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Introduction
Individuals with Werner syndrome (WS) are afflicted with a
genomic instability disorder derived from defects in the WRN
gene encoding a member of the RecQ DNA helicase family
(Martin, 1978; Yu et al., 1996). RecQ helicases are highly
conserved from bacteria to human; however, bacteria possess a
single RecQ enzyme, whereas in humans, five RecQ members
have been identified so far (Hickson, 2003). Deficiencies in three
of the human RecQ helicases, WRN (Martin et al., 1970), BLM
and RECQL4, are responsible for Werner syndrome (WS),
Bloom syndrome (BS), and Rothmund-Thomson syndrome
(RTS), respectively. All three disorders are characterized by
decreased genomic stability leading to increased cancer
incidence (Hickson, 2003). WS is further classified as a
segmental progeroid syndrome since patients display the early
onset of many age-associated pathologies, such as
arteriosclerosis, cataracts, diabetes mellitus type II, greying
and loss of the hair, wrinkling of the skin, osteoporosis and
increased predisposition to cancer development, primarily of
mesenchymal origin (Hickson, 2003; Opresko et al., 2003). Cells
from WS patients display marked chromosomal rearrangements
and deletions (Fukuchi et al., 1989; Grigorova et al., 2000; Salk,
1982) and a shortened life span in culture (Martin et al., 1970).
The molecular basis of the premature senescence and the
genomic instability in WS cultured cells is not yet clear.

The RecQ helicases display 3� to 5� unwinding directionality
on DNA on a variety of structures including recombination
intermediates such as Holliday junctions (HJ) (Constantinou et
al., 2000). The WRN protein is unique among human RecQ
helicases in that it also contains a 3� to 5� exonuclease activity
(Huang et al., 1998). How the WRN helicase and exonuclease
function to resolve DNA structures in vivo is currently unclear;
however, cooperativity between the two activities has been
suggested to occur in some situations (Opresko et al., 2003;
Opresko et al., 2001; Opresko et al., 2004).

WRN interacts physically and functionally with a number of
proteins involved in different DNA metabolic pathways
including replication protein A (RPA) (Brosh et al., 1999),
proliferating cell nuclear antigen (PCNA) (Lebel et al., 1999),
polymerase � (Kamath-Loeb et al., 2000), flap endonuclease 1
(FEN-1) (Brosh et al., 2001), RAD52 (Baynton et al., 2003),
the MRN complex through binding to NBS1 (Cheng et al.,
2004), the Ku heterodimer (Cooper et al., 2000; Hsu et al.,
2000), and TRF2 (Opresko et al., 2002). Thus, WRN may be
a multi-tasking enzyme that functions in several genome
maintenance pathways, possibly by co-ordinating their
progression.

One process in which WRN function has been strongly
implicated is the recovery of arrested replication forks
(Baynton et al., 2003; Sakamoto et al., 2001). Replication fork
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arrest and collapse may lead to double-strand breaks (DSB)
that are repaired in mammalian cells by either non homologous
end joining (NHEJ) or homologous recombination (HR) (for
reviews, see Lieber et al., 2003; West, 2003). The essentially
error-free HR repair pathway is currently viewed as the major
mechanism for re-establishing stalled replication forks during
S-phase in human somatic cells. The current model for the
repair and restart of an arrested replication fork involves a
structure called a ‘half chicken foot’ or a ‘chicken foot’
resembling a Holliday junction that can be resolved by
recombination (reviewed in Helleday, 2003). Studies in
Escherichia coli indicate that the ‘chicken foot’ can be
processed by the DNA helicase activity of RecQ together with
the 5� to 3� exonuclease function of RecJ prior to replication
restart (Courcelle et al., 2003). Interestingly, recent data
have shown that WRN helicase unwinds the chicken-foot
intermediate and stimulates FEN-1 to cleave the unwound
product in a structure-dependent manner (Sharma et al., 2004).
However, the precise steps and proteins involved in this process
are still unclear (reviewed in Helleday, 2003; Hickson, 2003;
West, 2003) and under intense investigation.

RecQ helicases and RAD HR proteins have also been
documented to collaborate in DNA maintenance pathways
distinct from stalled replication fork recovery. The
Saccharomyces cerevisiae RecQ helicase homolog, Sgs1p,
functions together with RAD52 epistasis group members in a
telomerase-independent alternative lengthening of telomeres
(ALT) pathway (Le et al., 1999; Teng and Zakian, 1999). ALT
pathways have also been detected in a number of immortalized
human cell lines lacking telomerase (Bryan et al., 1997; Colgin
and Reddel, 1999), and ALT cells contain ALT-associated
PML bodies consisting of promyelocytic leukaemia protein
(PML), telomeric DNA, the telomere binding proteins TRF1
and TRF2, the RAD homologous recombination (RAD-HR)
proteins RAD50, RAD51, RAD52, MRE11, NBS1, ATR, and
the BLM and WRN helicases (Barr et al., 2003; Henson et al.,
2002). WRN mutations have been associated with increased
telomere dysfunction in cells cultured from later generation
mice lacking the telomerase RNA component, Terc (Chang et
al., 2004). These mice elicit classic WS-like premature aging
manifested by precocious death, graying of the hair,
osteoporosis, type II diabetes and cataracts. These data support
a role for WRN, together with some of the RAD HR proteins,
in a recombination-dependent ALT pathway.

ICL repair is poorly understood in mammalian cells, but is
thought to involve a combination of nucleotide excision repair
(NER), translesion synthesis (TLS) and/or recombination (De
Silva et al., 2000; Zheng et al., 2003). ICLs are probably not
repaired until they are encountered by a DNA replication fork
(Akkari et al., 2000). Cells cultured from patients afflicted with
WS, BS and Nijmegen breakage syndrome (deficient for the
NBS1 protein) all exhibit elevated sensitivity to ICLs (Pichierri
and Rosselli, 2004; Rosselli et al., 2003). Indeed, WRN was
recently shown to relocate to sites of arrested replication
induced by ICLs, where it physically and functionally interacts
with RAD52. Furthermore, WRN was found to stimulate
RAD52-mediated strand annealing and RAD52 enhance WRN
helicase activity on specific substrates (Baynton et al., 2003).
Interestingly, RAD52 was shown to interact physically and
functionally with the XPF/ERCC1 DNA structure-specific
endonuclease involved in ICL repair (Motycka et al., 2004),
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and WRN was recently found to be required for ICL repair in
an in vitro assay and thus suggested to be a candidate helicase
involved in the early steps in processing ICL (Zhang et al.,
2005). In the early pre-synapsis step of HR, a single-stranded
DNA (ssDNA) tail is converted to a nucleoprotein filament
consisting of RPA, RAD51, RAD52, RAD54 and possibly
RAD54B (Alexeev et al., 2003; Tan et al., 2003; Tanaka et al.,
2000). The formation of WRN and RAD52 complexes at
arrested replication forks induced by ICL, together with the
observed stimulation of RAD52 strand annealing activity by
WRN in vitro, suggests that WRN may function both during
early steps of processing ICL (Zhang et al., 2005; Zhang et al.,
2003) and during pre-synapsis in later steps of ICL repair.
To evaluate further the potential role of WRN in ICL
repair/recovery processes, we examined whether WRN
interacts with other members of the RAD52 epistasis group
following replication arrest. We report here that WRN re-
localizes to a complex (or complexes) composed of RAD54,
RAD51, RAD54B and ATR in response to replication arrest
induced by treatment of cells with MMC. In vitro biochemical
analyzes reveal that WRN associates directly with RAD51 and
RAD54B. Based on our data we suggest a role for WRN in the
resolution of stalled replication forks arrested by ICL, both as
the candidate helicase during the early steps of processing ICL
as suggested by Zhang et al. (Zhang et al., 2005) and during
the later pre-synapsis step of homologous recombination.

Results
Nuclear localization dynamics of WRN, RAD51, RAD54
and RAD54B in untreated cells
Previous fluorescence resonance energy transfer (FRET) data
demonstrated that prolonged exposure (16-24 hours) of HeLa
cells to MMC leads to the re-localization of RAD52 and WRN
to sites of arrested replication where they physically interact
(Baynton et al., 2003). To study intracellular localization and
re-localization dynamics as well as to identify potential protein-
protein interactions between WRN and other HR components
upon replication fork blockage using fluorescence microscopy
and FRET analysis, we cloned human RAD51, RAD54 and
RAD54B proteins as C-terminal fusions to ECFP and EYFP.

Fig. 1 shows the nuclear localization of ECFP- and EYFP-
tagged RAD51, RAD54 and RAD54B in live, untreated,
cycling HeLa cells 16-24 hours after co-transfection. ECFP-
RAD51 exhibited both punctuated and rod-shaped
fluorescence patterns (Fig. 1, pictures 1 and 4), while WRN
localized mainly in nucleoli as previously reported for
endogenous WRN and both transient and stable expressing
GFP-tagged WRN (Fig. 1, picture 2) (Baynton et al., 2003;
Opresko et al., 2004; von Kobbe and Bohr, 2002). We tried to
generate stable cell lines that constitutively expressed low
(physiological) levels of ECFP-RAD51; however, after five
weeks in selective medium, only 0.5% of the cells resistant to
the selective antibiotic (geneticin) expressed ECFP-RAD51
(Fig. 1, picture 1, insert). However, the localization pattern of
ECFP-RAD51 in the cells stably expressing ECFP-RAD51
was similar as in transiently transfected cells, and we therefore
chose to use transiently transfected cells expressing medium to
low levels of ECFP-RAD51 in our studies. As RAD51 has been
reported to form S-phase specific nuclear foci (Tarsounas et al.,
2003; Tashiro et al., 1996), we co-transfected ECFP-RAD51
with EGFP-PCNA to determine if these foci were replication
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5139WRN and HR proteins in complex after ICLs

forks. Tagged PCNA forms distinct foci in S phase cells
that co-localize completely with endogenous PCNA at
sites of bromo-deoxyuridine (BrdU) incorporation
thereby representing sites of DNA synthesis
(Leonhardt et al., 2000). Fig. 1 (pictures 4-6) shows
that some of the RAD51 foci co-localize with PCNA
in nuclear foci in unsynchronized cultures, but that
there were additional RAD51 foci not co-localizing
with PCNA. Cells over-expressing RAD51 have been
reported to exhibit elevated levels of RAD51 foci,
faster repair rates of etoposide-induced DSBs, higher
levels of spontaneous HR and apoptosis, and reduced
long-track HR in the hprt gene (Lundin et al., 2003).
However, importantly for the present work, increased
foci formation due to over-expression of the ECFP-
RAD51 fusion protein did not affect the intracellular
localization of either co-transfected WRN or PCNA
(Fig. 1, pictures 2 and 5, respectively), indicating that
over-expression of RAD51 did not itself induce
replication arrest.

Cells transfected with ECFP-RAD54B alone
demonstrated diffuse nucleoplasmic localization with
some minor accumulation in the nucleoli where it co-
localized with co-transfected EYFP-WRN (Fig. 1,
pictures 7 and 8). RAD54B and WRN also co-localized
in some nucleoplasmic spots that may represent PML
bodies or replication foci arrested by endogenous
damage. ECFP-RAD54B did not co-localize with
PCNA in replication foci (Fig. 1, pictures 10-12). When
co-transfected, RAD54 and WRN co-localized in
nucleoli similar to RAD54B and WRN (Fig. 1, pictures
13-15), furthermore no co-localization was seen
between RAD54 and PCNA (Fig. 1, pictures 16–18).

Human RAD54 and RAD54B belong to the
SNF2/SW12 family of DNA-dependent ATP-ases
(Swagemakers et al., 1998; Tanaka et al., 2000) and
experiments suggest that yeast Rad54 plays an active
role in pre-synapsis by stabilizing the Rad51 single-
strand DNA filament (Mazin et al., 2003). Human
RAD54 and RAD54B bind to RAD51 in vitro (Golub et al.,
1997; Wesoly et al., 2006) and the proteins are associated in
the same complex in vivo (Tanaka et al., 2000). To examine
whether the tagged RAD51, RAD54 and RAD54B proteins
were functional with regard to protein-protein interactions,
we co-transfected EYFP-RAD54 and EYFP-RAD54B with
ECFP-RAD51. RAD54 completely re-localized into a rod-
shaped fluorescent pattern also observed in cells expressing
RAD51 alone (Fig. 1, pictures 19–21 compared to pictures 1
and 4), suggesting that the two proteins bind directly to each

other in vivo concurring with previous work (Golub et al.,
1997). Similar to RAD54, RAD54B re-localized into the rod-
shaped RAD51 pattern when co-transfected with RAD51 (Fig.
1, pictures 22-24) in accordance with participation in the same
complex (Tanaka et al., 2002). Rad54 is reported to increase
protection of DNA in a Rad51 double-stranded (ds) DNA
filament from restriction enzyme digestion (Mazin et al.,
2003); thus, the rod-shaped pattern of ECFP-RAD51 might be
dsDNA-ECFP-RAD51 filaments that recruit both RAD54 and
RAD54B.

Fig. 1. Subcellular localization of WRN-, RAD51-,
RAD54-, RAD54B- and PCNA-ECFP and EYFP constructs
in live cycling HeLa cells. Cells co-transfected with:
pictures 1-3: ECFP-RAD51 and EYFP-WRN. Inset picture
1: a stable ECFP-RAD51 expressing cell after 5 weeks in
cell culture; pictures 4-6: ECFP-RAD51 and EYFP-PCNA;
pictures 7-9: ECFP-RAD54B and EYFP-WRN; pictures
10-12: ECFP-PCNA and EYFP-RAD54B; pictures 13-15:
ECFP-RAD54 and EYFP-WRN; pictures 16-18: ECFP-
PCNA and EYFP-RAD54; pictures 19-21: ECFP-RAD51
and EYFP-RAD54; pictures 22-24: ECFP-RAD51 and
EYFP-RAD54B.
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Co-localization of RAD51, RAD54 and RAD54B with
WRN at the vicinity of replication centers after MMC
induced lesions
To determine the appropriate mitomycin (MMC)
concentration that introduces DNA damage at levels leading

Journal of Cell Science 119 (24)

to replication arrest and yet is minimally cytotoxic, survival
and proliferation of HeLa cells were tested over four days
following 16 hours of exposure to 0.2 and 0.5 �g ml–1 MMC.
As shown in Fig. 2A, the high percentage of live cells on day
1 combined with an increase in the culture optical density

Fig. 2. See next page for legend.
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5141WRN and HR proteins in complex after ICLs

from days 1 to 3 demonstrated low cytotoxicity of both
MMC dosages (Fig. 2A). MMC concentration of 0.5 �g ml–1

clearly introduced important levels of replication blocking
lesions as manifested by the 3 day proliferative arrest
observed in the treated cells followed by the recovery to
growth rates that were comparable to untreated cell cultures
at day 3 (Fig. 2A, lower graph), thus this dose was chosen for
further studies.

Following treatment with 0.5 �g ml–1 MMC for 16-24 hours,
we looked at localization patterns of the RAD proteins relative
to WRN in transiently transfected HeLa cell cultures. Fig. 2B
shows that the introduction of DNA intrastrand crosslinks with
MMC treatment caused RAD51 (upper row), RAD54B (mid
row) and RAD54 (lower row) to co-localize with WRN to
discrete nucleoplasmic foci. Previously, WRN and RAD52
were shown to co-localize and interact at spots resembling
arrested replication forks in identically treated cells (Baynton
et al., 2003). At the top of upper row Fig. 2B, one cell
expressing higher levels of both RAD51 and WRN than the
other cells in the image, but with no co-localization between
the two proteins is shown. This cell, which likely represents a
cell that is not arrested in S-phase, reflects that not all cells
have achieved identical load of DNA damages after treatment
of MMC for 24 hours and furthermore that RAD51 over-
expression with rod-shaped fluorescence by itself does not lead
to co-localization with WRN.

To verify that the co-localizing spots containing WRN and
the RAD-proteins are in the vicinity of ‘arrested’ replicating
centers, we co-transfected HeLa cells with ECFP-RAD54 or
ECFP-RAD54B, with EYFP-WRN and HcRed-PCNA. Fig.
2C, shows that RAD54B (pictures 1-8), RAD54 (pictures 9-
16), WRN and PCNA do co-localize in foci after MMC
treatment in co-transfected HeLa cells, but not in untreated
cells. In a stable EYFP-WRN expressing ALT (alternative
lengthening of telomeres) cell line (U2OS) expressing 5-6-fold
more EYFP-WRN than endogenous WRN (data not shown),
we previously observed that WRN co-localized with PCNA in
28-58% of the replication foci (Opresko et al., 2004). The level
of EYFP-WRN in this cell line is similar to the transient
transfected HeLa cells used in this study as determined by
fluorescence intensities. Fig. 2C, pictures 17-20, show that
similar to in the treated HeLa cells nearly 100% of the
RAD54B spots co-localized with WRN and PCNA after MMC
treatment in the stable EYFP-WRN expressing cells,

supporting that WRN and RAD54B re-localized to the vicinity
of replication forks upon replication arrest.

Fluorescence resonance energy transfer (FRET)
Due to the resolution limits of fluorescence microscopy,
proteins that co-localize may not in fact interact or be in the
same complex (directly or indirectly). Therefore, we used
fluorescence resonance energy transfer (FRET) to determine
whether the fluorescently tagged RAD proteins and WRN were
in the same complex [i.e. less than 100 Å (10 nm) apart] after
cellular exposure to MMC. Positive FRET is detected if the
intensity of emitted light from the acceptor fluorochrome
(EYFP) after excitation of the donor fluorochrome (ECFP) is
greater than the light emitted from cells transfected with ECFP
or EYFP tagged proteins alone (i.e. background levels). FRET
values within punctuated foci obtained from experiments
identical to those described and shown in Fig. 2B, normalized
against protein expression levels (FRETN), are presented as a
dot plot in Fig. 2D. Variations in FRETN in different regions
of interest (ROI) are expected since they measure the dynamic
events in many replication sites/forks within the vicinity of
replication centers simultaneously. Our results indicate that
WRN interacts directly or is very closely associated in either
a single multiprotein complex or in independent subcomplexes
with RAD51, RAD54 and RAD54B. The FRETN values
obtained for WRN-RAD51, WRN-RAD54 and WRN-
RAD54B are higher on average than those determined for two
previously published WRN interactions: WRN-RAD52 (just
slightly higher); and WRN-PCNA (at least twofold greater)
(Baynton et al., 2003). ECFP- and EYFP-tagged UNG2
proteins were used as a negative FRET control since UNG2 is
a monomer that localizes to replication foci (Otterlei et al.,
1999). UNG2-ECFP and UNG2-EYFP exhibited essentially
100% co-localization while the FRETN values using these
instrument settings were less than zero in more than 95% of
the UNG2 expressing cells. In the remaining <5% cells, FRETN
values were greater than zero but still fourfold lower than
values determined for WRN and RAD51, WRN and RAD54
and WRN and RAD54B (Fig. 2D).

FRET was also used to examine functionality of the tagged
fusion proteins with regard to protein-protein interactions.
FRET was examined after co-transfection of ECFP-RAD51
and EYFP-RAD54, and ECFP-RAD51 and EYFP-RAD54B,
which lead to re-localization of RAD54 and RAD54B into a

Fig. 2. (A) Survival and growth of HeLa cells treated with MMC. Data from untreated cells and cells exposed to MMC (0.5 and 0.2 �g ml–1)
for 16 hours are shown. Each point represents six parallel wells. Error bars are undetectable as they are smaller than the symbols. (B) Co-
localization of WRN with RAD51, RAD54B and RAD54 after treatment with MMC. Co-localization of ECFP-RAD51 and EYFP-WRN (upper
row), ECFP-RAD54B and EYFP-WRN (middle row), ECFP-RAD54 and EYFP-WRN (lower row) in HeLa cells treated with MMC (0.5 �g
ml–1) over night. (C) Re-localization of WRN, RAD54 and RAD54B to PCNA foci after MMC treatment. HeLa (pictures 1-16) and U2OS cells
(pictures 17-20) were treated with MMC (0.5 �g ml–1) over night to arrest the cells in S-phase. HeLa cells co-transfected with ECFP-RAD54B,
EYFP-WRN, HcRed-PCNA: untreated (pictures 1-4) and treated with MMC (pictures 5-8). HeLa cells co-transfected with ECFP-RAD54,
EYFP-WRN, HcRed-PCNA: untreated (pictures 9-12) and treated with MMC (pictures 13-16). Stable EYFP-WRN expressing U2OS cells co-
transfected with ECFP-RAD54B and HcRed-PCNA and treated with MMC (pictures 17-20). (D) FRETN values between WRN and the RAD52
epistasis proteins after MMC treatment over night, and between RAD51-RAD54 and RAD51-RAD54B. aRepresents previously published data
(Baynton et al., 2003) that was taken using the same conditions and settings as the current experiments. It is presented here for comparative
purposes. Uuntreated cells. FRETN [FRETN=FRET/(I1 � I3)1/2] represents FRET normalized against protein expression levels measured from
intensities (I) (given as arbitrary units below 250). FRET is calculated from the mean of intensities within a region of interest containing more
than 25 pixels. Within the region of interest, all pixels had intensities below 250, and the I levels were between 85-190 for the donor (ECFP)
and between 55-155 (EYFP) for the acceptor, respectively. Corresponding pictures from which the data were derived are shown in Fig. 2B and
Fig. 1, pictures 19-24 (RAD54-RAD51U and RAD54B–RAD51U). The background level outside foci, i.e. the co-localizing area, is 0, which is
also the FRET value determined for more than 95% of foci with co-localizing UNG2-ECFP and UNG2-EYFP proteins.
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rod-shaped fluorescence pattern (Fig. 1, pictures 19-24). The
calculated FRETN values further indicate that RAD51 binds
directly to both RAD54 and RAD54B proteins in vivo (Fig.
2D). Furthermore, these FRETN values were higher than those
determined for WRN-RAD51, WRN-RAD52, WRN-RAD54
and WRN-RAD54B, which is expected since co-expression
with RAD51 completely relocates RAD54 and RAD54B.
Thus, a large fraction of the tagged molecules present within
a given ROI on the filaments are likely to interact, while fewer
of the tagged WRN and RAD proteins present in a particular
ROI around foci may participate in the WRN-RAD
interactions. This implies that the interactions between WRN
and the RAD51, 54 and 54B proteins at arrested replication
sites are more dynamic than the RAD51-RAD54B and
RAD51-RAD54 interactions.

Formation of a multiprotein complex containing WRN,
RAD51 and ATR in response to MMC treatment
To confirm that WRN, RAD51, RAD54 and RAD54B are in the
same complex formed at blocked replication forks, we
performed co-immunoprecipitation (co-IP) experiments. Since
the proteins assemble together at arrested replication sites, these
complexes are expected to associate with chromatin. To access
most protein complexes within the cells, also chromatin bound
complexes, we performed immunoprecipitation experiments of
endogenous proteins in sonicated whole cell extracts digested

Journal of Cell Science 119 (24)

with DNAse. Using this approach we could IP
WRN with RAD51 using anti-RAD51 antibody in
cell extracts prepared from MMC treated cells, but
not, or far less, from untreated cells (Fig. 3A, lanes
4 and 5). The reciprocal experiment using anti-
WRN antibodies could co-IP RAD51 in extracts
from both treated and untreated cells (Fig. 3A, lanes
7 and 8). We did not have sufficiently specific
and/or sensitive RAD54 and RAD54B antibodies to
examine co-IP WRN of with the endogenous
RAD54 and RAD54B proteins.

The ATR kinase is primarily responsible for
eliciting the S-phase response to replication
blocks. Furthermore, WRN is phosphorylated in
an ATM/ATR-dependent manner and co-localizes
with ATR in nuclear foci after ICL induction
(Pichierri and Rosselli, 2004; Pichierri et al.,
2003). Therefore, we wanted to examine whether
WRN complexed with ATR in MMC treated cells
by an immunoprecipitation approach. We were
able to pull down, using two different ATR
antibodies, what appears to be increasing amounts
WRN from cell lysates prepared from MMC
treated cells (Fig. 3B, lanes 3 and 4, and data not
shown). We also detected RAD51 with
immunoprecipitated ATR (Fig. 3B, lanes 3 and 4).
The reciprocal co-IP of ATR and WRN could not
easily be evaluated due to low specificity of both
of the antibodies (Fig. 3B, lanes 7 and 8).

Thus, although the results for RAD54 and
RAD54B co-IPs were inconclusive, we
nevertheless found that WRN interacts with
RAD51 and ATR, either directly or indirectly
through another as yet unidentified protein.
Furthermore, this WRN-RAD51-ATR complex

forms in response to replication forks blocked by DNA ICLs.

WRN interacts with both RAD51 and RAD54B proteins
in vitro
Enzyme-linked immunosorbent assays (ELISAs) using
purified recombinant proteins were undertaken to further
characterize the interactions detected between WRN and the
RAD HR proteins. RAD52 was used as a positive control as it
has been shown previously to interact with both WRN
(Baynton et al., 2003) and RAD51 (Shen et al., 1996). Fig. 4A
demonstrates that WRN and RAD51 interacted regardless of
which protein was used to coat the wells. The association,
determined by the absorbance at 490 nm, between RAD51 and
WRN was comparable to that observed between RAD51 and
RAD52, but lower than that detected between WRN and
RAD52 (Fig. 4A).

Results from ELISAs examining RAD54 and RAD54B
interactions with WRN (coat) are shown in Fig. 4B. RAD54B
bound detectably to WRN while an association between
RAD54 and WRN was barely observable over background.
The binding of RAD54B to WRN was less pronounced than
RAD52, but stronger than RAD51.

Dot blot assays, in which the indicated proteins immobilized
to PVDF membranes were incubated in a solution either with
or without (negative control) WRN and subsequently probed
with an anti-WRN antibody, were performed to corroborate

Fig. 3. Co-immunoprecipitation of WRN, RAD51 and ATR. (A) WRN is pulled
down with RAD51 (H-92) from whole cell extracts prepared from HeLa cells
treated with MMC (0.5 �g ml–1), lane 5. In a WRN pulled down with the rabbit
polyclonal anti-WRN (ab17987) we co-immunoprecipitated RAD51, lanes 7 and 8.
Mouse anti-WRN (BD) or polyclonal anti-WRN (ab17987) and anti-RAD51
(ab1837) were used for the WBs. (B) WRN is pulled down with ATR from whole
cell extracts prepared from HeLa cells. Rabbit polyclonal anti-ATR (ab91) and
anti-WRN (ab200) were used for IP, and monoclonal mouse anti-WRN (BD) and
anti-ATR (ab91) were use for WB. Input represents whole cell lysate. IgG is
normal rabbit IgG (SC).
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5143WRN and HR proteins in complex after ICLs

ELISA results. A strong interaction was detected between
WRN and RAD52, positive binding was observed to RAD54B
and a weak but positive association was detected between
WRN and RAD51 (Fig. 4C). However, a WRN-RAD54
interaction could not be evaluated due to non-specific binding
of the WRN antibodies to RAD54, similar to that seen with the
negative control, BSA.

The in vitro binding data demonstrate that WRN binds
directly to both RAD51 and RAD54B, in agreement with
FRET observations. However, even though the FRET results
indicate that WRN and RAD54 are as close as RAD54B and
RAD51, and therefore, directly interact, we detected a weaker
association between purified RAD54 and WRN proteins in
ELISA. The discrepancy between the in vivo and in vitro data
may be attributable to the lack of specific post-translational
modifications or a mediator protein in the in vitro system that
is necessary for the interaction to occur.

We find that co-transfection and over-expression of WRN
and RAD51 does not lead to co-localization of the two proteins
unless the cells are treated with DNA damaging agent such as
MMC on the contrary to what is seen for RAD54-RAD51 and
RAD54B-RAD51 (Fig. 1, pictures 19-24). At the same time
WRN and RAD51 seem to interact in vitro in ELISA and Dot
blot assay. An explanation for this may be that WRN need
some sort of post-translational modifications, such as
phosphorylation, to interact with RAD51 and that WRN
isolated from insect cell cultures are sufficiently
phosphorylated to mediate such interaction also in vitro. 

RAD51 and RAD54B do not modulate WRN activity on
fork or bubble substrates
Several of the reported physical interactions between WRN and
its various protein partners modify WRN activity on defined
substrates. Previously, we found that RAD52 stimulated WRN

helicase activity on a 12 bp bubble substrate and inhibited WRN
exonuclease activity (Baynton et al., 2003). Using substrates
representing replication fork/recombination intermediates
(bubble or fork substrates), no significant modulation of either
helicase or exonuclease activity was observed in the presence
of RAD51 or RAD54B (Fig. 4D and data not shown).
Furthermore, no modulation of helicase activity was observed
on a 3�-labeled (ddATP) bubble substrate, in which the
exonuclease function is physically inhibited, upon the addition
of RAD51 or RAD54B to assay mixtures (data not shown).
Thus, under these assay conditions, RAD51 and RAD54B do
not affect WRN helicase or exonuclease activities.

Discussion
We report here that WRN forms either a large single
multiprotein complex or several dynamic subcomplexes
involving RAD51, ATR, RAD54 and RAD54B at replication
forks blocked by ICLs. WRN interacts directly with RAD51
and RAD54B; however, neither protein appears to modulate
WRN’s helicase or exonuclease activities on defined substrates
in vitro. These results do not preclude the possibility that
modulation could occur in vivo under conditions of appropriate
substrate, post-translational modifications or, in the presence
of an essential mediator protein. Together with previous studies
showing that WRN interacts with RAD52 (Baynton et al.,
2003), NBS1 in the MRN complex (Cheng et al., 2004) and
Fen-1 (Brosh et al., 2001; Sharma et al., 2004), our results
provide additional support of a role for WRN in recombination
associated with replication restart.

Similar to WRN, BLM helicase also associates with RAD51
and ATR, and is phosphorylated by ATR (Davies et al., 2004;
Wu et al., 2001). BS cells, like WS cell cultures, exhibit
sensitivity to the DNA crosslinking agent mitomycin C (MMC)
(Hook et al., 1984), suggesting that BLM also functions in ICL

Fig. 4. WRN binds directly to RAD51 and RAD54B.
(A) Reciprocal ELISAs showing direct binding between
RAD51 and WRN. WRN, RAD52 (positive control),
BSA (negative) and RAD51 were coated on microtiter
plates. Binding of WRN, RAD52 and RAD51 to each
other were measured as described in Materials and
Methods. Values (OD490nm) for 1:1 molar ratio between
the proteins are given. (B) Relative binding of RAD54B,
RAD54, RAD51 and RAD52 to WRN coat in ELISA.
Both results (A and B) are representative of one out of at
least three independent experiments. Absorbance
(OD490nm) is given as mean of duplicates adjusted for
background binding to BSA in parallel duplicate wells.
(C) Dot blot assay demonstrating a direct interaction
between WRN and RAD51, and WRN and RAD54B.
PVDF membranes with immobilized proteins were
incubated in milk-solutions with or without WRN, and
analyzed for WRN binding. (D) RAD51 and RAD54B do
not modulate WRN helicase activity on a 12 bp bubble
substrate. Native gels showing WRN (6.0 nM and 4.0
nM) mediated unwinding of a 12 bp 5�-labeled bubble
substrate after adding increasing amounts of RAD51 (6,
12, 24 and 48 nM) and RAD54B (2, 4, 20 and 40 nM).
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repair. WRN and BLM co-localize in untreated cells and
interact physically and functionally in vitro (von Kobbe et al.,
2002). Thus, these two RecQ helicases may, in some instances,
co-operate or provide back up functions in certain repair
responses, including possibly ATR-mediated ICL repair.
However, both helicases clearly execute non-overlapping,
unique functions. Both BS and WS cell cultures exhibit
increased crossover-associated recombination events and
reduced recombination efficiency, but only BS cells
specifically demonstrate elevated sister chromatid exchanges
(SCEs) (Hickson, 2003).

Several lines of in vivo experimental evidence link WRN to
stalled replication forks. For example, WRN relocates from
nucleoli to nucleoplasmic foci after treatment with DNA
damaging agents where it co-localizes with NBS1, RAD51 and
RPA, respectively (Cheng et al., 2004; Sakamoto et al., 2001).
Both WRN and NBS1 is phosphorylated in an ATR/ATM-
dependent manner following replication arrest (Pichierri and
Franchitto, 2004; Pichierri et al., 2003). Furthermore, NBS1 of
the MRN assembly, in collaboration with FANCD2,
participates in one of two parallel ATR controlled ICL induced
pathways, the second pathway involving CHK1 (Pichierri and
Rosselli, 2004). Co-operation between these two pathways
leads to S phase checkpoint specific activation. Recent data
strongly indicate that WRN and the MRN complex do act in a
common pathway upon replication arrest (Franchitto and
Pichierri, 2004). A model has been proposed describing how
WRN and the MRN complex could co-operate in resolving
abnormal structures at stalled replication forks during S-phase.
Indeed, the interaction between NBS1 and WRN, combined
with results from the current study demonstrating that WRN
and ATR are present in the same complex in response to ICL
induction, support a role for WRN in the NBS branch of the
ATR controlled ICL repair response, possibly together with
RAD51, RAD54, RAD54B and RAD52. RAD51 null mutation
is embryonic lethal in mice while the cellular phenotypes of
null RAD52 and RAD54 mutants in vertebrates are less severe,
however they have been reported to have reduced HR
frequency (both) and increased sensitivity to IR, the inter-
strand cross-linking agent mitomycin C (MMC) and methyl
methanesulfonate (MMS) (only RAD54–/–) (Essers et al.,
1997; Rijkers et al., 1998).

Recent attempts to reconstitute psoralen ICL repair in vitro
have revealed that PCNA is a stimulatory factor while RPA is
essential at the incision step. Furthermore, RPA stimulates
helicases, which in turn, create an open bubble region proximal
to the ICL prior to incision (Zhang et al., 2003; Zhang et al.,
2002). Candidate human helicases include WRN, BLM and
RECQ1, all which bind to and are stimulated by RPA (Brosh
et al., 2000; Brosh et al., 1999; Cui et al., 2004; Cui et al.,
2003). In fact, recently WRN was found to interact with the
pre-mRNA splicing Pso4-complex, and both WRN and the
Pso4-complex were found to be required for ICL repair in an
in vitro assay (Zhang et al., 2005). They propose a model where
WRN is the candidate helicase involved in the early steps of
processing ICL. Additional requirements for psoralen ICL
repair include MutS�, together with the ERCC1/XPF
endonuclease, during initial lesion processing (Zhang et al.,
2002). The endonuclease activity is essential for removing long
non-homologous stretches from DNA 3�-OH ends during
targeted homologous recombination and single strand

annealing (SSA). XPF/ERCC1 also interacts physically and
functionally with RAD52, resulting in the stimulation of the
XPF/ERCC1 DNA structure-specific endonuclease function
and inhibition of RAD52 strand annealing activity (Motycka
et al., 2004). We previously demonstrated that RAD52
stimulates WRN helicase mediated unwinding of a bubble
substrate and WRN enhances RAD52 strand annealing
properties (Baynton et al., 2003). Thus, WRN may affect ICL
repair at several levels by performing helix opening in co-
operation with RPA and Pso4complex in accordance with the
model suggested by Zhang et al. (Zhang et al., 2005; Zhang et
al., 2003), prior to uncoupling of the ICL by XPF/ERCC1
endonuclease and strand annealing/invasion by the RAD HR
proteins. Our data showing interactions of WRN with
complexes containing ATR, RAD51, 52, 54 and 54B support
a role for WRN also in the later HR steps of ICL-repair.

Materials and Methods
Purification of recombinant proteins
RAD52 and WRN were purified as described (Baynton et al., 2003; Opresko et al.,
2002). RAD51 was a generous gift from Ian Hickson. Flag-RAD54 and RAD54B
were prepared as described in Sigurdsson et al. (Sigurdsson et al., 2002) and Sehorn
et al. (Sehorn et al., 2004), respectively.

Cloning of fusion proteins
Cloning of fluorescent-tagged expression constructs pEYFP-WRN, pECFP-
RAD52, pECFP-PCNA, pUNG2-ECFP and pUNG2-EYFP has been previously
described (Baynton et al., 2003; Aas et al., 2003). RAD51 was PCR amplified from
pFB530 (Benson et al., 1994) and ligated into the PstI/BamHI restriction sites of
pECFP-C1 vector (Clontech). RAD54 was PCR amplified from pBluescript
(Sigurdsson et al., 2002) and cloned into the KpnI site of pECFP-C1 and pEYFP-
C1 vectors. RAD54B in pUC18 (Sehorn et al., 2004) was PCR amplified and cloned
into the XhoI/XmaI site of pECFP-C1 and pEYFP-C1 vectors. All constructs were
verified by sequencing. HcRed-PCNA and stable expressing EYFP-WRN U2OS
cells have been previously described (Opresko et al., 2004).

Cell culture
Cells were transfected with the different constructs of fusion proteins using the
calcium phosphate- method (Profection Promega) according to the manufacturer’s
recommendations. Stable ECFP-RAD51 expressing cells (HeLa) were cultured in
DMEM media (Gibco) containing 10% fetal calf serum, gentamycin (100 �g ml–1,
Gibco), glutamine, fungizone and geneticin [G418, 400 �g ml–1 (Invitrogen), added
2 days after transfection]. For transient transfections the cells were examined after
16-24 hours, and no geneticin was added. Untransfected cells were cultured in the
same media without geneticin.

Cell survival and growth in the presence of MMC
HeLa cells were seeded into four 96 well plates at three different cell densities. A
dose response curve to MMC was determined for each cell concentration. All plates
were incubated for 16 hours before being washed three times with PBS. At that time
(day 1), the first plate was harvested using the MTT assay (Mosmann, 1983). Fresh
medium was added to the remaining plates, which were further incubated for 1 to
3 days before being assayed for cell proliferation and survival by the MTT assay.
The cell density permitting growth to be followed for four days without saturation
of the OD570 signal after MTT addition in the control wells (no MMC added) were
selected. The mean OD570 from 6 wells was used to calculate cells survival and plot
the growth after addition of 0.5 �g ml–1 MMC. 

Confocal microscopy and FRET measurements
Fluorescent images of living cells co-transfected with ECFP, EYFP and HcRed
constructs (1 �m thickness) were produced using a Zeiss LSM 510 laser scanning
microscope equipped with a Plan-Apochromate 63�, 1.4 oil immersion objective.
FRET, if I2 – I1[ID2/ID1] – I3[IA2/IA3]>0, where I represents intensities in three
channels given in arbitrary units, was determined as described (Baynton et al.,
2003). The FRET values were normalized to account for differences in the
respective fluorochrome expression levels using the following equation: normalized
FRET (FRETN) = FRET/(I1 � I3)1/2 according to Xia and Liu (Xia and Liu, 2001).
Three color images were taken with three consecutive scans using the following
settings: ECFP-RAD54B excitation at �=458 nm, detection at �=470-500 nm,
EYFP-WRN excitation at �=488 nm, at �=500-550 and HcRed-PCNA excitation at
�=543 nm, detection at �>585 on a Zeiss LSM Meta laser scanning microscope.
All co-transfection experiments were repeated at least three times and included an
analysis of more than 50 cells.
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Antibodies
Anti-WRN mouse monoclonal antibody (Ab) (BD Biosciences Pharmigen, USA),
anti WRN polyclonal Ab (ab200 and ab17987), anti-GFP polyclonal (ab290), anti-
ATR polyclonal (ab91) and anti-RAD51 monoclonal (ab1839) (Abcam, UK) were
used in these studies. Anti-RAD51 (SC H-92), anti-RAD52 (SC H-300), anti-
RAD54 (SC H-152), RAD54B (SC N-16), RAD54B (SC K-17), rabbit and goat
IgG, and all polyclonal antibodies were obtained from Santa Cruz Biotechnology,
Inc. (USA). In addition, anti RAD54 and anti RAD54B rabbit antiserum made
against purified Flag-RAD54 and RAD54B proteins were used in the ELISA assay.
IgG cross-linking to protein A magnetic beads was done according to New England
Biolabs (USA)

Cell extracts, immune-precipitation (IP) and western blot
analysis (WB)
Cell pellets were snap frozen in liquid nitrogen before preparing the whole cell
lysates. All successive steps were done with ice-cold buffers. Cell pellets were re-
suspended in 1� the packed cell volume (PCV) with buffer I (10 mM Tris-HCl,
pH 7.8, 100 mM KCl) to which an equal volume of buffer II (10 mM Tris-HCl,
pH 8.0, 100 mM KCl, 40% (v/v) glycerol, 0.5% Nonidet P-40, 10 mM EGTA, 10
mM MgCl2, 2 mM DTT, Complete® protease inhibitor, 1 mM PMSF) was added.
1 �l (200 U �l–1) of OmnicleaveTM Endonuclease (Epicentre Technologies, WI,
USA) was added per 800 �l cell suspension. The cells were briefly sonicated until
complete destruction was achieved as determined by microscopy. Total protein
concentrations were measured using the Bio-Rad protein assay. Cell extracts were
snap frozen in liquid nitrogen and stored in aliquots at –80°C. For each IP,
approximately 500 �g of total cell lysate was incubated with the different
antibodies covalently linked to protein-A beads, at 4°C over night. The beads were
washed 5 times with 0.5 ml buffer mix (1:1) of buffer I: buffer II with 5 mM MgCl2

and 400 U Omnicleave per 50 ml. After washing, the beads were re-suspended in
20 �l NuPAGETM loading buffer, heated, and loaded on 4-12% Bis-Tris-HCl
NuPAGETM ready gels (Invitrogen) and the separated, immuneprecipitated proteins
were subsequently transferred to PVDF membranes (ImmobilonTM, Millipore).
The membranes were blocked (5% dry milk) and the primary rabbit polyclonal or
mouse monoclonal antibodies were diluted in dry milk (1%) in PBST (PBS with
0.1% Tween 20). Peroxidase-labeled (HRP) goat anti-rabbit IgG, HRP-horse anti-
mouse IgG (Vector Lab, USA), HRP-swine-anti-rabbit IgG or HRP-goat-anti-
mouse IgG (DAKO, Denmark) were used as secondary antibodies. Membranes
were treated with ECL chemiluminescence reagent (ECLTM, Amersham
Biosciences) and the bands were visualized by exposing the membranes to
HyperfilmTM, ECLTM.

Enzyme-linked immunosorbent assays (ELISAs)
All assays were performed in triplicate. Microtiter plates were coated with 1.5 pmol
RAD51, WRN or RAD52 diluted in 100 �l PBS at 4° over night. The wells were
blocked with 200 �l 2% BSA in 1% Tween 20 in PBS for 2 hours at room
temperature (RT). 100 �l of equimolar, two- and fivefold serial dilutions [in 2%
BSA, 0.1% Tween20 in PBS (PBST)] of RAD51, RAD52, RAD54, RAD54B or
WRN were added to the coated wells and also to wells containing only BSA, and
the plates were further incubated for 1 hour at RT. Control wells for antibody
specificity and reactivity were included. The wells were then washed five times with
200 �l PBST and thereafter, washed three times with 200 �l PBST between
consecutive steps. Primary rabbit antibodies against WRN (ab200 1:1500), RAD51
(SC H92 1:200), RAD52 (SC H300 1:200), RAD54 (rabbit antiserum 1:500),
RAD54B (rabbit antiserum 1:3000) and secondary HRP-goat anti rabbit antibody
(vector 1:5000) were diluted in PBS and 1 mg ml–1 BSA and successively added
for 1 hour at RT (100 �l per well). Finally, the substrate (o-phenylenediamine,
Dacopatts A/S) was added for 10-30 minutes and stopped with addition of sulfuric
acid according to manufacturer’s recommendations. Data are presented as mean of
duplicates adjusted for background binding to BSA.

Dot blot
500 ng WRN, RAD52, RAD54, RAD54B and BSA were immobilized on a PVDF
membrane (ImmobilonTM, Millipore). The filters were dried, blocked with 5% dry
milk in PBS and incubated either with 500 ng ml–1 WRN in PBST and 1% dry milk,
or with PBST and 1% dry milk alone (to distinguish between specific and unspecific
binding of WRN and the antibodies) at 4°C overnight. After washing, the
membranes were incubated with the mouse monoclonal anti-WRN (BD, 1:250) in
PBST and 1% dry milk at 4°C overnight and developed as an ordinary western blot
(see above).

WRN helicase and exonuclease reactions
Reactions (20 or 30 �l) were performed in standard reaction buffer as described
previously (Opresko et al., 2002) unless otherwise indicated. DNA substrate
concentrations were 2 nM and protein concentrations were as indicated in the figure
legends. The reactions were initiated by WRN addition and incubated at 37°C for
15 minutes. To visualize the helicase product, native stop dye was added to the
reaction mixture, which was analyzed on a 12% native polyacrylamide gel. Products
were visualized by Phosphorimager and were quantitated with ImageQuant

Software (Molecular Dynamics). A 12 bp bubble substrate with 19 bp flanking arms
(Baynton et al., 2003) and a long fork substrate with a 15 bp fork and 34 bp duplex
arm (X/Y substrate) were used as substrates (Opresko et al., 2002).
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