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ABSTRACT: The premature aging and cancer-prone diseases Werner and Bloom syndromes are caused by
loss of function of WRN and BLM proteins, respectively. At the cellular level, WRN or BLM deficiency
causes replication abnormalities, DNA damage hypersensitivity, and genome instability, suggesting that
these proteins might participate in resolution of replication blockage. Although WRN and BLM are helicases
belonging to the RecQ family, both have been recently shown to also facilitate pairing of complementary
DNA strands. In this study, we demonstrate that both WRN and BLM (but not other selected helicases)
can coordinate their unwinding and pairing activities to regress a model replication fork substrate. Notably,
fork regression is widely believed to be the initial step in responding to replication blockage. Our findings
suggest that WRN and/or BLM might regress replication forks in vivo as part of a genome maintenance
pathway, consistent with the phenotypes of WRN- and BLM-deficient cells.

RecQ helicases are critical for genome stability, although
their exact metabolic functions are currently unclear. Humans
possess five RecQ family members, including the WRN,
BLM, and RECQ4 proteins defective in Werner (WS),1

Bloom (BS), and Rothmund-Thomson (RTS) syndromes,
respectively (1-3). These syndromes are characterized by
early onset and increased frequency of cancer; WS is also
notable for premature appearance of other age-related

phenotypes including atherosclerosis, cataracts, osteoporosis,
and diabetes. Cells derived from WS, BS, and RTS patients
show increased chromosomal aberrations that vary in nature
between syndromes, suggesting at least partially non-
overlapping roles in genome maintenance.

RecQ helicases share strong homology within defined
sequence motifs characteristic of many DNA-dependent
ATPase and unwinding enzymes. WRN and BLM unwind
DNA with a 3′ to 5′ polarity and have similar DNA substrate
specificity, preferring unusual DNA structures including
forks, bubbles, D-loops, triplexes, Holliday junctions, and
G-quartets (4-6). Recently, WRN, BLM, and several other
RecQ helicases were shown to possess strand annealing
activity (7-10). Coordination between unwinding and strand
annealing by WRN or BLM has been demonstrated to
mediate strand exchange (9) and likely underlies their ability
to branch migrate Holliday junctions (11, 12). The N-
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terminus of WRN harbors a 3′ to 5′ exonuclease activity
unique among human RecQ helicases (13), although its
requirement for WRN function in vivo remains controversial.

WRN and BLM have been postulated to act in DNA
metabolic pathways dealing with replication fork blockage
and replication restart (4, 5). In this regard, both WS and
BS cells have S phase abnormalities compared to their
normal counterparts (14-17). WRN-deficient cells are
hypersensitive to agents that inhibit replication, including
hydroxyurea (HU), topoisomerase inhibitors, and interstrand
crosslinkers (18-20). BLM-deficient cells are also hyper-
sensitive to selected genotoxins (21-23). In normal cells,
WRN relocalizes upon treatment with HU and DNA damag-
ing agents to foci containing replication factors and newly
replicated DNA (11, 24, 25), suggesting that it is recruited
to stalled replication forks. Following HU and certain DNA
damaging treatments, BLM migrates to nuclear foci that also
contain PCNA (presumably associated with replication sites)
and the MRN complex (26-28). Thus, several lines of
evidence suggest that WRN and/or BLM may function in
response to replication blockage.

Theoretically, pathways dealing with replication blockage
are initiated by fork regression, a process requiring unwind-
ing of parental-daughter duplex arms with concomitant
repairing of parental strands and pairing of nascent daughter
strands to generate a Holliday junction or “chicken foot”
structure (29-31). This action might then facilitate several
options for repair or circumvention of the obstacle to fork
progression. The finding that WRN and BLM possess both
DNA unwinding and strand pairing capability suggests that
these enzymes might be well-suited to regress replication
forks, a hypothesis that we tested here on a model replication
fork substrate. Importantly, WRN and BLM catalyzed rapid
and coordinated production of parental and daughter du-
plexes, the latter specifically reflective of fork regression
events. Our findings suggest that WRN or BLM may
participate in regression of blocked replication fork regres-
sion, consistent with the DNA damage hypersensitivity, S
phase abnormalities, and genomic instability of WS and BS
cells, respectively.

EXPERIMENTAL PROCEDURES

Enzymes. The WRN-E84A protein possesses normal
DNA-dependent ATPase and helicase activities but contains
a mutation that eliminates its 3′ to 5′ exonuclease activity
(13); conversely, the WRN-K577M protein contains a
mutation that abolishes its ATPase and helicase activities
but retains exonuclease activity (32, 33). These proteins were
overexpressed and purified as described previously (9). Wild
type BLM and BLM-D795A protein containing a mutation
that abolishes ATPase and helicase activities were overex-
pressed in yeast and purified as previously reported (34).
Rep, PriA, UvrD, RecG, and RecQ fromEscherichia coli
were gifts from Kenneth Marians (Sloan-Kettering), Steve
Matson (University of North Carolina), Robert Lloyd (Uni-
versity of Nottingham), and Jim Keck (University of
Wisconsin) and were expressed and purified to homogeneity
as specified in earlier reports (35-38). Protein concentrations
were determined by the Bradford assay and/or SDS-PAGE
using standards of known concentration.

DNA Substrate Preparation.Oligomers were purchased
from Midland Certified Reagent Company (Midland, TX),

and their nucleotide sequences (in 5′ to 3′ orientation) were
as follows: 70lag) GCTATCGTACATGATATCCTCA-
CACTCTGAATAGCCGAATTCTTAGGGTTAG-GGTTAA-
CATCAAGTCACG, 27lag) GAGTGTGAGGATATCAT-
GTACGATAGC, 30lag) TCAGAGTGTGAGGATATCAT-
GTACGATAGC, and 70lead ) CGTGACTTGATG-
TTAACCCTAACCCTAAGAATTCGGCTTAAGTGA-
GTGTGAGGATATCATGTACGATAGC, and 27lead)
GCTATCGTACATGATATCCTCACACTC. The 70lag and
27lead oligomers were radiolabeled at their 5′ ends using
32P-γ-ATP and T4 polynucleotide kinase (New England
Biolabs). In separate annealing reactions, labeled 70lag and
27lead were combined with 27lag and 70lead oligomers,
respectively, heated to 95°C, and slow-cooled to generate
lagging and leading parental-daughter partial duplexes.
These partial duplexes were then incubated together for 18-
24 h at 25°C to generate replication fork substrate that was
extracted from a gel slice following native 8% polyacryla-
mide gel electrophoresis (PAGE). Fork substrates constructed
with 30lag oligomer (instead of 27lag) were used where
indicated. For use as substrates in annealing reactions as well
as markers for specific DNA products, other labeled struc-
tures were similarly prepared, including 70lag/70lead (pa-
rental duplex), 27lead/27lag (daughter duplex), 70lag/27lag,
70lag, and 27lead. Concentrations of DNA species were
determined from the specific activities of their radiolabeled
strands, noting that 70lag and 27lead were labeled with
approximately equal efficiency.

Enzymatic Assays.For fork regression assays, fork sub-
strate (100 pM) was preincubated with enzyme (WRN-E84A,
WRN-K577M, BLM, BLM-D795A, UvrD, PriA, Rep, RecG,
or RecQ, concentrations given in the figure legends) in
reaction buffer (40 mM Tris, pH 7.0, 4 mM MgCl2, 1 mM
ATP, 0.1% Nonidet P40, 100µg/mL bovine serum albumin,
5 mM dithiothreitol) for 5 min at 4°C and then transferred
to 37 °C for the specified times. ATP was replaced by
ATPγS (1 mM) or omitted from selected reactions. Reactions
were stopped using one-sixth volume of helicase dyes (30%
glycerol, 50 mM EDTA, 0.9% SDS, 0.25% bromphenol blue,
0.25% xylene cyanol) and analyzed by native 8% PAGE.
Gels were vacuum-dried, and DNA products were visualized
and quantified using a Storm 860 phosphorimager and
ImageQuant software (GE Healthcare). Radioactivity associ-
ated with intact fork, leading daughter strand, parental duplex,
and daughter duplex products was determined for each
reaction. The percentage of each product with respect to the
molar amount of original fork substrate was quantitated, with
(Figure 1C) or without (Figure 2B) subtraction of background
amounts of DNA species (other than intact fork) present in
reactions without enzyme. In annealing assays, labeled 70lag
or 27lead (100 pM) in reaction buffer minus ATP was
incubated for 5 min on ice without or with WRN-E84A or
BLM at amounts specified in the figure legends. Immediately
after addition of unlabeled 70lead or 27lead (100 pM),
respectively, reactions were incubated at 37°C for 15 min
then stopped with helicase dyes including excess unlabeled
70lag or 27lead (10 nM) to prevent further annealing. DNA
products were separated and visualized as described above.

RESULTS

Construction of Replication Fork Substrate.A model
replication fork structure was constructed to test the hypoth-
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esis that the unwinding and strand pairing activities of
specific RecQ helicases might act coordinately to regress
stalled replication forks. Creation of this substrate required
separate formation of leading and lagging parental-daughter
partial duplexes followed by low temperature annealing of
these partial duplexes, yielding a forked structure (Figure
1A, left) containing a 38 bp parental region, two completely
homologous 27 bp parental-daughter (lagging and leading)
arms, and 5 nt of noncomplementary sequence on each arm
at the fork junction to prevent spontaneous branch migration.
The homology between lagging and leading arms not only
mimics actual replication structures but also permits pairing
between daughter strands and “re-pairing” of parental strands
during putative fork regression (Figure 1A, right). To track
potential production of multiple DNA species, this substrate
contained two radiolabels of approximately equal specific
activity on the lagging parental (70lag) and leading daughter

(27lead) strands. Proper formation of this structure was
confirmed using appropriate restriction enzymes followed
by gel electrophoresis (data not shown).

Actions of WRN and BLM on Replication Fork Substrates.
Replication fork substrates were then treated with various
DNA helicases including WRN and BLM. Since wild type
WRN contains a 3′ to 5′ exonuclease activity that might
complicate our analysis of DNA products, an exonuclease-
deficient mutant protein, WRN-E84A (subsequently referred
to as WRN), was used for almost all assays described below.
Since our fork substrate contains three distinct duplex
regions, a helicase could potentially unwind one or more of
these duplexes resulting in various products when analyzed
by native PAGE. Forward unwinding of the fork would yield
two parental-daughter partial duplexes (70lag/27lag and
70lead/27lead, or PDs) of identical mobility, while unwinding
of either parental-daughter arm would result in a three-

FIGURE 1: Actions of WRN-E84A and BLM on a replication fork substrate. (A) Structure of the replication fork substrate and potential
regression products. The replication fork substrate (at left) with homologous leading and lagging parental-daughter duplex arms was
constructed from four oligomers (70lag, 27lag, 70lead, 27lead); 70lag and 27lead were 5′ radiolabeled (indicated by asterisks). Solid lines
indicate entirely complementary parental (gray) and daughter (black) strands, while dashed lines represent 5 nt noncomplementary sequences.
At right, diagram of fork regression pathway by which WRN-E84A and BLM can result in formation of 70 bp (parental) and 27 bp
(daughter) duplex products. (B) As detailed in Experimental Procedures, reactions containing replication fork substrate (100 pM) and
WRN-E84A (left; 0, 80, 160, 240, 320, 400, 540 pM) or BLM (right; 0, 25, 50, 75, 100, 150, 200 pM) were incubated 5 min at 37°C and
DNA products were analyzed by native PAGE. Specific preformed DNA structures (depicted between panels, PDs) parental-daughter
partial duplexes) were loaded as markers (lane 8). (C and D) Bar graph representation of the amounts (percentage with respect to the molar
amount of original substrate) of parental duplex (white), daughter duplex (black), and leading daughter strand (gray) formed at various
concentrations of WRN-E84A (C) or BLM (D), after subtraction, where applicable, of background amounts present in reactions without
enzyme. Data are the mean and standard deviation of four independent experiments performed as in B.
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stranded fork structure plus a 27-mer (only visible here if
the leading daughter strand was displaced). It is notable that
minor amounts of particular DNA species (such as the
leading daughter strand) are present in our fork substrate
preparations. However, at low enzyme concentrations (begin-
ning with sub-equimolar amounts with respect to DNA
substrate), WRN and BLM produced within 5 min primarily
two DNA species that comigrated precisely with parental
(70lag/70lead) and daughter (27lead/27lag) duplex markers
(Figure 1B). Particularly in reactions with BLM, there was
some formation of leading daughter strand, but forward fork

unwinding or formation of other DNA species by WRN or
BLM was negligible at these enzyme concentrations. Quan-
titation of parental duplex, daughter duplex, and leading
daughter strand produced with increasing WRN and BLM
concentrations is plotted in Figure 1, panels C and D,
respectively. Importantly, daughter duplex could only result
from the type of DNA transaction required to initiate fork
regression and chicken foot formation, i.e., unwinding of both
lagging and leading parental-daughter arms combined with
pairing of daughter strands. Although parental duplex is
produced from the same exact event, it could also result from
unwinding of both daughter strands without their pairing (for
example, see results for UvrD and Rep below). Therefore,
enzymatic production of daughter duplex from our fork
substrate is specifically associated with regression capability.
The amount of daughter duplex increases with increasing
enzyme concentration, and, at the highest WRN or BLM
concentration tested here, is 14.1 or 13.7%, respectively,
compared to the amount of original substrate. However, as
the molar excess of WRN or BLM to substrate increases,
the amounts of leading daughter strand increase. At these
concentrations, neither WRN nor BLM can unwind the blunt-
ended daughter duplex (data not shown), consistent with
reports that fully duplex DNA molecules are poor substrates
for these enzymes (33, 39). Thus, production of leading
daughter strand probably results from some uncoupling
between daughter strand unwinding and daughter duplex
formation in the presence of excess enzyme. Notably, a much
lower proportion of leading daughter strand is produced by
WRN than BLM, indicating that WRN may be more suited
to perform regression of this fork structure.

As mentioned above, daughter duplex production must
result from unwinding of both lagging and leading parental-
daughter arms combined with pairing of daughter strands.
Since WRN and BLM possess both unwinding and annealing
activities (7, 9), formation of daughter duplexes could be
either two unwinding steps followed independently by an
annealing step or a coordinated reaction involving both
activities within one functional enzymatic unit. To examine
the mechanism of daughter duplex formation, two different
strategies were employed. The first was to perform kinetic
experiments with WRN or BLM on our fork substrate to
determine whether complete unwinding (detected by in-
creased formation of leading daughter strand) might precede
daughter duplex formation. Limiting concentrations of WRN
and BLM were used to reduce the likelihood of unlinked
enzymatic events. With WRN, there was no significant
increase in leading daughter strand product (over amounts
present in the fork substrate preparation alone) at the earliest
time points and only a marginal increase thereafter (Figure
2A, lanes 1-7 and B, left panel). In contrast, daughter duplex
formation was evident by 1 min and increased linearly with
time. The lack of a transient increase in the amount of leading
daughter strand suggests that WRN-mediated unwinding and
pairing of both daughter strands are intimately linked. When
the same analysis was performed with BLM (Figure 2A,
lanes 8-13 and B, right panel), the results were not as clear.
Formation of both the daughter duplex and the leading
daughter strand products was observed at the earliest time
point and both increased gradually with time. This result
could indicate that BLM either mediates some uncoupled
unwinding along with concerted regression or unwinds and

FIGURE 2: Daughter duplex formation by WRN-E84A and BLM
is a highly coordinated process. (A) Reactions containing replication
fork substrate (100 pM) and either WRN-E84A (240 pM, left) or
BLM (50 pM, right) were incubated for the indicated times at 37
°C and analyzed as described in Experimental Procedures. Specific
preformed DNA structures (depicted between panels) were loaded
as markers (lane 7). (B) Graphs representing the amounts (percent-
age with respect to molar amounts of original fork substrate) of
daughter duplex (solid triangles) and leading daughter strand (solid
squares) formed by either WRN-E84A (left) or BLM (right) at
varying times. Data are the mean of two experiments performed
as described in A. (C) Annealing reactions containing 0.1 nM each
of either 27lead and 27lag (left panel) or 70lag and 70lead (right
panel) and WRN-E84A (0, 0.16, 0.32, 0.64, 3, 6, and 12 nM, top)
or BLM (0, 0.36, 0.72, 1.5, 3 and 6 nM, bottom). Preformed 27lead/
27lag duplex was loaded as an annealing marker (top panel, lane
8 and bottom panel, lane 7).
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anneals the daughter strands in sequential and possibly
independent steps.

The second strategy was to test whether annealing could
actually occur independently of unwinding by determining
how WRN or BLM acted on the isolated daughter strands.
These reactions were performed without ATP to prevent
unwinding of potentially annealed product; the same molar
amounts of leading and lagging strand oligomers were used
as present in the context of the fork substrate, even though
this significantly exceeds the concentration of daughter
strands that could be displaced at any time during our fork
regression assays. Significantly, WRN and BLM each readily
annealed the longer (70 nt) parental strands but not the
complementary 27 nt daughter strands (Figure 2C). These
results indicate that annealing by WRN and BLM is
dependent upon oligomer length, in agreement with other
studies (7 and our unpublished results). Most importantly
for this study, the inability of WRN or BLM to anneal the
isolated daughter strands suggests that daughter duplex
formation during regression cannot occur independently of
unwinding. These results, combined with our kinetic studies,
indicate that daughter duplex production upon incubation of
either WRN or BLM with our replication fork substrate must
be a concerted process that directly links unwinding of the
parental-daughter arms to pairing of daughter strands. WRN
apparently performs this concerted reaction more efficiently
than BLM, which occasionally fails to pair the daughter
strands in association with unwinding.

Specificity of the Regression Reaction for WRN and BLM.
Most RecQ helicases including WRN and BLM use energy
from ATP hydrolysis to unwind DNA duplexes. To deter-
mine if ATPase and helicase activities were required for these
fork regression events, reactions with our replication fork
substrate were performed with WRN or BLM in the presence
or absence of ATP or the poorly hydrolyzable analog,
ATPγS. These experiments again show that WRN- or BLM-
mediated fork regression, as evidenced by daughter duplex
formation, occurs in the presence of ATP; in contrast,
production of daughter or parental duplex is not detected
when nucleotide is omitted or when ATPγS is present (Figure
3A,B). Furthermore, the ATPase- and helicase-deficient
WRN-K577M and BLM-D795A mutants fail to generate
daughter duplex in the presence of ATP (Supporting
Information, Supplementary Figure 1A), although the 3′ to
5′ exonuclease activity retained in WRN-K577M can act on
fork substrates to digest the leading daughter strand and
occasionally generate DNA products not attributable to fork
regression. When other riboucleotides were substituted for
ATP, only CTP supported (albeit weaker) formation of
daughter duplex by WRN (Supporting Information, Supple-
mentary Figure 1B), in agreement with studies examining
WRN-mediated unwinding of partial duplex substrates (40).
These results not only demonstrate that ATP hydrolysis and
DNA unwinding are required for fork regression, but also
confirm that these events are catalyzed specifically by WRN
and BLM.

Regarding specificity, it was also informative to examine
how other DNA helicases behaved with respect to our
replication fork substrate. Several other unwinding enzymes,
including theEscherichia coliUvrD, PriA, Rep, and RecQ
proteins suggested to participate in regression or resolution
of stalled replication forks (36, 41, 42), were tested to

determine whether regression was relatively unique to WRN
and BLM. However, none of these helicases produced
significant amounts of daughter duplex that reflects fork
regression capability. UvrD and Rep generated the leading
daughter strand as well as the parental duplex, indicating
unwinding of both parental-daughter duplexes without
daughter strand pairing (Figure 4, lanes 1-14). In contrast,
PriA catalyzed either unwinding of only the leading daughter
strand with concomitant production of a three-stranded fork
or forward unwinding to generate parental-daughter du-
plexes (Figure 4, lanes 15-20). Although from the same
helicase family as WRN and BLM, RecQ also did not
detectably regress our replication fork substrate but primarily
catalyzed forward unwinding of the fork to generate parental-
daughter partial duplexes that were sometimes further
unwound to single-stranded products (Figure 4, lanes 21-
26). These experiments also indicated that, in contrast to the
near equimolar amounts of WRN, UvrD, and RecQ that
could readily act on our fork substrate, significant molar
excesses of Rep and PriA were needed to generate new DNA
products. In kinetic experiments, UvrD again generated
parental duplex and leading daughter strand, indicating

FIGURE 3: ATP hydrolysis and DNA unwinding is required for
daughter duplex formation. (A) Regression assays performed on
replication fork substrate (100 pM) and WRN-E84A (0, 60, 120,
and 240 pM) with or without ATP or ATPγS (1 mM) as indicated
were incubated for 5 min at 37°C. (B) Fork regression assays as
described above were performed with BLM (0, 180, 360, and 720
pM) plus or minus ATP or ATPγS as indicated. Markers represent-
ing migration of specific DNA structures are depicted at right of
panels A and B.
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unwinding of both daughter strands without their pairing;
throughout the time course, significant amounts of other
DNA products are not observed, ruling out the possibility
that daughter duplex was formed and then subsequently
unwound by UvrD (data not shown). These results demon-
strate that fork regression is not a general property of
helicases or even all RecQ family members but is specific
to a minor subset that includes at least WRN and BLM.

DISCUSSION

Our results show that WRN and BLM can coordinate their
unwinding and annealing activities on replication fork
substrates, resulting in displacement and pairing of daughter
strands and repairing of parental strands in reactions mimick-
ing fork regression. This fork regression capability, as
evidenced by daughter duplex formation, appears relatively
specific to WRN and BLM and requires their inherent
ATPase, DNA unwinding, and strand pairing capabilities,
as several other DNA helicases do not perform this function
even though they unwind this substrate in other ways.
However, a similar fork regression function has also been
ascribed toEscherichia coliRecG (43) that we confirmed
using our replication fork substrate (Supporting Information,
Supplementary Figure 2). Importantly, the inability of UvrD
or Rep to generate daughter duplex even though they
displaced both daughter strands indicates that daughter
duplex formation is not just a fortuitous consequence of
daughter strand unwinding. Instead, WRN and BLM appear
to be structurally evolved to coordinate their unwinding and
annealing activities, as observed with other DNA structures
(9). In this regard, WRN, at near equimolar concentrations
with respect to DNA substrate, catalyzes exclusively regres-
sion instead of forward fork unwinding, even when the
parental duplex region is a mere 38 bp (and lacking any
obstructing lesion). Notably, WRN appears more adept at
performing this multi-faceted task in comparison to simple
unwinding or annealing. BLM also prefers to unwind the
parental-daughter arms instead of the parental duplex;
however, daughter duplex formation is less efficient, appar-
ently due to some uncoupling between unwinding and
annealing of daughter strands. Thus, WRN may be more
likely than BLM to perform this function in DNA metabo-

lism. Alternatively, the higher effectiveness of WRN might
be due to specific properties of this replication fork substrate.
However, DNase I protection assays show that both WRN
and BLM bind to our replication fork substrates in the
vicinity of the fork junction with no dramatic differences in
binding affinity (data not shown). Since there is no significant
release of free daughter strands at limiting WRN concentra-
tions, unwinding of both parental-daughter duplexes prob-
ably occurs concurrently and is directly linked to daughter
strand pairing. Moreover, daughter strand pairing is likely
initiated while unwinding is ongoing, as WRN cannot pair
the isolated short daughter strands derived from our fork
substrate. Coordinated unwinding of both parental-daughter
arms of the replication fork would suggest that two helicase
active sites are involved, implying that WRN acts here as
perhaps a dimer or higher order oligomer, an inference that
should also apply to BLM.

Regression to form a Holliday junction or chicken foot
structure has been proposed as the initial step in dealing with
replication forks stalled by DNA damage, dNTP shortages,
or other circumstances that inhibit forward progression of
the replication apparatus (29-31). Fork regression might
permit (1) access to and removal of the obstacle followed
by resumption of replication, (2) use of the lagging daughter
strand as template for leading strand synthesis and subsequent
bypass of lesions in the leading template strand (the so-called
strand switching mechanism), or (3) resolution of Holliday
junctions to yield double-strand breaks, followed by replica-
tion restart using recombinational repair pathways. The
inability to properly deal with blocked replication forks may
trigger unregulated recombination resulting in large-scale
chromosomal changes. Notably, RecQ helicases have often
been proposed to function in response to replication blockage,
including the specific act of fork regression (4, 5, 44).
Phenotypes caused by loss of WRN function are consistent
with a possible role in regressing blocked replication forks.
In this regard, WS cells show replication abnormalities
including asymmetric progression of replication forks (15,
17). They are also hypersensitive to HU, a compound that
depletes dNTP pools, and selected DNA damaging agents
including interstrand crosslinkers that prevent unwinding of
the DNA template (18-20). Immunofluorescence studies on

FIGURE 4: Activities of UvrD, Rep, PriA, and RecQ helicases on the replication fork substrate. (A) Regression assays were performed on
replication fork substrate (100 pM) with UvrD (lanes 1-8; 0, 25, 50, 100, 200, 400, 600, and 1200 pM), Rep (lanes 9-14; 0, 1, 5, 25, 45,
and 90 nM), PriA (lanes 15-20; 0, 1, 5, 15, 45, and 90 nM), or RecQ (lanes 21-26; 0, 0.2, 0.6, 2, 6, 20 nM) for 5 min at 37°C. Positions
of specific DNA structures are depicted at right.
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normal cells indicate that, following treatment with DNA
damaging agents or HU, WRN migrates quickly to nuclear
foci that coincide with sites of replication (11, 24, 25). Thus,
a role for WRN as a replication fork regression factor is
consistent with not only its biochemical activity but also the
properties of normal and WS cells. Although the WRN
exonuclease function has not been studied here, this activity
could potentially be involved in fork regression by attacking
the leading daughter strand, an Okazaki fragment on the
lagging daughter strand, or the free end of the Holliday
junction generated during this process. As BS cells also show
replication abnormalities, BLM may also act to regress
replication forks under certain circumstances or potentially
serve as a back-up for WRN. Importantly, during the
preparation of this manuscript, another group also demon-
strated fork regression activity associated with BLM (45).
Thus, WRN, BLM, and perhaps other RecQ family members
may be structurally designed to catalyze fork regression, even
thoughE. coli RecQ appears not to perform this function.
However, the lower effectiveness of BLM in performing fork
regression may suggest that its primary function is elsewhere,
such as in the processing and resolution of double Holliday
junction structures in cooperation with topoisomerase III
alpha (46).

In summary, the helicase and annealing activities of WRN
act in concert on a replication fork substrate resulting in
daughter strand pairing reflective of a fork regression
reaction. These activities are tightly linked in time and space,
as the annealing step cannot occur independently from
parental-daughter duplex unwinding and single-stranded
intermediates are not observed. BLM also performs fork
regression, albeit less effectively than WRN. With the
exception of RecG, other helicases tested from within and
outside the RecQ family simply unwind duplex regions of
the fork substrate with no detectable regression activity. A
role for WRN or BLM in replication fork regression would
be consistent with the genomic instability and cancer-prone
phenotypes of WS or BS patients, respectively.
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SUPPORTING INFORMATION AVAILABLE
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deficient WRN and BLM mutant proteins or the effects of
various ribonucleotide cofactors on WRN-mediated activity
that further support specificity of our fork regression reaction
and (2) RecG regression activity on our replication fork
substrate. This material is available free of charge via the
Internet at http://pubs.acs.org.

REFERENCES

1. Yu, C. E., Oshima, J., Fu, Y. H., Wijsman, E. M., Hisama, F.,
Alisch, R., Matthews, S., Nakura, J., Miki, T., Ouais, S., Martin,
G. M., Mulligan, J., and Schellenberg, G. D. (1996) Positional
cloning of the Werner’s syndrome gene,Science 272, 258-262.

2. Kitao, S., Shimamoto, A., Goto, M., Miller, R. W., Smithson, W.
A., Lindor, N. M., and Furuichi, Y. (1999) Mutations in RECQL4

cause a subset of cases of Rothmund-Thomson syndrome,Nat.
Genet. 22, 82-84.

3. Ellis, N. A., Groden, J., Ye, T. Z., Straughen, J., Lennon, D. J.,
Ciocci, S., Proytcheva, M., and German, J. (1995) The Bloom’s
syndrome gene product is homologous to RecQ helicases,Cell
83, 655-666.

4. Shen, J. C., and Loeb, L. A. (2000) The Werner syndrome gene:
the molecular basis of RecQ helicase-deficiency diseases,Trends
Genet. 16, 213-220.

5. Bachrati, C. Z., and Hickson, I. D. (2003) RecQ helicases:
suppressors of tumorigenesis and premature aging,Biochem. J.
374, 577-606.

6. Opresko, P. L., Cheng, W. H., and Bohr, V. A. (2004) Junction
of RecQ helicase biochemistry and human disease,J. Biol. Chem.
279, 18099-18102.

7. Cheok, C. F., Wu, L., Garcia, P. L., Janscak, P., and Hickson, I.
D. (2005) The Bloom’s syndrome helicase promotes the annealing
of complementary single-stranded DNA,Nucleic Acids Res. 33,
3932-3941.

8. Garcia, P. L., Liu, Y., Jiricny, J., West, S. C., and Janscak, P.
(2004) Human RECQ5beta, a protein with DNA helicase and
strand-annealing activities in a single polypeptide,EMBO J. 23,
2882-2891.

9. Machwe, A., Xiao, L., Groden, J., Matson, S. W., and Orren, D.
K. (2005) RecQ family members combine strand pairing and
unwinding activities to catalyze strand exchange,J. Biol. Chem.
280, 23397-23407.

10. Sharma, S., Sommers, J. A., Choudhary, S., Faulkner, J. K., Cui,
S., Andreoli, L., Muzzolini, L., Vindigni, A., and Brosh, R. M.,
Jr. (2005) Biochemical analysis of the DNA unwinding and strand
annealing activities catalyzed by human RECQ1,J. Biol. Chem.
280, 28072-28084.

11. Constantinou, A., Tarsounas, M., Karow, J. K., Brosh, R. M., Bohr,
V. A., Hickson, I. D., and West, S. C. (2000) Werner’s syndrome
protein (WRN) migrates Holliday junctions and co-localizes with
RPA upon replication arrest,EMBO Rep. 1, 80-84.

12. Karow, J. K., Constantinou, A., Li, J. L., West, S. C., and Hickson,
I. D. (2000) The Bloom’s syndrome gene product promotes branch
migration of holliday junctions,Proc. Natl. Acad. Sci. U.S.A. 97,
6504-6508.

13. Huang, S., Li, B., Gray, M. D., Oshima, J., Mian, I. S., and
Campisi, J. (1998) The premature ageing syndrome protein, WRN,
is a 3′f5′ exonuclease,Nat. Genet. 20, 114-116.

14. Hand, R., and German, J. (1975) A retarded rate of DNA chain
growth in Bloom’s syndrome,Proc. Natl. Acad. Sci. U.S.A. 72,
758-762.

15. Poot, M., Hoehn, H., Runger, T. M., and Martin, G. M. (1992)
Impaired S-phase transit of Werner syndrome cells expressed in
lymphoblastoid cell lines,Exp. Cell Res. 202, 267-273.

16. Yankiwski, V., Marciniak, R. A., Guarente, L., and Neff, N. F.
(2000) Nuclear structure in normal and Bloom syndrome cells,
Proc. Natl. Acad. Sci. U.S.A. 97, 5214-5219.

17. Rodriguez-Lopez, A. M., Jackson, D. A., Iborra, F., and Cox, L.
S. (2002) Asymmetry of DNA replication fork progression in
Werner’s syndrome,Aging Cell 1, 30-39.

18. Lebel, M., and Leder, P. (1998) A deletion within the murine
Werner syndrome helicase induces sensitivity to inhibitors of
topoisomerase and loss of cellular proliferative capacity,Proc.
Natl. Acad. Sci. U.S.A. 95, 13097-13102.

19. Pichierri, P., Franchitto, A., Mosesso, P., and Palitti, F. (2001)
Werner’s syndrome protein is required for correct recovery after
replication arrest and DNA damage induced in S-phase of cell
cycle,Mol. Biol. Cell. 12, 2412-2421.

20. Poot, M., Yom, J. S., Whang, S. H., Kato, J. T., Gollahon, K. A.,
and Rabinovitch, P. S. (2001) Werner syndrome cells are sensitive
to DNA cross-linking drugs,FASEB J. 15, 1224-1226.

21. Hook, G. J., Kwok, E., and Heddle, J. A. (1984) Sensitivity of
Bloom syndrome fibroblasts to mitomycin C,Mutat. Res. 131,
223-230.

22. Wang, W., Seki, M., Narita, Y., Sonoda, E., Takeda, S., Yamada,
K., Masuko, T., Katada, T., and Enomoto, T. (2000) Possible
association of BLM in decreasing DNA double strand breaks
during DNA replication,EMBO J. 19, 3428-3435.

23. Beamish, H., Kedar, P., Kaneko, H., Chen, P., Fukao, T., Peng,
C., Beresten, S., Gueven, N., Purdie, D., Lees-Miller, S., Ellis,
N., Kondo, N., and Lavin, M. F. (2002) Functional link between
BLM defective in Bloom’s syndrome and the ataxia-telangiectasia-
mutated protein, ATM,J. Biol. Chem. 277, 30515-30523.

Accelerated Publications Biochemistry, Vol. 45, No. 47, 200613945



24. Pichierri, P., Rosselli, F., and Franchitto, A. (2003) Werner’s
syndrome protein is phosphorylated in an ATR/ATM-dependent
manner following replication arrest and DNA damage induced
during the S phase of the cell cycle,Oncogene 22, 1491-1500.

25. Karmakar, P., and Bohr, V. A. (2005) Cellular dynamics and
modulation of WRN protein is DNA damage specific,Mech.
Ageing DeV. 126, 1146-1158.

26. Wang, Y., Cortez, D., Yazdi, P., Neff, N., Elledge, S. J., and Qin,
J. (2000) BASC, a super complex of BRCA1-associated proteins
involved in the recognition and repair of aberrant DNA structures,
Genes DeV. 14, 927-939.

27. Bischof, O., Kim, S. H., Irving, J., Beresten, S., Ellis, N. A., and
Campisi, J. (2001) Regulation and localization of the Bloom
syndrome protein in response to DNA damage,J. Cell Biol. 153,
367-380.

28. Franchitto, A., and Pichierri, P. (2002) Bloom’s syndrome protein
is required for correct relocalization of RAD50/MRE11/NBS1
complex after replication fork arrest,J. Cell Biol. 157, 19-30.

29. Kowalczykowski, S. C. (2000) Initiation of genetic recombination
and recombination-dependent replication,Trends Biochem. Sci.
25, 156-165.

30. Cox, M. M. (2002) The nonmutagenic repair of broken replication
forks via recombination,Mutat. Res. 510, 107-120.

31. Haber, J. E. (1999) DNA recombination: the replication connec-
tion, Trends Biochem. Sci. 24, 271-275.

32. Gray, M. D., Shen, J. C., Kamath-Loeb, A. S., Blank, A., Sopher,
B. L., Martin, G. M., Oshima, J., and Loeb, L. A. (1997) The
Werner syndrome protein is a DNA helicase,Nat. Genet. 17, 100-
103.

33. Machwe, A., Xiao, L., Theodore, S., and Orren, D. K. (2002)
DNase I footprinting and enhanced exonuclease function of the
bipartite Werner syndrome protein (WRN) bound to partially
melted duplex DNA,J. Biol. Chem. 277, 4492-4504.

34. Lillard-Wetherell, K., Machwe, A., Langland, G. T., Combs, K.
A., Behbehani, G. K., Schonberg, S. A., German, J., Turchi, J. J.,
Orren, D. K., and Groden, J. (2004) Association and regulation
of the BLM helicase by the telomere proteins TRF1 and TRF2,
Hum. Mol. Genet. 13, 1919-1932.

35. Mechanic, L. E., Hall, M. C., and Matson, S. W. (1999)
Escherichia coliDNA helicase II is active as a monomer,J. Biol.
Chem. 274, 12488-12498.

36. Heller, R. C., and Marians, K. J. (2005) Unwinding of the nascent
lagging strand by Rep and PriA enables the direct restart of stalled
replication forks,J. Biol. Chem. 280, 34143-34151.

37. Bernstein, D. A., and Keck, J. L. (2003) Domain mapping of
Escherichia coli RecQ defines the roles of conserved N- and
C-terminal regions in the RecQ family,Nucleic Acids Res. 31,
2778-2785.

38. Mahdi, A. A., Briggs, G. S., Sharples, G. J., Wen, Q., and Lloyd,
R. G. (2003) A model for dsDNA translocation revealed by a
structural motif common to RecG and Mfd proteins,EMBO J.
22, 724-734.

39. Mohaghegh, P., Karow, J. K., Brosh, R. M., Jr., Bohr, V. A., and
Hickson, I. D. (2001) The Bloom’s and Werner’s syndrome
proteins are DNA structure-specific helicases,Nucleic Acids Res.
29, 2843-2849.

40. Shen, J. C., Gray, M. D., Oshima, J., and Loeb, L. A. (1998)
Characterization of Werner syndrome protein DNA helicase
activity: directionality, substrate dependence and stimulation by
replication protein A,Nucleic Acids Res. 26, 2879-2885.

41. Flores, M. J., Bidnenko, V., and Michel, B. (2004) The DNA repair
helicase UvrD is essential for replication fork reversal in replica-
tion mutants,EMBO Rep. 5, 983-988.

42. Courcelle, J. (2005) Recs preventing wrecks,Mutat. Res. 577,
217-227.

43. McGlynn, P., and Lloyd, R. G. (2001) Rescue of stalled replication
forks by RecG: simultaneous translocation on the leading and
lagging strand templates supports an active DNA unwinding model
of fork reversal and Holliday junction formation,Proc. Natl. Acad.
Sci. U.S.A. 98, 8227-8234.

44. Courcelle, J., and Hanawalt, P. C. (2001) Participation of
recombination proteins in rescue of arrested replication forks in
UV-irradiated Escherichia coli need not involve recombination,
Proc. Natl. Acad. Sci. U.S.A. 98, 8196-8202.

45. Ralf, C., Hickson, I. D., and Wu, L. (2006) The Bloom’s syndrome
helicase can promote the regression of a model replication fork,
J Biol. Chem. 281, 22839-22846.

46. Wu, L., and Hickson, I. D. (2003) The Bloom’s syndrome helicase
suppresses crossing over during homologous recombination,
Nature 426, 870-874.

BI0615487

13946 Biochemistry, Vol. 45, No. 47, 2006 Accelerated Publications


