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Abstract: Maintenance of genomic stability relies on the
efficient and accurate execution of DNA repair pathways,
and is essential for cell viability and the prevention of
cancer. Mutation of genes encoding RecQ helicases or
topoisomerases gives rise to genomic instability through

many of the features associated with normal ageing.
These include the loss or greying of the hair, athero-
sclerosis, osteoperosis, cataracts and the development of
type II diabetes [reviewed in ref. 6]. Individuals suffering
from RTS are generally short in stature, have skin and
skeletal abnormalities which give rise to poikiloderma
and a characteristic facial shape, respectively, and are
prone to developing skin neoplasms [7]. The fact that
cancer predisposition is associated with BS, WS and RTS
has highlighted the important role played by RecQ family
helicases in the maintenance of genome stability and the
prevention of tumorigenesis [for recent reviews of the
RecQ family, see [refs. 8, 9].

The RecQ family of DNA helicases 

E. coli recQ gene is a component of the RecF recombina-
tion pathway and encodes a DNA helicase that unwinds
DNA with a 3¢–5¢ directionality [10]. Homologues of
RecQ are present in uni- and multicellular eukaryotes
(fig. 1). Structurally, the proteins can be organised essen-
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excessive recombination.  Here, we review the recent bio-
chemical and genetic evidence to indicate that these two
classes of protein act in concert in a conserved pathway
to maintain genomic stability by preventing inappropriate
recombination.

Key words. RecQ helicases; topoisomerase; Bloom’s syndrome; Werner’s syndrome; genetic recombination; genomic
instability.

Interest has been growing in recent years, in elucidating
the essential role eukaryotic homologues of the Escheri-
chia coli RecQ protein play in maintaining genomic sta-
bility. This has arisen primarily from the finding that mu-
tations in three genes encoding human RecQ homolo-
gues, BLM, WRN and RECQ4, are associated with three
distinct clinical disorders; Bloom’s syndrome (BS), Wer-
ner’s syndrome (WS) and Rothmund-Thomson syndrome
(RTS), respectively [1–3]. BS is characterised by re-
tarded pre- and post-natal growth resulting in proportio-
nal dwarfism, facial sun-sensitivity, immunodeficiency,
male sterility and female sub-fertility. BS individuals also
have an elevated cancer risk [4, 5]. On average, the onset
of cancer in BS individuals occurs during the second de-
cade of life and affects most organ sites that are seen in
the general population. WS also predisposes individuals
to the development of cancer, although in this disease, a
more limited range of tumour types, mostly of non-
epithelial origin, is seen. WS is classified as a progeroid
disorder, since affected individuals show, prematurely,
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tially into three domains: a central catalytic domain that
contains seven helicase motifs that are present in other
DNA and RNA helicases, and amino- and carboxyl-ter-
minal domains that flank the helicase domain (fig. 1).
The sequence similarity to other helicases is also borne
out enzymatically in that several RecQ homologues have
been purified in recombinant form and shown to be bona
fide DNA helicases, with the same 3¢–5¢ directionality as
displayed by RecQ [10–15]. Within the RecQ family,
strong sequence homology is generally restricted to the
catalytic helicase domain, with the flanking N- and C-ter-
minal domains showing limited or no homology. These
flanking domains, unlike the catalytic domain, also vary
considerably in size between the different RecQ homolo-
gues (fig. 1). The larger, divergent N- and C-terminal do-
mains are found only in eukaryotic family members, and
thus their presence defines a sub-group of RecQ heli-
cases. BLM, WRN and RECQ4 belong to this sub-group
of larger RecQ helicases and are encoded by three of five
known human RecQ helicase genes (fig. 1). The RECQL
and RECQ5 genes encode the smaller human RecQ heli-
cases. In the case of RECQ5, alternative splicing gives
rise to three proteins, RECQ5a, -b and -g, that all contain
the helicase domain, suggesting that they are functional
helicases. The presence of multiple RecQ homologues
most probably reflects duplication and functional diversi-
fication of the ancestral recQ gene and seems to have
coincided with the emergence of metazoans, since budd-
ing and fission yeast contain a single RecQ helicase, de-
signated Sgs1 and Rqh1, respectively (fig. 1). 

The divergent N- and C-terminal domains most probably
serve to functionally differentiate between the various
RecQ helicases. Several motifs have been identified in
the C-terminal domain of certain RecQ helicases includ-
ing nuclear localisation signal sequences, and a putative
DNA-binding domain. WRN contains an additional re-
cognisable motif, which is located in the N-terminal do-
main and forms the core of an exonuclease domain (fig.
1) [16–19]. This domain, when expressed either together
or independently of the helicase domain, has nuclease ac-
tivity. However, no such additional catalytic activities
have been ascribed thus far to any of the other known
RecQ helicases. The N- and C-terminal domains also me-
diate protein-protein interactions and several proteins
have been identified that specifically interact with RecQ
helicases. One conserved interaction, the function of
which remains enigmatic, is the association of RecQ heli-
cases with type IA topoisomerases.

Type IA topoisomerases

Topoisomerases are ubiquitous enzymes that facilitate
many processes of DNA metabolism such as transcrip-
tion, replication and chromosome condensation and se-
gregation [20]. They act by passing intact DNA strands
through transient DNA nicks or breaks in the same or
other DNA molecules, and thus can alter the superhelical
density of DNA, or remove knots and catenanes that arise
during replication [20]. 

Figure 1. Alignment of RecQ family helicases. Proteins have been aligned relative to the seven helicase motifs which collectively consti-
tute the helicase domain (red). Regions of limited or no homology are shown in grey. Domains which mediate interactions with topoiso-
merase III are indicated in blue. The yellow box indicates the residues required for the exonuclease activity of WRN. Also shown are the
positions of nuclear localisation signal sequences (NLS).
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Topoisomerases fall into one of two classes, termed type
I and type II. Type I topoisomerases transfer single-
stranded DNA (ssDNA) through ssDNA nicks, whereas
type II topoisomerases pass double-stranded DNA
(dsDNA) through dsDNA breaks. Type I topoisomerases
can be divided further into two sub-classes, termed type
IA and type IB, that are structurally unrelated and have
distinct mechanisms of action. In a type I topoisomerase
catalytic cycle, the enzyme forms a transient covalent
bond, via a tyrosine residue in the active site, with either
the 5¢ end (type IA topoisomerases) or the 3¢ end (type IB
topoisomerases) of the cut DNA. Type IB topoisomerases
are only present in eukaryotes, whereas type IA topoiso-
merases exist in both pro- and eukaryotes. 
E. coli has two type IA topoisomerases, Top I and Top III,
which are encoded by the topA and topB genes, respec-
tively (fig. 2). The topB gene encodes a polypeptide of
653 amino acids, in which a central stretch of 530 resi-
dues, that contains the catalytic active site, is 22% identi-
cal and 40% similar to Top I. Outside this region, the two
proteins diverge, particularly in the carboxy-terminal
portions of the proteins, which have a role in substrate
binding [21, 22]. In the case of Top III, the C-terminal 50
residues are rich in charged amino acids.  Loss of this re-
gion abolishes nearly all DNA binding and, consequently,
DNA relaxation activity [21]. An additional property of
Top III, absent from the Top I protein, is an ability to de-
catenate newly replicated plasmid molecules in an in
vitro replication system [23, 24]. This activity is also de-
pendent on the C-terminal 50 residues of Top III [22]. The
C-terminal domain of Top I is considerably larger than
that of Top III, comprising approximately 300 amino
acids. It too contains regions of charged residues, but in
addition contains three tetra-cysteine Zn(II) atom-bind-
ing motifs, which are found in many DNA-binding pro-
teins. Fusion of the C-terminal 312 residues of Top I to
the first 604 amino acids of Top III results in a chimeric

protein that exhibits relaxation activity comparable to the
full-length Top III protein [22]. However, the fusion pro-
tein is inefficient at decatenating end-stage replication
products and thus reveals distinct functional roles of the
C-terminal domains of Top I and Top III [22].
In budding and fission yeast, the TOP3 and top3+ genes,
respectively, encode the sole type IA topoisomerase fo-
und in each of these organisms (fig. 2) [25–27]. In each
case, these proteins bear greatest sequence similarity to
bacterial Top III. To date, at least two type IA topoisome-
rases have been found in higher eukaryotes, termed
TOPO IIIa and TOPO IIIb (fig. 2) [28–30]. At the se-
quence level, these enzymes are more similar to Top III
than Top I, although both isozymes contain an extended
C-terminal domain containing a Zn2+-finger motif, which
shows limited homology to the C-terminal region of 
Top I.
Where tested, the type IA topoisomerases only relax ne-
gatively supercoiled DNA, positively supercoiled DNA
being refractory to this class of topoisomerase [28, 31].
However, with the exception of bacterial Top I, which
maintains DNA supercoiling homeostasis in vivo in con-
junction with two type II topoisomereases, DNA gyrase
and Top IV [32], the other type IA topoisomerases only
weakly relax negatively supercoiled DNA [31, 33–35].
Thus, these other type IA topoisomerases are unlikely to
contribute to the removal of DNA supercoils. Indeed, ge-
netic studies indicate that E. coli Top III and Saccha-
romyces cerevisiae Top3 contribute little to the supercoil-
ing status of the bacterial and yeast genomes, respectively
[31, 32]. Consistent with this is the finding that type IA
topoisomerase mutants in several organisms have severe
phenotypes: loss of Top3 in Schizosaccharomyces pombe
is lethal, and murine TOPO IIIa is required for embryo-
nic development [25, 26, 36]. This indicates a lack of
functional redundancy between type IA topoisomerases
and other classes of topoisomerase. 

Figure 2. Alignment of type IA topoisomerases. Proteins have been aligned relative to the conserved tyrosine residue in the active site, as
indicated by the black vertical bars. Areas in white represent a region of homology present in all members. In eukaryotes, the region of ho-
mology between various members extends to the amino terminus. Black boxes indicate the location of putative (in the case of eukaryotic
homologues) or demonstrated (for E. coli Top I) Zn(II) binding tetracysteine motifs.
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RecQ helicases and type IA topoisomerases act
together in a common pathway to maintain genomic
integrity

Many, if not all, RecQ helicase mutants display a loss of
genomic stability [reviewed in ref. 37]. In particular, ge-
netic recombination appears to occur aberrantly and at an
excessive frequency. In BS cells, reciprocal exchanges
between sister chromatids occur approximately tenfold
more frequently than they do in normal cells [38]. Quad-
riradial chromosomes, which appear to be homologous
chromosomes engaged in recombination, also occur at an
elevated frequency in BS cells. In S. cerevisiae, deletion
of the SGS1 gene results in an increased rate of sponta-
neous mitotic recombination at numerous loci throughout
the genome [39, 40]. Interestingly, ectopic expression of
either BLM or WRN can suppress the excessive recom-
bination phenotype of sgs1 mutants indicating a conser-
vation of function between eukaryotic RecQ helicases
[41]. Hyper-recombination is also a feature of S. pombe
rqh1 mutants, which is particularly apparent following
treatment with either the DNA replication inhibitor hy-
droxyurea or UV irradiation [42]. recQ mutants of E. coli
show elevated levels of illegitimate recombination, which
occurs between sequences that lack extensive sequence
homology [43].
Type IA topoisomerases are also required for genomic in-
tegrity and, similarly, seem to function in suppressing re-
combination. Excessive recombination in E. coli topB
mutants results in genomic deletions [44, 45]. Inactiva-
tion of TOP3 in S. cerevisiae results in a more severe hy-
per-recombination phenotype than is seen in sgs1 mu-
tants, and particularly affects repeat sequences that occur
throughout the genome [27, 39, 46]. Budding yeast top3
mutants also grow slowly, which is partly due to a delay
in the cell cycle in the S/G2 phases [27]. 
An apparent common mechanism of action of RecQ
helicases is that they function in association with one or
more type IA topoisomerase. Mutation of SGS1 can sup-
press the hyper-recombination and slow growth of top3
mutants, indicating that these two enzymes function in
the same biochemical pathway [39]. The Sgs1 and Top3
proteins also physically associate, suggesting that they
act together within a complex [39]. This interaction is
conserved, since inactivation of rqh1+ in the distantly re-
lated yeast, S. pombe, also suppresses the loss of top3+,
which is lethal due to a chromosome segregation defect
[25, 26]. 
In humans, at least one RecQ helicase, BLM, is likely to
function with a type IA topoisomerase [47, 48]. Human
TOPO IIIa directly interacts with residues in the N-ter-
minal domain of BLM (fig. 1) [48].  The interaction be-
tween S. cerevisiae Top3 and Sgs1 is also mediated
through residues in the N-terminal domain of Sgs1 [39,
49] and therefore indicates a degree of conservation in the

organisation of functional domains in these two helicases
(fig. 1). A second hTOPO IIIa interaction domain also re-
sides in the extreme C-terminal portion of BLM (fig. 1)
[48]. Interestingly, although both hTOPO IIIa interaction
domains map to the non-conserved regions of BLM, the
presence of at least one of these interaction domains is re-
quired for BLM to genetically interact with S. cerevisiae
TOP3 and implies that BLM can form an active complex
with yeast Top3 [48]. In contrast, the WRN protein is un-
able to genetically interact with yeast TOP3 [41].  
In vivo, BLM and hTOPO IIIa exist as a complex that is
associated with promyelocytic leukaemia oncoprotein
(PML) nuclear bodies, which appear as discrete nuclear
foci and number about 10–20 per cell [47, 48, 50–52].
These nuclear structures comprise multiple proteins and
have been implicated in a diverse range of cellular pro-
cesses such as anti-viral defence, growth suppression,
apoptosis, differentiation, transcription, cell cycle control
and DNA replication [53–55]. An essential structural
component of PML nuclear bodies is the PML protein.
The PML gene was originally identified at the transloca-
tional breakpoint of the reciprocal chromosomal translo-
cation t(15;17) in patients with acute promyelocytic leu-
kaemia. As a result of this translocation, the PML gene is
fused in-frame with the gene encoding the retinoic acid
receptor a (RARa). Unlike PML, the PML-RARa fusion
protein is seen in numerous nuclear microspeckles and
results in a similar mislocalisation of BLM [52]. The lo-
calisation of BLM to PML nuclear bodies appears essen-
tial for BLM to perform its role, since the mislocalisation
of BLM in murine PML–/– cells correlates with an elevat-
ed level of sister chromatid exchanges, the hallmark fea-
ture of BS cells [52]. While PML is required for the for-
mation of PML bodies and the correct localisation of
BLM, PML bodies are still present in BS cells [50, 52].
However, in BS cells, hTOPO IIIa is mislocalised, indi-
cating that hTOPO IIIa is likely recruited to PML bodies
via an interaction with BLM [47, 48].
A potential functional relationship between other human
RecQ helicases and type IA topoisomerases remains to be
determined. Reports that RECQ5 interacts with hTOPO
IIIa and hTOPO IIIb, when overexpressed in cells [56],
and that hTOPO IIIb interacts with Sgs1 when expressed
in S. cerevisiae [57], suggests that a common mode of ac-
tion of human RecQ helicases is to function in associa-
tion with one or more type IA topoisomerases.

A role for RecQ helicases and type IA topoisomerases
in the processing of recombination intermediates

How RecQ helicases act in conjunction with type IA to-
poisomerases to suppress recombination in the cell is un-
clear. In bacteria, a central step in homologous recombi-
nation, the pairing of a portion of DNA containing a
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double-strand break with homologous sequences to faci-
litate the exchange of DNA strands, is catalysed by the
RecA protein. RecQ can have dual, but opposing, effects
on RecA-mediated strand exchange in vitro, suggesting
that RecQ may function in the processing of recombina-
tion intermediates [58]. Similarly, RAD51, the structural
and functional eukaryotic homologue of RecA, directly
interacts in vitro and exists as a complex in vivo with
BLM (our unpublished data). Moreover, a conserved fea-
ture of RecQ helicases is their ability to bind and disrupt
synthetic four-armed DNA molecules, a structural mimic
of the Holliday junction recombination intermediate
[58–61] . At least in the case of BLM and WRN, these
proteins can also promote branch migration of Holliday
junctions over relatively large distances [60, 61]. 
Genetic evidence suggests that S. cerevisiae Sgs1 and
Top3 also function in the processing of recombination in-
termediates during meiosis. sgs1 and top3 mutants show
sporulation defects [40, 62, 63]. Nevertheless, both mu-
tants are able to carry out the initial steps of meiotic re-
combination, that is, generate double-strand breaks and
form recombinant molecules. In the case of top3 mutants,
however, the sporulation defect can be overcome if meio-
tic recombination is prevented by a second mutation that
inactivates Spo11, which is required to initiate meiotic re-
combination by generating double-strand breaks [63].
Deletion of SGS1 also partially suppresses the meiotic
defects of top3 mutants. A similar genetic relationship
therefore exists between SGS1 and TOP3 for both mitotic
and meiotic recombination, suggesting that the Sgs1/
Top3 complex likely catalyses a similar step in both pro-
cesses [39, 63].
Little is known about the in vivo substrate for eukaryotic
type IA topoisomerases. A peculiar feature of several of
these enzymes compared with other topoisomerases is
their preference for binding ssDNA [28, 31, 33–35]. This
preference has also been demonstrated for E. coli Top III
and may partially explain the low activity shown by Top
III and its eukaryotic homologues in relaxing negatively
supercoiled DNA. Indeed, hyper-negatively supercoiled
DNA, in which the DNA is under-wound to a greater ex-
tent than is seen in plasmids routinely purified from bac-
teria, is a preferred substrate for these enzymes [35]. Si-
milarly, a negatively supercoiled heteroduplex DNA
molecule that contains a short single-stranded loop is
more efficiently relaxed by S. cerevisiae Top3 protein
than is a fully dsDNA molecule [31]. Consistent with
this, the activity of type IA topoisomereases can also be
stimulated using conditions where the DNA helix is de-
stabilised, such as high temperatures or low salt concen-
trations [28, 31, 33–35].
The genetic relationship between TOP3 and SGS1 or
rqh1+, in budding and fission yeast, respectively, suggests
that RecQ helicases generate a structure that is acted
upon by topoisomerase III enzymes. The ability of E. coli

Top III to decatenate replication intermediates in vitro re-
quires the presence of a region of ssDNA in one of the
DNA molecules. This probably reflects the ssDNA prefe-
rence of the enzyme and also the fact that type I topoiso-
merases only make ssDNA nicks which would not gen-
erally be sufficient to effect decatenation of interlinked
duplex molecules. However, in the presence of active
RecQ, Top III can catalyse the catenation and decatena-
tion of covalently closed plasmid DNA [64]. This func-
tional interaction is conserved, since RecQ can also stim-
ulate yeast Top3 to catalyse the same-strand passage re-
action [64]. The physiological role of such an activity is
unknown. Indeed, while Top I cannot catalyse the same
linking and unlinking reactions as Top III, ectopic ex-
pression of this bacterial enzyme can suppress the slow
growth of S. cerevisiae top3 mutants [27, 64]. However, if
Top I can complement other aspects of the phenotype as-
sociated with loss of TOP3, such as hyper-recombination,
remains to be determined. Separation of the different
phenotypes associated with mutation of TOP3 is demon-
strable, at least in meiosis, where Top I expression can
suppress the sporulation deficiency of top3 cells [63].
However, the resultant spores display low viability [63]. 
The ability of some type IA topoisomerases to decatenate
linked DNA molecules may function in separating newly
replicated chromosomes. However, it has been hypo-
thesised that it could act to disrupt early recombination
intermediates [65, 66]. Such an event would be desirable
following, for example, inadvertent pairing of DNA
strands over an extensive region that might occur between
homeologous (similar but non-identical) sequences or re-
peat sequences at different genomic locations (fig. 3). In-
deed, locating and identifying the ‘correct’ homologous
sequence to initiate recombination poses a considerable
logistical problem, particularly in organisms with large
and partially repetitive genomes. Both sgs1 and top3 mu-
tants have phenotypes that suggest they may have defects
in establishing productive recombination intermediates.
Recent evidence suggests that S. cerevisiae sgs1 mutants
appear able to use only the sister chromatid, and not the
homologous chromosome, in the recombinational repair
of dsDNA breaks [67]. In top3 mutants, gene conversion
events, arising as a result of recombination between genes
on heterologous chromosomes, can extend considerable
distances into regions of non-homologous sequences
[46]. The hyper-recombination phenotypes of RecQ heli-
case and type IA topoisomerase mutants may therefore
not  result from uncontrolled recombination. Rather, in-
appropriate recombination events, which are normally
disrupted by a RecQ helicase/type IA topoisomerase
complex, are converted into recombinant molecules or al-
ternatively persist, with the result that chromosomes are
covalently interlinked. It may be significant, therefore,
that chromosome segregation defects are also a feature of
sgs1 and rqh1 and S. pombe top3 mutants (fig. 3) [25, 42,
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62]. Furthermore, demonstration that expression of a re-
combinant Holliday junction resolvase can partially sup-
press some of the phenotypic effects of deleting rqh1+ is
consistent with the persistence of unresolved recombina-
tion intermediates in these mutants [68].

Conclusions and future perspectives

RecQ helicases and type IA topoisomerases have been
highly conserved through evolution and appear to act in
concert to maintain genomic stability. Disruption of this
complex can have devastating effects, such as cell growth
defects or even death, and in multicellular organisms can
result in an increased susceptibility to the development of
cancer. While analysis of mutant phenotypes and bioche-
mical studies with purified enzymes are consistent with a
role for RecQ helicases and type IA topoisomerases in
the processing of recombination intermediates, in preci-
sely which in vivo processes these proteins function re-
mains to be determined. Many RecQ helicase mutants
have defects in some aspect of replication [reviewed in
refs. 8, 37]. Given that RecQ helicase mutants are viable,
they are unlikely to play a critical catalytic role as part of
the ‘core’ replication machinery. However, a subtle defect
in replication could be the underlying cause for the hyper-
recombination phenotype in RecQ helicase mutants. A
key area of research will therefore be to further character-
ise the functional interactions between RecQ helicases
and type IA topoisomerase and the roles these enzymes
play in the co-ordination of recombinational DNA repair
pathways and the process of DNA replication. 

1 Ellis N. A., Groden J., Ye T. Z., Straughen J., Lennon D. J.,
Ciocci S. et al. (1995) The Bloom’s syndrome gene product is
homologous to RecQ helicases. Cell 83: 655–666

2 Yu C., Oshima J., Fu Y., Wijsman E. M., Hisama F., Alisch R. et
al. (1996) Positional cloning of the Werner’s syndrome gene.
Science 272: 258–262

3 Kitao S., Shimamoto A., Goto M., Miller R. W., Smithson W.
A., Lindor N. M. et al. (1999) Mutations in RECQL4 cause a
subset of cases of Rothmund-Thomson syndrome. Nat. Genet.
22: 82–84

4 German J. (1993) Bloom syndrome: a mendelian prototype of
somatic mutational disease. Medicine 72: 393–406

5 German J. (1995) Bloom’s syndrome. Dermatol. Clin. 13:
7–18

6 Shen J.-L. and Loeb L. A. (2000) The Werner syndrome gene.
Trends Genet. 16: 213–220

7 Vennos E. M. and James W. D. (1995) Rothmund-Thomson
syndrome. Dermat. Clin. 13: 143-150

8 Chakraverty R. K. and Hickson I. D. (1999) Defending genome
integrity during DNA replication: a proposed role for RecQ fa-
mily helicases. Bioessays 21: 286–294

9 Karow J. K., Wu L. and Hickson I. D. (2000) RecQ family heli-
cases: roles in cancer and aging. Curr. Opin. Genet. Dev. 10:
32–38

10 Umezu K. and Nakayama H. (1993) RecQ DNA helicase of
Escherichia coli: characterisation of the helix-unwinding ac-
tivity with emphasis on the effect of single-stranded DNA-
binding protein. J. Mol. Biol. 230: 1145-1150

11 Bennett R. J., Sharp J. A. and Wang J. C. (1998) Purification
and characterization of the Sgs1 DNA helicase activity of
Saccharomyces cerevisiae. J. Biol. Chem. 273: 9644–9650

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

13 Karow J. K., Chakraverty R. K. and Hickson I. D. (1997) The
Bloom’s syndrome gene product is a 3¢–5¢ DNA helicase. J.
Biol. Chem. 272: 30611–30614

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

15 Suzuki N., Shimamoto A., Imamura O., Kuromitsu J., Kitao S.,
Goto M. et al. (1997) DNA helicase activity in Werner’s syn-
drome gene product synthesized in a baculovirus system.
Nucleic Acids Res. 25: 2973–2978

Figure 3. Potential role for RecQ helicase/type IA topoisomerase complexes in the reversal of inappropriate recombination events. See
text for details.



16 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¢ Æ 5¢ exonuclease. Nat. Genet. 20: 114–116

17 Kamath-Loeb A. S., Shen J. C., Loeb L. A. and Fry M. (1998)
Werner syndrome protein. II. Characterization of the integral
3¢ Æ 5¢ DNA exonuclease. J. Biol. Chem. 273: 34145–34150

18 Shen J. C., Gray M. D., Oshima J., Kamath-Loeb A. S., Fry M.
and Loeb L. A. (1998) Werner syndrome protein. I. DNA heli-
case and DNA exonuclease reside on the same polypeptide. J.
Biol. Chem. 273: 34139–34144

19 Suzuki N., Shiratori M., Goto M. and Furuichi Y. (1999) Wer-
ner syndrome helicase contains a 5¢ Æ 3¢ exonuclease activity
that digests DNA and RNA strands in DNA/DNA and
RNA/DNA duplexes dependent on unwinding. Nucleic Acids
Res. 27: 2361–2368

20 Wang J. C. (1996) DNA topoisomerases. Annu. Rev. Biochem.
65: 635–692

21 Zhang H. L. and DiGate R. J. (1994) The carboxyl-terminal re-
sidues of Escherichia coli DNA topoisomerase III are involved
in substrate binding [published erratum appears in J. Biol.
Chem. (1995) 270: 20870]. J. Biol. Chem. 269: 9052–9059

22 Zhang H. L., Malpure S., Li Z., Hiasa H. and DiGate R. J.
(1996) The role of the carboxyl-terminal amino acid residues in
Escherichia coli DNA topoisomerase III-mediated catalysis. J.
Biol. Chem. 271: 9039–9045

23 Hiasa H., DiGate R. J. and Marians K. J. (1994) Decatenating
activity of Escherichia coli DNA gyrase and topoisomerases I
and III during oriC and pBR322 DNA replication in vitro. J.
Biol. Chem. 269: 2093–2099

24 Hiasa H. and Marians K. J. (1994) Topoisomerase III, but not
topoisomerase I, can support nascent chain elongation during
theta-type DNA replication. J. Biol. Chem. 269: 32655–32659

25 Goodwin A., Wang S. W., Toda T., Norbury C. and Hickson I.
D. (1999) Topoisomerase III is essential for accurate nuclear di-
vision in Schizosaccharomyces pombe. Nucleic Acids Res. 27:
4050–4058

26 Maftahi M., Han C. S., Langston L. D., Hope J. C., Zigouras N.
and Freyer G. A. (1999) The top3(+) gene is essential in Schi-
zosaccharomyces pombe and the lethality associated with its
loss is caused by Rad12 helicase activity. Nucleic Acids Res.
27: 4715–4724

27 Wallis J. W., Chrebet G., Brodsky G., Rolfe M. and Rothstein
R. (1989) A hyper-recombination mutation in S. cerevisiae
identifies a novel eukaryotic topoisomerase. Cell 58: 409–
419

28 Seki T., Seki M., Onodera R., Katada T. and Enomoto T. (1998)
Cloning of cDNA encoding a novel mouse DNA topoisomerase
III (Topo IIIb) possessing negatively supercoiled DNA relaxing
activity, whose message is highly expressed in the testis. J. Biol.
Chem. 273: 28553–28556

29 Kawasaki K., Minoshima S., Nakato E., Shibuya K., Shintani
A., Schmeits J. L. et al. (1997) One-megabase sequence analy-
sis of the human immunoglobulin lambda gene locus. Genome
Res. 7: 250–261

30 Hanai R., Caron P. R. and Wang J. C. (1996) Human TOP3: a
single-copy gene encoding DNA topoisomerase III. Proc. Natl.
Acad. Sci. USA 93: 3653–3657

31 Kim R. A. and Wang J. C. (1992) Identification of the yeast
TOP3 gene product as a single strand-specific DNA topoiso-
merase. J. Biol. Chem. 267: 17178–17185

32 Zechiedrich E. L., Khodursky A. B., Bachellier S., Schneider
R., Chen D., Lilley D. M. et al. (2000) Roles of topoisomerases
in maintaining steady-state DNA supercoiling in Escherichia
coli. J. Biol. Chem. 275: 8103–8113

33 DiGate R. J. and Marians K. J. (1988) Identification of a potent
decatenating enzyme from Escherichia coli. J. Biol. Chem.
263: 13366–13373

34 Srivenugopal K. S., Lockshon D. and Morris D. R. (1984)
Escherichia coli DNA topoisomerase III: purification and char-

900 L. Wu, I.D. Hickson Interactions between RecQ helicases and topoisomerases

acterization of a new type I enzyme. Biochemistry 23: 1899–
1906

35 Wilson T. M., Chen A. D. and Hsieh T. (2000) Cloning and char-
acterization of Drosophila topoisomerase IIIb: relaxation of
hypernegatively supercoiled DNA. J. Biol. Chem. 275: 1533–
1540

36 Li W. and Wang J. C. (1998) Mammalian DNA topoisomerase
IIIa is essential in early embryogenesis. Proc. Natl. Acad. Sci
USA 95: 1010–1013

37 Wu L., Davies S. L. and Hickson I. D. (in press) Roles of RecQ
family helicases in the maintenance of genome stability. Cold
Spring Harb. Symp. Quant. Biol.

38 German J., Crippa L. P. and Bloom D. (1974) Bloom’s syn-
drome. III. Analysis of the chromosome aberration character-
istic of this disorder. Chromosoma 48: 361–366

39 Gangloff S., McDonald J. P., Bendixen C., Arthur L. and Roth-
stein R. (1994) The yeast type I topoisomerase Top3 interacts
with Sgs1, a DNA helicase homolog: a potential eukaryotic re-
verse gyrase. Mol. Cell. Biol. 14: 8391–8398

40 Watt P. M., Hickson I. D., Borts R. H. and Louis E. J. (1996)
SGS1, a homologue of the Bloom’s and Werner’s syndrome ge-
nes, is required for maintenance of genome stability in Saccha-
romyces cerevisiae. Genetics 144: 935–945

41 Yamagata, K., Kato, J., Shimamoto, A., Goto, M., Furuichi, Y.
and Ikeda, H. (1998) Bloom’s and Werner’s syndrome genes
suppress hyperrecombination in yeast sgs1 mutant: implication
for genomic instability in human diseases. Proc. Natl. Acad.
Sci. USA 95: 8733–8738

42 Stewart E., Chapman C. R., Al-Khodairy F., Carr A. M. and
Enoch T. (1997) rqh1+, a fission yeast gene related to the
Bloom’s and Werner’s syndrome genes, is required for rever-
sible S phase arrest. EMBO J. 16: 2682–2692

43 Hanada K., Ukita T., Kohno Y., Saito K., Kato J.-I. and Ikeda H.
(1997) RecQ DNA helicase is a suppressor of illegitimate re-
combination in Escherichia coli. Genetics 94: 3860–3865

44 Schofield M. A., Agbunag R., Michaels M. L. and Miller J. H.
(1992) Cloning and sequencing of Escherichia coli mutR
shows its identity to topB, encoding topoisomerase III. J. Bac-
teriol. 174: 5168–5170

45 Whoriskey S. K., Schofield M. A. and Miller J. H. (1991) Iso-
lation and characterization of Escherichia coli mutants with
altered rates of deletion formation. Genetics 127: 21–30

46 Bailis A. M., Arthur L. and Rothstein R. (1992) Genome re-
arrangement in top3 mutants of Saccharomyces cerevisiae re-
quires a functional RAD1 excision repair gene. Mol. Cell. Biol.
12: 4988–4993

47 Johnson F. B., Lombard D. B., Neff N. F., Mastrangelo M. A.,
Dewolf W., Ellis N. A. et al. (2000) Association of the Bloom
syndrome protein with topoisomerase IIIa in somatic and
meiotic cells. Cancer Res. 60: 1162–1167

48 Wu L., Davies S. L., North P. S., Goulaouic H., Riou J. F., Tur-
ley H. et al. (2000) The Bloom’s syndrome gene product inter-
acts with topoisomerase III. J. Biol. Chem. 275: 9636–9644

49 Bennett R. J., Noirot-Gros M. F. and Wang J. C. (2000) Interac-
tion between yeast sgs1 helicase and DNA topoisomerase III. J.
Biol. Chem. 275: 26898–26905

50 Ishov A. M., Sotnikov A. G., Negorev D., Vladimirova O. V.,
Neff N., Kamitani T. et al. (1999) PML is critical for ND10 for-
mation and recuits the PML-interacting protein Daxx to this
nuclear structure when modified by SUMO-1. J. Cell Biol. 147:
221–233

51 Yankiwski V., Marciniak R. A., Guarente L. and Neff N. F.
(2000) Nuclear structure in normal and Bloom syndrome cells.
Proc. Natl. Acad. Sci. USA 97: 5214–5219

52 Zhong S., Hu P., Ye T.-Z., Stan R., Ellis N. A. and Pandolfi P. P.
(1999) A role for PML and the nuclear body in genomic stabi-
lity. Oncogene 18: 7941–7947

53 Sternsdorf T., Grotzinger T., Jensen K. and Will H. (1997) Nu-
clear dots: actors on many stages. Immunobiology 198: 307–331



65 Wang J. C., Caron P. R. and Kim R. A. (1990) The role of DNA
topoisomerases in recombination and genome stability: a
double-edged sword? Cell 62: 403–406

66 Wu L. Karow J. K. and Hickson I. D. (1999) Genetic recombi-
nation: helicases and topoisomerases link up. Curr. Biol.
R518–R520

67 Gangloff S., Soustelle C. and Fabre F. (2000) Homologous re-
combination is responsible for cell death in the absence of the
Sgs1 and Srs2 helicases. Nat. Genet. 25: 192–194

68 Doe C. L., Dixon J., Osman F. and Whitby M. C. (2000) Partial
suppression of the fission yeast rqh1(–) phenotype by expres-
sion of a bacterial Holliday junction resolvase. EMBO J. 19:
2751–2762

69 Nakayama H., Nakayama K., Nakayama R., Irino N., Naka-
yama Y. and Hanawalt P. C. (1984) Isolation and genetic char-
acterization of a thymineless death-resistant mutant of Escheri-
chia coli K12: identification of a new mutation (recQ1) that
blocks the RecF pathway. Mol Gen. Genet. 195: 474–480

70 Kusano K., Berres M. E. and Engels W. R. (1999) Evolution of
the RECQ family of helicases: a Drosophila homolog, Dmblm,
is similar to the human Bloom syndrome gene. Genetics 151:
1027–1039

71 Jeong S.M., Kawasaki K., Juni N. and Shibata T. (2000) Identi-
fication of Drosophila melanogaster RECQE as a member of a
new family of RecQ homologues that is preferentially express-
ed in embryos. Mol. Gen. Genet. 263: 183–193

72 Seki M., Miyazawa H., Tada S., Yanagiasawa J., Yamaoka T.,
Hoshino S. et al (1994) Molecular cloning of cDNA encoding
human DNA helicase Q1 which has homology to Escherichia
coli RecQ helicase and localisation of the gene at chromosome
12p12. Nucleic Acids Res. 22: 4566–4573

73 Puranam L. L. and Blackshear P. J. (1994) Cloning and charac-
terisation of RECQL, a potential human homologue of the
Escherichia coli DNA helicase RecQ. J. Biol. Chem. 269:
29838–29845

CMLS, Cell. Mol. Life Sci. Vol. 58, 2001 Review Article 901

54 Lamond A. I. and Earnshaw W. C. (1998) Structure and func-
tion in the nucleus. Science 280: 547–553

55 Matera A. G. (1999) Nuclear bodies: multifaceted subdomains
of the interchromatin space. Trends Cell Biol. 9: 302–309

56 Shimamoto A., Nishikawa K., Kitao S. and Furuichi Y. (2000)
Human RecQ5b, a large isomer of RecQ5 DNA helicase, loca-
lizes in the nucleoplasm and interacts with topoisomerases 3a
and 3b. Nucleic Acids Res. 28: 1647–1655

57 Ng S. W., Liu Y., Hasselblatt K. T., Mok S. C. and Berkowitz R.
S. (1999) A new human topoisomerase III that interacts with
SGS1 protein. Nucleic Acids Res. 27: 993–1000

58 Harmon F. G. and Kowalczykowski S. C. (1998) RecQ helicase,
in concert with RecA and SSB proteins, initiates and disrupts
DNA recombination. Genes Dev. 12: 1134–1144

59 Bennett R. J., Keck J. L. and Wang J. C. (1999) Binding speci-
ficity determines polarity of DNA unwinding by the Sgs1 pro-
tein of S. cerevisiae. J. Mol. Biol. 289: 235–248

60 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.
USA 97: 6504–6508

61 Constantinou A., Tarsounas M., Karow J. K., Brosh R. M., Bohr
V. A., Hickson I. D. et al. (2000) Werner’s syndrome protein
(WRN) migrates Holliday junctions and co-localises with RPA
upon replication arrest. EMBO Rep. 1: 80–84

62 Watt P. M., Louis E. J., Borts R. H. and Hickson I. D. (1995)
Sgs1: a eukaryotic homolog of E. coli RecQ that interacts with
topoisomerase II in vivo and is required for faithful chromo-
some segregation. Cell 81: 253–260

63 Gangloff S., Massy B. de, Arthur L., Rothstein R. and Fabre F.
(1999) The essential role of yeast topoisomerase III in meiosis
depends on recombination. EMBO J. 18: 1701–1711

64 Harmon F. G., DiGate R. J. and Kowalczykowski S. C. (1999)
RecQ helicase and topoisomerase III comprise a novel DNA
strand passage function: a conserved mechanism for control of
DNA recombination. Mol. Cell 3: 611–620


