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Loss of the RecQ DNA helicase WRN protein causes Werner
syndrome, inwhich patients exhibit features of premature aging
and increased cancer. WRN deficiency induces cellular defects
in DNA replication, mitotic homologous recombination (HR),
and telomere stability. In addition to DNA unwinding activity,
WRN also possesses exonuclease, strand annealing, and branch
migration activities. The single strand binding proteins replica-
tion protein A (RPA) and telomere-specific POT1 specifically
stimulateWRNDNAunwinding activity. Todeterminewhether
RPA and POT1 also modulate WRN branch migration activity,
we examined biologically relevant mobile D-loops that mimic
structures in HR strand invasion and at telomere ends. Both
RPA and POT1 blockWRN exonuclease digestion of the invad-
ing strand by loading on the strand.However, only RPA robustly
stimulates WRN branch migration activity and increases the
percentage of D-loops that are disrupted. Our results are con-
sistent with cellular data that support RPA enhancement of
branchmigration duringHR repair and, conversely, POT1 limi-
tation of inappropriate recombination and branch migration at
telomeric ends. This is, to our knowledge, the first evidence that
RPA can stimulate branch migration activity.

The protein defective in Werner syndrome, WRN, is a
member of the RecQ DNA helicase family (1, 2). Other
human RecQ helicases include BLM, RECQL4, RECQ1, and
RECQ5 (reviewed in Refs. 3 and 4). BLM mutations result in
Bloom syndrome (5), whereas RECQ4 mutations cause
Rothmund-Thomson or RAPADILINO syndromes (6, 7).
Although clinically distinct, these disorders all exhibit
genomic instability and increased cancer (reviewed in Ref.
4). There are no known human disorders caused by RECQ1
or RECQ5 defects, but loss of these proteins in transgenic
mice causes genomic instability (8, 9).
Previous studies indicate that RecQ helicases contribute to

genome stability by regulating homologous recombination

(HR)2 through various mechanisms. Inappropriate resolution
of HR DNA intermediates can cause loss of heterozygosity,
chromosome translocations, telomere loss, or toxic tangled
DNA intermediates (10). HR functions in the repair of DNA
double strand breaks (DSBs), restoration of collapsed or stalled
replication forks, and the alternative lengthening of telomeres
(ALT) pathways (10–13). HR initiates when RAD51 forms
nucleoprotein filaments on protruding single-stranded DNA
(ssDNA) tails (Fig. 1A). The RAD51 filaments catalyze invasion
of the tail into homologous duplex DNA (double-stranded
DNA; dsDNA) and promote strand exchange (14). The result-
ing joint molecule is a D-loop in which the invading strand is
extended by a DNA polymerase (12, 15). Then the D-loops
are dissociated, and repair proceeds by synthesis-dependent
strand annealing, or they are processed into double Holliday
junctions that are later resolved (reviewed in Refs. 10 and
11). Holliday junction resolution can lead to crossover
recombinants, depending on the mechanism (11). Thus,
D-loop processing represents a critical point in determining
the cellular outcome of HR.
WRN loss causes defects in HR that is triggered to repair

stalled or broken replication forks, whether fork demise is
induced by lesions or depleted dNTPs (16, 17). TheHRdefect is
rescued with a RAD51 dominant negative mutant, which pre-
vents joint molecule formation (16). These data strongly sug-
gest thatWRN functions in the proper dissociation ofHR inter-
mediates duringDNAreplication.Consistentwith this,WRN is
required for normal replication fork elongation after DNA
damage or fork arrest (18). WRN-deficient cells also exhibit
features of abnormal HR at telomeric ends, including telomere
loss, telomeric sister chromatid exchanges, and spontaneous
extrachromosomal telomeric circles (19–22). These defects
can result from aberrant cleavage of telomere structures, in-
cluding the natural telomere D-loop/t-loop (23, 24). Telomeres
contain a 3� ssDNA tail that forms protective intratelomeric
D-loops that stabilize the t-loop structure (25) (Fig. 1A). The
precise role for WRN at stalled replication is unknown, but
WRN is implicated in the dissociation of D-loops for HR
repair (3, 4) and for replication fork progression at telomere
ends (26, 27).
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WRN is a 3� to 5� helicase and unwinds a variety of DNA
substrates (28–30). Like other RecQ helicases, WRN is poorly
processive during DNA unwinding and only unwinds short
duplexes in vitro (�30–50 bp) (3, 31–34). However,WRN pos-
sesses other catalytic activities that may be more relevant to
processing HR intermediates and replication fork remodeling.
WRN exhibits 3� to 5� exonuclease activity (35) and possesses
single strand DNA annealing (36) and branch migration (BM)
activities (37, 38). WRN, BLM, and RECQ1 all promote BM of
mobile plasmid-based D-loops (Fig. 1B) to release the invading
strand (33, 38–40). They can disrupt longer mobile D-loops
compared with static oligomeric D-loops that cannot be
branch-migrated but only unwound (38–41). Together, these
data indicate important mechanistic differences between BM
and DNA unwinding.
Single strand binding proteins (SSBs) are critical for HR

repair (10), and previous reports indicate that RecQ helicases
cooperate with SSBs. The human SSB, replication protein A
(RPA), stimulatesDNAunwinding byBLM,WRN,RECQ1, and
RECQ5�, enabling them to unwind longer duplexes (31,
42–44). The only other SSB reported to stimulate WRN and
BLM DNA unwinding is the human telomeric protein POT1
(protection of telomeres 1), but exclusively on telomeric
duplexes (45, 46). POT1 binds telomeric ssDNA and preserves
telomeric ends (24), whereas RPA is essential for DNA transac-
tions throughout the genome (47). RPA also stimulates RECQ1
DNA unwinding but does not stimulate RECQ1 BM of mobile
D-loops (40), perhaps due to mechanistic differences between
BM and DNA unwinding. Given that BM activity is critical for
HR repair, we askedwhetherWRN-interacting SSBs POT1 and
RPA, which stimulate DNA unwinding, could also stimulate
WRN BM activity.
Here we report that both RPA and POT1 loading on the

invading strand of themobile telomeric D-loops impedesWRN
exonuclease progression. This favors the release of full-length
ssDNAproducts. POT1 imparts aweak increase in the percent-
age of mobile telomeric D-loops disrupted by WRN BM activ-
ity. In contrast, RPA robustly stimulatesWRN BM activity and
significantly increases the percentage of total ssDNA product.
These results are discussed in the context of WRN function in
general HR repair as well as processing of D-loop structures at
telomeric ends.

EXPERIMENTAL PROCEDURES

Proteins—Recombinant hexahistidine-tagged WRN protein
and the exonuclease-dead E84A mutant (X-WRN) were puri-
fied as previously described (38, 46). The concentration of
active protein was determined by a Bradford assay (Bio-Rad)
and standard helicase activity assay with a 16-bp forked duplex.
Recombinant human POT1 protein was purified using a bacu-
lovirus/insect cell expression system as described previously
(46).
The construct for expression of hexahistidine Sumo-tagged

TPP1 (amino acids 89–334) (48) was generously provided by
Dr.Ming Lei (University ofMichigan). Expression was induced
with 0.1 mM isopropyl 1-thio-�-D-galactopyranoside in Esche-
richia coliBL21 (DE3) pLysS cells, and then cellswere harvested
by centrifugation at 4500 rpm for 20min. Cell pellets were lysed

in buffer (50mMTris, pH 8.0, 400mMNaCl, 50mMPO4, pH8.0,
10% glycerol, 0.5% Igepal Ca-630, 1 mM DTT, and protease
inhibitors (Roche Applied Science)) for 30 min at 4 °C. The
lysate was then sonicated and clarified by centrifugation at
40,000 rpm for 30min at 4 °C. The supernatantwas loaded onto
one HisTrap FF 1-ml column equilibrated in buffer A (50 mM

Tris, pH 8.0, 400 mMNaCl, 50 mM PO4, pH 8.0, 10% glycerol, 2
�g/ml each of aprotinin, leupeptin, chymostatin, and pepstatin,
1 mM DTT, and 1 mM 4-(2-aminoethyl)-benzenesulfonyl fluo-
ride). The column was washed with 15 mM imidazole, and pro-
tein was eluted with 250 mM imidazole. Fractions containing
TPP1were concentrated using aCentricon-10 device (Amicon)
prior to loading onto a Superdex 75 10/300 GL column equili-
brated in buffer S (25 mM Tris, pH 8.0, 150 mM NaCl, 2 �g/ml
each of protease inhibitors, 1 mM DTT, and 1 mM 4-(2-amin-
oethyl)-benzenesulfonyl fluoride). Fractions containing TPP1
were pooled and concentrated. Protein concentrations were
determined by a Bradford assay (Bio-Rad).
Recombinant hexahistidine-tagged RPA protein was ex-

pressed in E. coli BL21 (DE3) pLysS cells at 37 °C for 3 h. The
protein was purified using nickel chromatography in buffer
containing 50 mM Tris, pH 8.0, 50 mM NaCl, 5 mM �-mercap-
toethanol, and a gradient of 10–300mM imidazole. The protein
was buffer-exchanged into 30 mM Hepes, pH 7.8, 1 mM dithio-
threitol, 10 �M ZnCl2, 0.25% inositol, and 0.01% Nonidet P-40,
passed through a Source Q column, and eluted over a five-
column gradient with the same buffer containing 1 M NaCl.
Protein concentration was determined by A280 nm measure-
ments. Purity of all proteins was determined by SDS-PAGE and
Coomassie staining.
RecA protein was from U.S. Biochemical Corp. (Cleveland,

OH). T4 single strand binding protein was from New England
Biolabs. E. coli RecQ helicase was generously provided by Dr.
James Keck (University of Wisconsin).
DNA Substrates—All oligonucleotides used in this study

were purchased from Integrated DNA Technologies (Cor-
alville, IA) and were purified by PAGE or high pressure liquid
chromatography by the manufacturer. Oligonucleotides were
5�-end-labeled with [�-32P]ATP (3000 Ci/mmol) (PerkinElmer
Life Sciences) using T4 polynucleotide kinase (New England
BioLabs, Ipswich, MA), according to themanufacturer’s proto-
col. The oligonucleotides for the three-stranded and forked
duplex substrates contained three phosphorothioated nucleo-
tides at the 3�-end to block WRN exonucuclease activity. The
three-stranded branch migration substrate (Fig. 2A) was pre-
pared by first annealing equal molar amounts of radiolabeled
oligonucleotide a (a) and unlabeled oligonucleotide b (b) to
form a forked intermediate (supplemental Table 1) in 1 mM

LiCl. Oligonucleotide c (c) (48 nM) was incubated with the a/b
forked duplex (32 nM) in reaction buffer (40 mM Tris-HCl, pH
8.0, 4mMMgCl2, 5mMDTT, 100 �g/�l bovine serum albumin,
and 20mMATP) for 15min at 37 °C and then diluted 1:3 imme-
diately before the addition of WRN.
The plasmids used for making the 84-bp non-telomeric

and telomeric D-loops were as previously described (38) and
were purified by two rounds of ethidium bromide-saturated
CsCl equilibrium gradient ultracentrifugation (Lofstrand
Labs, Gaithersburg, MD). The plasmid-based D-loop sub-
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strates (Fig. 1B) were constructed as described previously
(38). Briefly, RecA (4 �M) was incubated with the invading
strand oligonucleotide (3.6 �M nucleotide) for 5 min at
37 °C, and then the supercoiled plasmid (300 �M nucleo-
tides) was added and incubated for an additional 3 min. The
reactions were terminated and deproteinized with protein-
ase K and SDS for 30 min, as described previously (38, 49).
The D-loop constructs were purified by PAGE and electro-
elution and then concentrated and exchanged into storage
buffer (10 mM Tris-HCl (pH 7.5), 10 mM MgCl2) using
Micron-30 devices (Amicon). Purification quality and yields
were determined by analysis on 4–20% native polyacrylam-
ide gels, followed by visualization and quantitation with a
Typhoon PhosphorImager and ImageQuant software (GE
Healthcare).
Branch Migration and Exonuclease Reactions—The reac-

tions were conducted in standard reaction buffer containing 40
mM Tris-HCl, pH 8.0, 4 mM MgCl2, 5 mM DTT, 100 �g/�l
bovine serum albumin, and 2 mM ATP unless otherwise indi-
cated. 14–28 ng/�l yeast tRNAwas added to the reactions with
mobile plasmid D-loops. The substrate and protein concentra-
tions were as indicated in the figure legends. The substrates
were preincubated with the various single strand binding pro-
teins, and the reactionswere initiated by addingwild typeWRN
or the X-WRNmutant protein, followed by incubation at 37 °C
for 15 min, unless otherwise indicated. Reactions (10 �l) with

the three-stranded and forked substrates were terminated with
3� stop dye (50) and run on 8% native polyacrylamide gels.
Reactions (10 �l) with the plasmid mobile D-loops were termi-
nated with 5 �l of 3� stop dye supplemented with 10 �g/ml
proteinase K (50), deproteinized for 10 min at 37 °C, and sepa-
rated on 4–20% native polyacrylamide gels. For analysis of the
plasmid mobile D-loops reactions on 14% denaturing gels, the
reactions were terminated with an equal volume of formamide
stop dye (50). After drying the gels, the reactions were visual-
ized using a Typhoon PhosphorImager and quantified using
ImageQuant software (GE Healthcare).
For quantitation of total displaced ssDNA, the percentage of

displaced products (full-length and shortened) was calculated
as a function of the total radioactivity in the reaction lane (41).
All values were corrected for background in the no enzyme
control and heat-denatured substrate lanes.

RESULTS

WRN Catalyzes Three-stranded Branch Migration—RPA
and POT1 are known to promoteWRNDNA unwinding activ-
ity (42, 45). However, previous reports identified differences
between DNA unwinding and BM activities (38–40). Such dif-
ferences raise the possibility that RPA and POT1 may not nec-
essarily stimulate WRN branch migration activity, as observed
for RECQ1 and RPA (40). To test more directly for potential
differences in these activities, we compared the ability of WRN
to dissociate a 45-bp duplex by DNA unwinding activity versus
branch migration activity in side by side reactions. For these
studies, we prepared an oligomeric substrate similar to that
used previously to demonstrate 3� to 5� BM activity of RAD54
and RECQ1 (40, 51). The branch-migrated duplex contains
four mismatches (Fig. 2A, triangle), whichminimize but do not
eliminate spontaneous BM (Fig. 2B, lane 4), in agreement with
previous reports (40). The annealing reaction timewas kept to a
minimum to prevent spontaneous BM (Fig. 2B, lane 4). Despite
an excess of oligonucleotide c, not all of the forked duplex was
driven into a three-stranded substrate during the annealing
reaction (Fig. 2B, lane 4). Nevertheless, greater than 40% of the
labeled oligonucleotide a was present in the three-stranded
substrate. Under these conditions BM was monitored by con-
version to duplex DNA in which oligonucleotides a and c were
paired (Fig. 2, A and B, lane 3). In contrast, the product of
unwinding the equivalent two-stranded forked duplex is
ssDNA (Fig. 2, A and C).

WRN catalyzed BM in a dose-dependent manner and
achieved nearly complete conversion of the three-stranded
substrate to duplex DNA at the highest WRN concentration
tested (Fig. 2, B and D). WRN BM activity was dependent on
ATP hydrolysis (supplemental Fig. S1). In these reactions, we
also noted a reduction in fork duplex at the higher WRN con-
centrations (Fig. 2B, lane 8). One possibility is that the anneal-
ing reaction of fork and oligonucleotide c was driven forward
by WRN-mediated reduction in the three-stranded annealing
product (Fig. 2A), thereby generatingmore three-stranded sub-
strate that was then converted to duplex a/c DNA. In stark
contrast, we observed no unwinding of the forked duplex even
at the highestWRNconcentrations (Fig. 2C) and no conversion
of either the three-stranded substrate or two-stranded fork into
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R ad51  p rom otes     s tran d  in vasion
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In tra -te lom eric D -loop
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36  n t ta il
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3’

84  

Tel D-loop

FIGURE 1. Schematic of D-loops at telomeric ends and in homologous
recombination. A, the 3� ssDNA tails generated at a double strand break by
nucleases or present at a collapsed replication fork are coated by Rad51 fila-
ments. Then Rad51 promotes strand invasion and pairing with homologous
sequence in duplex DNA. A polymerase can initiate DNA synthesis at the
3�-end of the invading strand. D-loops also exist at telomeric ends, whereby
the 3� tail invades homologous telomeric duplex DNA. Branch migration of
the D-loops in the direction of the green arrows mediates D-loop disruption
for replication fork progression at the telomeres or for completion of repair as
in the synthesis-dependent strand-annealing pathway. B, schematic of
5�-tailed telomeric (Tel) mobile D-loop. The star denotes the 5�-end radiola-
bel. The invading strand base-pairs with the plasmid to form an 84-bp duplex
with 10 TTAGGG repeats flanked by 12 bp of unique sequence with a protrud-
ing 5� 36-nt single strand tail.
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unwound oligonucleotide a ssDNA product (Fig. 2, B and C).
These data demonstrate that differences must exist in the
mechanisms and product formation between WRN DNA
unwinding and its branch migration activities.
RPA and POT1 Modulate WRN Processing of Telomeric

Mobile D-loops—Although they are useful for examining BM,
the three-stranded substrates are not suitable for testing RPA
and POT1 promotion of BM activity. This substrate is non-
telomeric and will not bind POT1 and contains an inherent
forked region upstream of the BM region that is a known sub-
strate for RPA stimulation ofWRNunwinding (Fig. 2A). There-
fore, we asked whether POT1 and RPA modulate WRN pro-
cessing of more biologically relevant mobile D-loops.
The assay used for these experiments involved RecA-cata-

lyzed strand invasion of a 120-mer into negatively supercoiled

plasmids to generate D-loops with a
5� 36-nt ssDNA tail protruding from
84 bp of duplex DNA (Fig. 1B). The
duplex region of the strand invasion
contains the sequence (TTAGGG)10
flanked by 12 bp of unique sequence
to ensure proper alignment of the
repeats. RPA can preload on the 5�
ssDNA tail as well as the displaced
ssDNA region of the plasmid. POT1
binds the consensus sequence
(TTAGGGTTAG) (52, 53) and can
preload only on the displaced ssDNA
region of the plasmid (Fig. 3A).
WRN incubation with these

mobile D-loops released invading
strands of various lengths due to the
combined action ofWRNBMactiv-
ity andWRN 3� to 5� exonucleolytic
degradation of the invading strands
(Fig. 3B, lanes 1 and 9) (38). Preload-
ing the telomeric D-loops with
either RPA or POT1 prior to the
addition of WRN altered the prod-
uct distribution in two ways. First,
both RPA and POT1 increased the
percentage of total D-loops dis-
rupted byWRN (Fig. 3C). The max-
imal increase in total ssDNA dis-
placementwas slight for POT1 (12%
increase) but was more pronounced
for RPA (24% increase). Second, and
more strikingly, preloading the
D-loops with either RPA or POT1
led to a dose-dependent increase in
the release of full-length strands and
a decrease in degraded ssDNA
products (Fig. 3, B and D). RPA
increased the percentage of full-
length ssDNAproducts by 76% (4.2-
fold), whereas POT1 mediated a
68% increase (3.2-fold). RPA also
strongly promoted WRN release of

full-length strands fromnon-telomericD-loops,whereas POT1
did not (Fig. 3B, lanes 15–27), confirming that POT1must bind
the substrate to modulate WRN exonuclease activity. These
results indicate that RPA and POT1 limit the extent of WRN
degradation of the invading strand of biologically relevant
mobile D-loops.
Loading of RPA and POT1 on the Invading ssDNA Blocks

Progression of the WRN Exonuclease—POT1 and RPA physical
interaction with WRN does not alter its exonuclease catalytic
activity (45, 46, 50). However, we showed previously that RPA
and POT1 suppress WRN degradation of DNA strands in the
context of oligomeric telomeric forks and staticD-loops by pro-
moting more rapid unwinding of the structures (41, 45, 50).
Once unwound, these strands are no longer substrates for
WRN digestion, because WRN does not effectively degrade
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FIGURE 2. Comparison of WRN branch migration and DNA unwinding activities. A, schematic showing
three-stranded branch migration and DNA unwinding of a forked duplex. The asterisk denotes a radiolabel, and
the triangle indicates four mismatches used to limit spontaneous branch migration. The dashed line indicates
ssDNA of non-complementary sequence. B, the three-stranded substrate-annealing reactions were incubated
for 15 min at 37 °C, diluted 1:3 (10 nM labeled oligonucleotide), and immediately incubated with increasing
WRN concentrations (0, 2.5, 5, 10, or 25 nM) (lanes 4 – 8, respectively) for 15 min under standard reaction
conditions. The migration of DNA markers, ssDNA (lane 1), forked duplex (lane 2), BM duplex product (lane 3),
or a mix of all three (M, lane 9) is shown. C, forked duplex (10 nM labeled oligonucleotide) was incubated with
increasing WRN concentrations (0, 2.5, 5, 10, or 25 nM) for 15 min under standard reaction conditions. The
migration of ssDNA is shown (M, lane 6). Reactions were run on an 8% native polyacrylamide gel and visualized
by PhosphorImager analysis. D, the percentage of duplex BM product in B was calculated as described under
“Experimental Procedures” and plotted against WRN concentration. Values represent the mean and S.D. from
at least three independent experiments.
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short strands (�50 nt) and can only digest long strands (46, 54).
However, the plasmid mobile D-loops differ from these olig-
omeric constructs in that 1) they are disrupted by branch migra-
tion, and 2) the invading strand is very long (120 nt), so it is
effectively degraded by the WRN exonuclease activity after
release from the D-loop (38). Therefore, RPA and POT1 may
suppressWRNdegradation of the invading strand in themobile
D-loops by two different mechanisms. First, RPA and POT1

loading on the ssDNA tails as it is
being displaced might block the
progression of the WRN exonucle-
ase. Second, RPA and POT1 pre-
loading on the bulging ssDNA in the
“loop” region of the plasmid D-loop
(Fig. 5A) might interfere withWRN
digestion of the invading strand.
POT1 could not preload on previ-
ously tested oligomeric static
D-loops, which were short (33 nt)
and non-telomeric (45).
To test the first possibility, WRN

was incubated with the 120-mer oli-
gonucleotide containing 10 telo-
meric repeats prior to incorporation
into the D-loop (Fig. 4A) (38).WRN
degrades the 120-mer, as indicated
by the appearance of shortened
products on a denaturing gel (Fig.
4B, lane 2). Preloading with RPA or
POT1 led to a dose-dependent inhi-
bition ofWRN degradation, as indi-
cated by the loss of shortened frag-
ments and increase in full-length
oligonucleotides (Fig. 4B, lanes
3–12). POT1 is less effective than
RPA in blocking the WRN exonu-
clease progression, because POT1
can only bind the 60-nt region of
telomeric sequence in the oligonu-
cleotide. These data indicate that
coating of the released ssDNA
strand by either RPA or POT1 pro-
tects against WRN digestion.
Next we tested whether RPA and

POT1 preloading on the bulging
ssDNA in the “loop” region of the
plasmid D-loop can interfere with
WRN digestion of the invading
strand (Fig. 5A). In other words, can
RPA and POT1 inhibit WRN exo-
nuclease in the absence of WRN-
mediated BM of themobile D-loop?
To test this, the reactions were per-
formed with APT�S, an ATP analog
that is not efficiently hydrolyzed by
WRN protein (55), because WRN
BM activity requires ATP hydroly-
sis. Under these reaction condi-

tions, WRN disrupts D-loops by degrading the invading strand
duplex to thermally unstable lengths, thereby promoting
release of very short strands (�48 nt) (Fig. 5, A and B, lanes 1
and 8) (38). The reactions were run on native gels to visualize
whether the degraded ssDNA invading strands were released
from the D-loop. Preloading the telomeric D-loops with either
RPA or POT1 did not significantly increase the percentage of
disrupted D-loops or the percentage of full-length ssDNA

FIGURE 3. RPA and POT1 promote WRN release of full-length strands from mobile telomeric D-loops. A, a
schematic is shown for the branch migration of mobile plasmid D-loops with 3� invaded ssDNA and a 5� ssDNA
tail. The asterisk denotes a radiolabel, and scDNA indicates the supercoiled dsDNA product. Circles with solid
lines indicate RPA or POT1 binding, and circles with dashed lines indicate only RPA binding for the telomeric
D-loop (not to scale). B, the telomeric (lanes 1–14) or non-telomeric (lanes 15–27) mobile D-loops (50 pM) were
incubated with 5 nM WRN and increasing concentrations (0, 2.5, 7.5, 20, or 60 nM) of either RPA or POT1 as
indicated for 15 min under standard reaction conditions. Control reactions contained substrate with either 60
nM RPA (lane 6) or POT1 (lane 14). Reactions were run on a 4 –20% native polyacrylamide gel and visualized by
PhosphorImager analysis. Œ, heat denatured substrate. C, for the telomeric D-loop, the percentage of total
displaced ssDNA was calculated as described under “Experimental Procedures” and plotted against RPA or
POT1 concentration. Squares and black line, WRN and RPA; Circles and gray line, WRN and POT1. D, for the
telomeric D-loop, the percentage of full-length ssDNA product was calculated as described under “Experimen-
tal Procedures” and plotted against RPA or POT1 concentrations. Filled squares and black line, WRN and RPA;
filled circles and gray line, WRN and POT1. Values represent the mean and S.D. from at least three independent
experiments.

RPA Stimulates WRN Branch Migration Activity

34686 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 50 • DECEMBER 11, 2009

 at N
orth C

arolina State U
niversity L

ibraries on June 2, 2014
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


products in the absence of WRN BM activity (Fig. 5), in stark
contrast to the reactions withWRNBMactivity (Fig. 3B). Since
the degraded ssDNA products are too short to be efficiently
degraded by WRN (54), this precludes any protective effect of
RPA or POT1 binding onto the released ssDNA (Fig. 5A). Sim-
ilar results were observed with RPA and WRN on a non-telo-
mericD-loop of similar size (data not shown). The data confirm
that POT1 and RPA do not alter WRN catalytic exonuclease
activity and only suppress digestion of the invading strands
when WRN BM is active.
RPA, but Not POT1, Robustly Stimulates WRN Branch

Migration Activity—Although POT1 increased the percentage
of full-length ssDNAproducts at the expense of degraded prod-
ucts, the percentage of total ssDNA product was only weakly
increased, compared with RPA (Fig. 3C). To better examine
POT1 and RPA modulation of WRN BM activity on telomeric
mobile D-loops, the exonuclease was inactivated by mutating a
single residue in the exonuclease domain (E84A, X-WRN) (35).
Less D-loop is disrupted in the absence of exonuclease activity
(Fig. 6A, lanes 3 and 8) (38). Preincubation of the D-loops with
POT1 led to a slight increase in the percentage of D-loops dis-
rupted by 2.5 nM X-WRN (up to 2.6-fold) that began to plateau
at a 1.5-fold molar excess of POT1 over X-WRN (Fig. 6C). An

N-terminal fragment of telomeric protein TPP1 (TPP1-N) was
found to greatly enhance the ability of POT1 to increase telo-
merase processivity (48). However, TPP1-N did not alter POT1
effects on WRN BM or exonuclease activities on the telomeric
mobile D-loop (supplemental Fig. S2).
In contrast to the results with POT1, preincubating the

D-loops with RPA led to a strong stimulation of X-WRN (2.5
nM) BM activity (up to a 6.5-fold increase) that was dose-de-
pendent (Fig. 6C). Nearly complete disruption of the D-loops
(88%) was achieved by increasing the amount of both X-WRN
(5 nM) and RPA (up to 60 nM) (Fig. 7C). In contrast, higher
amounts of X-WRN and POT1 did not significantly enhance
D-loop disruption (data not shown). The percentage of ssDNA
product was dependent on both X-WRN and RPA concentra-
tions (Fig. 6, D and E). The addition of very low RPA concen-
trations (0.9 nM) did not significantly alter the percentage of
ssDNA products from that achieved by X-WRN alone (average
of 0.6, 1.6, 6.2, and 17% for 0.62, 1.2, 2.5, and 5 nMX-WRN (38))
(Fig. 6, D and E). However, higher levels of RPA (15 nM) pro-
moted D-loop branch migration at all X-WRN concentrations
tested, including very low X-WRN amounts (Figs. 6, D and E).
For example, at 1.2 nM X-WRN, the addition of 15 nM RPA
imparted a 28-fold increase in total ssDNA product.
Next, we examined the substrate and species specificity for

RPA stimulation ofWRN BM.We asked whether RPA binding
to the protruding 5� ssDNA tail of the telomeric D-loop was
required to promote WRN BM of mobile D-loops, especially
since POT1 cannot bind to this tail (Fig. 1B). For this, we tested
a non-telomeric mobile D-loop that lacks protruding ssDNA
tails, which is effectively disrupted byWRN BM, as shown pre-
viously (Fig. 7A, lane 1) (38). Preincubation of the no tail D-loop
with RPA led to a dose-dependent increase in the percentage of
ssDNA products generated by X-WRN BM activity that
reached nearly 100% D-loop disruption (Fig. 7, A and B). To
determine the specificity of the RPA stimulation of WRN BM
activity, we tested other single strand DNA binding proteins.
T4 phage single strand binding protein (T4 gene 32 protein, T4
SSB) did not stimulate X-WRN BM activity (Fig. 7C), and RPA
did not stimulate E. coli RecQ helicase BM activity (Fig. 7D).
X-WRN and RecQ activity were actually inhibited at the high-
est T4 SSB and RPA concentrations, respectively (Fig. 7, C and
D). Thus, RPA, but not POT1, imparts a robust stimulation on
WRNBMactivity that is species-specific and not dependent on
a protruding ssDNA tail from the D-loop.

DISCUSSION

Human RecQ helicases are crucial for maintaining genomic
integrity, and cellular evidence indicates that they function in
DNA replication and HR repair pathways (4, 11). Single strand
binding proteins RPA and telomere-specific POT1 proteins
interact with the WRN RecQ helicase in vivo and greatly
enhance the ability ofWRN to unwind duplexDNA in vitro (42,
45).However, we observed differences inWRNdisplacement of
a duplex DNA by DNA unwinding versus branch migration
activity (Fig. 2), raising the possibility that RPA and POT1 may
not necessarily also stimulate WRN BM activity. To test this,
BM activity was examined on biologically relevant mobile telo-
meric D-loops that are important intermediates in HR and at
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FIGURE 4. WRN degradation of telomeric ssDNA is inhibited by RPA and
POT1 loading. A, schematic of WRN exonuclease activity on the 120-nt
ssDNA strand after release from the D-loop. The thick line represents the
(TTAGGG)10 repeats, and the asterisk denotes the radiolabel. Circles with solid
lines represent either RPA or POT1 binding, and circles with dashed lines rep-
resent only RPA binding. B, reactions contained 50 pM free telomeric ssDNA.
The substrate was incubated with 5 nM WRN alone (lane 2) or with increasing
concentrations (2.5, 7.5, 20, or 60 nM) of either POT1 (lanes 3– 6) or RPA (lanes
8 –11) for 15 min under standard reaction conditions. Control reactions con-
tained substrate with either 60 nM POT1 (lane 7) or RPA (lane 12). Reactions
were run on 14% polyacrylamide denaturing gels and visualized by Phos-
phorImager analysis.
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telomeric ends (Fig. 1). Both RPA and POT1protect the invad-
ing strand ofmobile D-loops from excessive degradation by the
WRN exonuclease, thereby favoring release of full-length
strands at the expense of degraded products. We report the
novel finding that RPA robustly stimulates WRN BM activity
and increases the percentage of disrupted D-loops and total
ssDNA product. To our knowledge, this is the first report that
RPA can stimulate BM activity. In contrast, POT1 only
imparted a weak increase in WRN BM activity that was not
enhanced by the POT1 binding partner TPP1. Our results are
consistent with cellular data that support roles for RPA and
WRN inHR and, conversely, support roles for POT1 in limiting
inappropriate recombination and branch migration at telo-
meric ends.
RPA stimulation ofWRNBMactivity is specific. RPA andT4

SSB did not stimulate branch migration activity of E. coli RecQ
andWRN, respectively, but rather inhibited the activity of these
helicases at high concentration (Fig. 7,C andD). In contrast, no
inhibitory effect was detected with POT1 even when the bind-
ing partner TPP1 was added at high concentrations, although
the stimulation of BM activity was weak (Figs. 6 and supple-
mental Fig. S2). However, POT1 is a modular protein that is
predicted to exist in a variety of complexes at the telomeric end
(56). Therefore, we cannot rule out the possibility that a POT1
complex with other telomeric proteins might further enhance
or inhibit WRN BM of telomeric D-loops. For example, a
telomere-specific RPA-like complex has been identified in Sac-

charomyces cerevisiae that consists
of Cdc13 (POT1 homolog), Stn1,
andTen1 (57). The humanhomolog
of Stn1 (OBFC1) has recently been
identified and found to associate
with POT1 partner TPP1 (58), rais-
ing the possibility that telomere-
specific RPA-like trimers may also
exist in humans. Further studies will
be required to determine the pro-
tein specificity for the robust stimu-
lation of WRN BM by RPA. For
example, although RPA interacts
with and stimulates DNA unwind-
ing by RECQ1 (59), it does not stim-
ulate RECQ1 BM of mobile D-loops
(40). Other RecQ helicases remain
to be tested. FANCM and RAD54
also branch-migrate plasmid-based
mobile D-loops, and neither was
stimulated by RPA preloading on
theD-loop substrates (51, 60). Thus,
the ability of RPA to stimulate BM
activity of mammalian proteinsmay
be confined to a select number.
We propose that RPA stimulates

WRN DNA unwinding and WRN
BM activity by different mecha-
nisms. First, RPA activates WRN
unwinding of long duplexes that
cannot be unwound by WRN alone

(as short as 42 bp) (42, 43), indicating that RPAgreatly enhances
the apparent helicase processivity of unwinding. However,
WRN has a much higher apparent processivity during BM
because it can disrupt an 84-bpmobile D-loop and canmigrate
a junction through �2700 bp in a recombination-like � struc-
ture (37, 38). SinceWRNBM of long duplexes does not require
RPA, it is unlikely that RPA stimulates WRN BM by increasing
the apparent processivity. Second, earlier models (61, 62) sug-
gested that RPAmay partly stimulateWRNDNAunwinding by
preventing the reannealing of partially unwound strands if
WRN prematurely dissociates from the substrate. But for BM
activity, SSBs are not needed to prevent strand reannealing. As
WRN promotes BM through the mobile D-loop, the unpaired
plasmid strands anneal and the D-loop “bubble” shrinks. Thus,
ifWRNdissociates prematurely, the plasmid strand is not avail-
able for reannealing with the partially separated invading
strand. Hence, RPA stimulation of WRN BM activity may be
through the recruitment of WRN to the mobile D-loop. An
N-terminal region of the RPA large subunit (hRPA70) binds
WRN and is sufficient to stimulateWRN helicase (61, 62). RPA
binds to a motif of acidic amino acids in the WRN N terminus
with high affinity, and a WRN protein fragment that lacks this
motif displays reduced helicase activity compared with full-
length WRN on long duplex substrates (50–100 bp) that
require RPA for unwinding. This indicates that the high affinity
physical interaction between RPA andWRN contributes to the
stimulation of DNA unwinding and probably also contributes
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FIGURE 5. RPA and POT1 fail to alter WRN processing of mobile D-loops in the absence of branch migra-
tion activity. A, schematic of mobile D-loop disruption by WRN exonucleolytic degradation of the invading
strand. The asterisk denotes a radiolabel, and scDNA indicates supercoiled dsDNA. Circles with solid lines rep-
resent either RPA or POT1 binding, and circles with dashed lines represent only RPA binding. B, the telomeric
mobile D-loop (50 pM) was incubated with 5 nM WRN and increasing concentrations (0, 2.5, 7.5, 20, or 60 nM) of
either RPA (lanes 1–5) or POT1 (lanes 8 –12) for 15 min under standard reaction conditions except that 2 mM ATP
was replaced with 2 mM ATP�S. Reactions were run on a 4 –20% native polyacrylamide gel and visualized by
PhosphorImager analysis. Œ, heat-denatured substrate. C, the percentage of full-length ssDNA products was
calculated as described under “Experimental Procedures” and plotted against RPA or POT1 concentration.
Squares and black lines, WRN and RPA; circles and gray line, WRN and POT1.
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to the stimulation of BM activity. Thus, we propose that the
primary mechanism for RPA stimulation of WRN BM activity
is not by preventing strand reannealing but rather by physically
interacting with WRN and helping to recruit WRN to the
substrate.
Why is POT1 less effective in stimulating WRN BM com-

pared with WRN DNA unwinding activity? Both RPA and
POT1were shown to stimulateX-WRNandBLMunwinding of
telomeric oligomeric forks and D-loops (45). POT1 caused up
to a 10-fold increase in the percentage of telomeric forks
unwound by X-WRN in a dose-dependent manner (45). We
showedpreviously that themechanism for POT1 stimulation of

WRN DNA unwinding is by POT1
binding the partially unwound
strands to prevent strand reanneal-
ing and not by POT1 recruiting or
retaining WRN on the substrate
(46). In contrast, we observed only a
weak stimulation ofWRNBMactiv-
ity by POT1 that was not dose-de-
pendent (Figs. 3 and 6). As noted
above, it is less critical for SSBs to
hold partially separated strands
apart during BM versus DNA
unwinding, because the partially
released invading ssDNA of the
mobile D-loop is less likely to rean-
neal with the complementary plas-
mid strand. Given that POT1 does
not recruit or retainWRNon forked
substrates (46), we predict that
POT1 is probably less effective at
recruiting WRN to mobile telo-
meric D-loops than RPA, which
may explain the lack of robust BM
stimulation. Less is known about
the physical interaction and binding
affinity for WRN and POT1, com-
pared with WRN and RPA. The
WRNdomain(s) that POT1binds to
remain to be mapped. Purified
WRN binds to both full-length
POT1 and a truncated variant that
has the ssDNA binding domain but
lacks the C terminus (45). However,
the POT1 C terminus is required to
bindWRN in vivo (45). Future stud-
ies that determine the affinity and
map the WRN and POT1 interac-
tionmay help elucidatemechanistic
differences when compared with
the WRN and RPA physical and
functional interaction.
AlthoughRPAandPOT1differ in

their ability to modulate WRN BM
activity, both proteins protect
mobile D-loops and ssDNA from
excessive degradation byWRN exo-

nuclease activity. POT1 and RPA favor WRN displacement of
intact full-length ssDNA frommobile D-loops and decrease the
percentage of degraded products (Fig. 3). In vivo POT1 protects
the protruding 3� ssDNA tail that occurs at telomere ends and
prevents aberrant recombination at telomeres (63, 64). It is
clear that the mechanism of WRN exonuclease inhibition
requires BM activity and that RPA and POT1 physical interac-
tionwithWRNdoes not affect the catalytic exonuclease activity
(Fig. 5). One possible mechanism of inhibition is that BM con-
verts the D-loops to a product that is not a substrate for WRN
exonuclease activity. For example, RPA and POT1 suppress
WRN degradation of short forked duplexes by increasing the
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FIGURE 6. RPA robustly stimulates WRN branch migration activity. A, a schematic shows branch migration
of the telomeric mobile D-loop with 3� invaded ssDNA and a 5� ssDNA tail in the absence of WRN exonuclease
activity. The asterisk denotes a radiolabel, and scDNA indicates the supercoiled dsDNA product. Circles with
solid lines indicate RPA or POT1 binding, and circles with dashed lines indicate RPA binding only to the telomeric
D-loop (not to scale). B, the telomeric mobile D-loop was incubated with either 2.5 nM WRN exonuclease-dead
variant (X-WRN) and increasing concentrations (1.3, 3.8, 10, or 30 nM) of either POT1 (lanes 4 –7) or RPA (lanes
9 –12). Reactions were conducted under standard conditions for 15 min and run on 4 –20% polyacrylamide
native gels. C, quantitation of reactions in A. The percentage of total ssDNA product was calculated as
described under “Experimental Procedures” and plotted against the molar ratio of either POT1 or RPA to
X-WRN. Squares and black line, 2.5 nM X-WRN and POT1; circles and gray line, 2.5 nM X-WRN and RPA; triangles
and black line, 5 nM X-WRN and RPA. Values represent the mean and S.D. from at least three independent
experiments. D, the telomeric mobile D-loop (50 pM) was incubated with either 0.9 nM RPA (lanes 2–7) or 15 nM

RPA (lanes 11–16) and increasing concentrations of X-WRN (0.15, 0.31, 0.62, 1.2, 2.5, or 5 nM). Reactions were
conducted under standard reaction conditions for 15 min and run on a 4 –20% native polyacrylamide gel. Œ,
heat-denatured substrate. E, the percentage of total ssDNA product was calculated as described under “Exper-
imental Procedures” and plotted against WRN concentration. Black square, WRN and 15 nM RPA; gray circle,
WRN and 0.9 nM RPA.
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rate of duplex unwinding and conversion to unwound ssDNA
products that are too short to be further degraded by WRN
exonuclease (45, 50). However, the released invading ssDNA
from the mobile D-loops are much longer (120 nt) and are
effectively digested by WRN (38), so BM products are sub-
strates for WRN digestion, making the above inhibition model
unlikely. Another possibility involves BM generation of new
ssDNA binding sites for RPA and POT1 on the partially and
completely released invading strand of the mobile D-loop that
are not present without BM activity. We show that RPA and
POT1 loading blockWRNdigestion of the ssDNAproduct (Fig.
4), but given thatWRN digests the invading strand both before
and after complete release from the D-loop (38), it is also pos-
sible that these proteins impedeWRNexonuclease progression
on partially displaced invading strands.We propose that POT1
and RPA can preload on the plasmid ssDNA region of the telo-
meric D-loop (Fig. 3A) and may be transferred to the invading
ssDNA as it is released byWRN BM activity, thereby impeding
the exonuclease progression. Consistent with this, POT1 can-

not bind non-telomeric D-loops and does not alter WRN deg-
radation of this substrate (Fig. 3). Indeed, SV40 T antigen has
been shown to actively load RPA on the unwound ssDNA
strand as it is revealed (65). However, although the RPA and
POT1blockage ofWRNexonuclease progression is interesting,
it is not required for RPA stimulation of WRN BM activity
(Fig. 6).
What is the biological relevance of the robust stimulation of

WRN BM activity by RPA and the much weaker stimulation by
POT1? RPA is an active and required component of the homol-
ogous recombination pathway (47). RPA physically interacts
with RAD51, and this interaction promotes strand exchange,
which drives the initial D-loop formation step of HR (Fig. 1)
(66). Cellular evidence indicates thatWRNprotein functions in
the recovery of stalled or collapsed replication forks by dissoci-
ating homologous recombination intermediates that are gener-
ated to restart the replication fork (16, 18, 67, 68). WRN has
been shown to co-localize with RPA after the induction of rep-
lication fork arrest by dNTP depletion or DNA lesions that
block replication forks (37, 69). Thus, RPA stimulation ofWRN
branch migration could promote the dissociation of the HR
intermediates to complete repair. However, stimulation of BM
at telomeric ends can have dire cellular consequences and lead
to telomere loss (24). Improper processing of the natural
telomere t-loop/D-loop by Holliday junction resolvases causes
cleavage of the t-loop and telomere loss (23). In yeast, the
absence of POT1promotes telomere loss (70) and chromosome
fusions by a synthesis-dependent strand-annealing pathway
that is dependent on RPA and the RecQ helicase homolog (71).
Thus, the lack of POT at telomeres may allow for more binding
by RPA and the inappropriate stimulation of branch migration
by WRN and possibly other RecQ helicases. Although POT1
may promote WRN helicase to unwind alternate DNA struc-
tures (45), we show here that POT1 also may act to prevent
enhanced or untimely WRN branch migration at telomeric
ends (Fig. 6). AlthoughRPAmay be generallymore abundant in
the cell, POT1 is enriched and more abundant at the telomeres
due to an interaction with the shelterin complex (31). The bio-
logical consequences of preloading the telomeric tail with
either RPA or POT1 will be influenced by how these proteins
physically and functionally interact with DNA-processing
enzymes, such as WRN protein.
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under “Experimental Procedures.”

RPA Stimulates WRN Branch Migration Activity

34690 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 50 • DECEMBER 11, 2009

 at N
orth C

arolina State U
niversity L

ibraries on June 2, 2014
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/
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