hyper-
phosphorylated on other sites in cells. This hyper-
phosphorylation also occurs on wild-type SMARCAL1
in cells treated with DNA-damaging agents and is depend-
ent on the checkpoint kinases ATR, ATM and DNA-
dependent protein kinase (DNA-PKcs) (3). The increased
phosphorylation may be due to the activation of ATM,
ATR and DNA-PKcs kinases caused by the increased
DNA damage in cells overexpressing the hyperactive
S889D mutant. This hyper-phosphorylation does not
explain the increased activity of the S889D mutant, as
the S889D protein purified from insect cells is not
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Figure 6. The C-terminal region of SMARCAL1 containing S889 is an auto-inhibitory domain. (A) Flag-SMARCAL1 proteins were purified from
HEK293T cells and examined for ATPase activity. *P=0.031; **P=0.005; ***P=0.0005. (B and C) U2OS cells expressing GFP-SMARCAL1-�C
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treated with HU for 5 h, fixed and stained with antibodies to gH2AX and Flag. (D) The ATPase activities of Flag-SMARCAL1 proteins purified
from HEK293T were examined in the presence of forked DNA. *P=0.04; **P=0.003. The insets in (A) and (D) are immunoblots of the purified
proteins. (E) U2OS cells were transfected with FLAG-SMARCAL1 expression vectors and seeded onto coverslips. Two days after transfection the
cells were fixed and stained with gH2AX and FLAG antibodies. Cells expressing Flag-SMARCAL1 proteins were scored for pan-nuclear gH2AX
staining. Error bars denote standard deviation (n=6). **P=0.007; two-tailed unpaired t-test.
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hyper-phosphorylated but is hyperactive. In addition, the
�C-SMARCAL1 protein expressed largely in the cyto-
plasm is also hyperactive but lacks hyper-phosphoryl-
ation. In fact, the hyper-phosphorylation may partially
mask the increased activity of the S889D and NLS-�C-
SMARCAL1 proteins, as damage-dependent phosphoryl-
ation reduces SMARCAL1 activity (15). The hyper-phos-
phorylation of the S889D mutant and reduced HU-
induced phosphorylation of the S889A mutant is consist-
ent with the model that damage-dependent phosphoryl-
ation of SMARCAL1 happens only after it performs
some activity at the stalled replication fork (15).

In summary, we have identified an auto-inhibitory
domain of SMARCAL1 and shown that phosphorylation
of this domain regulates its enzymatic activity. Although
additional studies will be needed to identify the kinase that
phosphorylates S889 and understand its regulation, our
results indicate that this phosphorylation helps ensure
that the right level of fork remodeling activity is present
to repair damaged replication forks.
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