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Approximately 1% of the open reading frames in the human genome encode
proteins that function as DNA or RNA helicases. These enzymes act in all aspects
of nucleic acid metabolism where the complementary strands of DNA:DNA or
DNA:RNA duplexes require to be transiently opened. However, they perform
wider roles in nucleic acid metabolism due to their ability to couple the energy
derived from hydrolysis of ATP to their unidirectional translocation along strands
of DNA/RNA. In this way, helicases can displace proteins from DNA/RNA, drive
the migration of DNA junctions „such as the Holliday junction recombination
intermediate…, or generate superhelical tension in nucleic acid duplexes. Here, we
review a subgroup of DNA helicase enzymes, the RecQ family, that has attracted
considerable interest in recent years due to their role not only in suppression of
genome instability, but also in the avoidance of human disease. We focus
particularly on the protein structural motifs and the multiple assembly states that
characterize RecQ helicases and discuss novel biophysical techniques to study
the different RecQ structures present in solution. We also speculate on the roles
of the different domains and oligomeric forms in defining which DNA structures
will represent substrates for RecQ helicase-mediated transactions.
[DOI: 10.2976/1.3079540]
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The transient separation of the
complementary strands of nucleic acid
duplexes is a fundamental step in most
DNA and RNA metabolic processes.
Helicases are a seemingly ever expand-
ing family of enzymes that catalyze
DNA strand separation in a reaction
coupled to the binding and hydroly-
sis of nucleotide triphosphate (NTP)
(Matson et al., 1994; Singleton and
Wigley, 2002; von Hippel, 2004). A
detailed description of the different
superfamilies of helicases and their
properties is outside the scope of this
article, and we refer readers to recent
reviews (Lohman et al., 2008; Single-
ton et al., 2007; von Hippel, 2004).
RecQ enzymes are a subfamily of
helicases that play an essential role in
the maintenance of genome stability
by acting at the interface between DNA
replication, recombination, and repair

(Bachrati and Hickson, 2008; Bohr,
2008; Hickson, 2003). Mutations in
the genes of three human RecQ family
members are linked to defined genetic
disorders associated with genomic in-
stability, cancer predisposition, and
features of premature aging; namely,
Bloom’s syndrome (BLM gene muta-
tions), Werner’s syndrome (WRN gene
mutations), and Rothmund–Thomson
syndrome, RAPADILINO and Baller-
Gerold syndrome (all caused by mu-
tation of RECQ4) (Ellis et al., 1995;
Kitao et al., 1999; Siitonen et al., 2003;
Van Maldergem et al., 2006; Yu et al.,
1996). Hence, understanding how these
enzymes function and regulate their
DNA processing activities is important
if we are to shed light on the mecha-
nisms that control the integrity of our
genome and prevent cancer and aging.
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Since the discovery of the first RecQ enzyme from E. coli
made by Nakayama and colleagues over 20 years ago
(Nakayama et al., 1984), numerous other RecQ family heli-
case genes have been found in all kingdoms of life. Unicel-
lular organisms, such as bacteria and yeasts only have one or
two RecQ helicase genes per species, while higher eukary-
otes generally express multiple RecQ enzymes (Bachrati and
Hickson, 2003; Bachrati and Hickson, 2008; Hanada and
Hickson, 2007; Mandell et al., 2005). For example, four
RecQ helicase genes have been found in Caenorhabditis
elegans, five in Drosophila melanogaster and Homo sapiens,
and seven in the plant species Arabidopsis thaliana and
Oryza sativa (Hartung and Puchta, 2006). Biochemical stud-
ies have demonstrated that RecQ helicases unwind DNA
with a 3�–5� polarity and, although with some differences,
are capable of unwinding a variety of DNA structures other
than standard B-form DNA duplexes. Briefly, the substrate
specificity of RecQ enzymes includes forked duplexes, dis-
placement loops (D-loops, an intermediate in homologous
recombination reactions), triple helices, three- or four-way
junctions, and G-quadruplex DNA (Constantinou et al.,
2000; Fry and Loeb, 1999; Karow et al., 2000; Mohaghegh
et al., 2001; Popuri et al., 2008; Sun et al., 1999; Sun et al.,
1998; Wu and Maizels, 2001). For a detailed description of
the biochemical properties of RecQ helicases see other re-
views (Bachrati and Hickson, 2003; Bachrati and Hickson,
2008; Bennett and Keck, 2004; Opresko et al., 2004). Con-
sistent with an ability to unwind various DNA structures,
several cellular functions have been attributed to RecQ pro-
teins, including roles in stabilization and repair of damaged
DNA replication forks, telomere maintenance, homologous
recombination, and DNA damage checkpoint signaling
(Bachrati and Hickson, 2008; Bohr, 2008; Ouyang et al.,
2008; Sharma et al., 2006). Moreover, recent studies demon-
strated that several RecQ enzymes are also able to promote
the annealing of complementary single-stranded DNA mol-
ecules (Cheok et al., 2005; Garcia et al., 2004; Machwe
et al., 2005; Macris et al., 2005; Sharma et al., 2005). In this
regard, it is tempting to speculate that this activity might be
required to promote either branch migration of DNA junc-
tions or the regression of stalled replication forks, which are
characteristic activities of several RecQ enzymes and which
might be facilitated by “active” DNA strand annealing. The
exact function of the annealing activity of RecQ helicases in
vivo has, however, yet to be demonstrated.

In this review, we discuss conserved and nonconserved
motifs and structural elements that characterize the RecQ
proteins. We describe putative roles of these domains in
DNA substrate and protein recognition, and in the regulation
of the DNA unwinding, strand annealing, and branch migra-
tion activities of these enzymes. On the basis of the recent
findings that the activity of several RecQ enzymes is regu-
lated by protein oligomerization, we also review the putative
roles of the different multimeric states described for several

RecQ enzymes and suggest a possible conserved mechanism
by which RecQ enzymes might switch between these mul-
tiple enzymatic activities.

CONSERVED AND UNIQUE SEQUENCE MOTIFS/
DOMAINS IN RECQ HELICASES
RecQ enzymes have three conserved domains that are
commonly found in most helicases of this family: the core
helicase domain, the RecQ-C-terminal (RQC) domain, and
the helicase-and-RNaseD-like-C-terminal (HRDC) domain
(Fig. 1). The helicase domain is present in all RecQ enzymes,

Figure 1. Schematic of selected members of the RecQ family of
DNA helicases. The respective organism is shown on the left, and
the size �in amino acids� and name of each protein are indicated on
the right. All proteins are aligned according to the conserved heli-
case domain, which is shown in yellow. The conserved RQC and
HRDC domains are shown in red and green, respectively. The exo-
nuclease domain in the amino-terminal region of WRN and its
orthologs is shown in pink. Regions containing patches of acidic
residues are shown in blue. The nuclear localization signal se-
quences identified at the extreme carboxyl terminus of certain family
members is shown as a brown bar. The remaining portions of each
protein �gray� represent regions that are poorly conserved. The
sizes of the individual domains are not to scale. At least three splice
variants of the human RECQ5 protein are expressed, of which only
the largest �� isoform� is shown.
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while the RQC and/or HRDC domains are missing in some
representatives of the family. In addition, RecQ enzymes
vary greatly in the length of their N- and C-terminal domains
that flank the presumed “catalytic core” (Fig. 1). These flank-
ing domains are involved in heterologous protein interac-
tions, in the regulation of protein subcellular localization, in
directing oligomerization, or in conferring additional enzy-
matic activities, such as the exonuclease domain in the
N-terminal region of WRN.

The core helicase domain
The core helicase domain is characterized by the presence of
seven conserved motifs (I, Ia, II, III, IV, V, VI) that are present
in all superfamily 1 and 2 (SF1 and SF2) helicases, and has a
total size of approximately 300–450 amino acids. These mo-
tifs are required for the enzyme to bind NTP and couple the
energy derived from NTP hydrolysis to the process of
nucleic acid unwinding (Lohman et al., 2008; Matson et al.,
1994; Singleton and Wigley, 2002; von Hippel, 2004).
The determination of crystal structures of various helicases
of the SF1 and SF2 family has shown that these motifs form
the core of two RecA-like domains that serve as the ATP-
driven “motor” of the helicase. Structural data for this do-
main are available for two RecQ helicases, the E. coli RecQ
and human RECQ1 proteins, which show that the general
fold of the core helicase domain of RecQ enzymes is similar
to that of the other known SF1 and SF2 helicases (Bernstein
et al., 2003; Pike et al., 2008). In SF1 helicases, which prob-
ably represent the best-characterized helicase family, binding
of the nucleotide in the cleft between the two RecA-like do-
mains induces a structural change that is responsible for the
translocation of the enzyme along the single-stranded DNA,
via a so-called “inchworm” mechanism (PcrA, Rep, and
UvrD) (Korolev et al., 1997; Lee and Yang, 2006; Velankar
et al., 1999). A �-hairpin, located after motif VI, and also
known as the strand separation pin, abuts the end of the DNA
duplex, and is important in DNA strand separation (see also
below). The SF2 family, to which RecQ enzymes belong, is a
large family that includes functionally diverse enzymes, such
as viral helicases (hepatitis C virus NS3), the repair helicases
Mus308/HEL308/Pol�, the bacterial enzyme RecG, several
RNA helicases, and the RecQ helicases (Fry and Loeb, 1999;
McGlynn and Lloyd, 2002; Oshige et al., 1999; Seki et al.,
2003). The members of this family differ from the SF1 en-
zymes in the primary sequence of the seven conserved
motifs, although they share the same ATP-dependent trans-
location module comprising two RecA-like domains. Al-
though the nucleotide bound structures of E. coli RecQ
and human RECQ1 show that RecQ enzymes bind ATP in a
conventional way, we currently have no detailed knowledge
of how ATP binding/hydrolysis cycles are coupled to unidi-
rectional translocation along ssDNA (which is in the 3�–5�
direction in the case of RecQ enzymes).

Besides the seven conserved motifs, the core helicase
domain of RecQ helicases is characterized by an additional
sequence element, termed motif 0, which is located
N-terminally to motif I (Bernstein and Keck, 2003). This
motif is well conserved in all RecQ enzymes from different
organisms and is composed of four invariant and two con-
served amino acids spaced by eight nonconserved residues:
Lx3�F/Y/W�Gx3F�R/K�x2Q. The structures of E. coli
RecQ and human RECQ1 proteins show that the motif 0 is
involved in nucleotide binding, and mutagenesis studies have
confirmed that this motif is important for core helicase do-
main function. For example, substitution of the C-terminal
Gln with Ala in RECQ5� significantly reduces ATPase activ-
ity, and the replacement of the same residue with Arg inacti-
vates the ATPase and helicase activity of murine BLM (Bahr
et al., 1998; Garcia et al., 2004). The same mutation is also
listed among the naturally occurring mutations of BLM as-
sociated with Bloom’s syndrome (Ellis et al., 1995). More-
over, budding yeast cells carrying this mutation in the SGS1
gene show the same DNA-damaging agent sensitivity as that
of an sgs1 deletion strain (Onoda et al., 2000).

The RecQ-C-terminal domain
The second most highly conserved domain in RecQ heli-
cases is the RQC domain (Fig. 2). It is present in all RecQ
enzymes with the exception of human RECQ4 and its
orthologs. This domain is unique to RecQ enzymes and can
be divided into two subdomains; a Zn2+-binding domain and
a so-called winged helix (WH) domain. The Zn2+-binding
domain is characterized by a pair of antiparallel �-helices
and four Cys residues that are needed to coordinate a single
Zn2+ atom. The structures of the Zn2+-binding domains of
human RECQ1 and E. coli RecQ are highly similar, although
the two �-helices are longer in bacterial RecQ than in the
human protein (15 and 19 amino acids, versus 12 and 15,
respectively) (Bernstein et al., 2003; Pike et al., 2008).
Single amino acid substitutions in the Zn2+-binding domain
of the human BLM and bacterial RecQ proteins generate
variants that are either insoluble or very prone to degrada-
tion, suggesting that this domain plays an important role in
maintaining the structural integrity of the protein and hence
protein stability (Guo et al., 2005; Janscak et al., 2003; Liu
et al., 2004). Missense mutations affecting the Cys residues
of the Zn2+-binding of BLM are found in Bloom’s syndrome
cases, and a similar mutation in the budding yeast SGS1 gene
confers enhanced DNA-damage sensitivity and a hyper-
recombination phenotype (Ellis et al., 1995; Onoda et al.,
2000). In addition to playing a role in protein stability, the
Zn2+-binding domain might be also involved in DNA and/or
protein interactions, as already suggested for other proteins
that contain the same domain (Berg and Shi, 1996); however,
further studies will be required to test this hypothesis.
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The WH helix domain is characterized by a poor degree
of primary sequence similarity between the different RecQ
helicases. However, the crystal structures of the WH do-
mains of E. coli RecQ and human RECQ1, and the NMR
derived structure of the equivalent domain in human WRN,
show a very well conserved domain organization (Bernstein
et al., 2003; Hu et al., 2005; Pike et al., 2008). This structural
unit is characterized by a helix-turn-helix fold that is also
present in variety of DNA binding proteins, such as the
transcription factors CAP and hRFX1, and the human DNA
repair protein AGT (Daniels et al., 2004; Gajiwala and
Burley, 2000; Gajiwala et al., 2000; Schultz et al., 1991).
Interestingly, the WH domain of RECQ1 is characterized by
the presence of a prominent �-hairpin loop, with an aromatic
residue at the tip, which is significantly shorter in the equiva-
lent structures of E. coli RecQ and WRN. Mutagenesis stud-
ies on RECQ1 showed that this loop is essential for DNA
unwinding, as the substitution of only the Tyr residue at the
tip of the loop is sufficient to abolish the unwinding activity
of RECQ1 (Pike et al., 2008). These results suggest that the
Tyr residue may act as a pin that abuts the end of the DNA
duplex and hence promotes strand separation, as previously
observed for other helicases of the SF2 family (Buttner et al.,
2007). The fact that this loop is significantly shorter in E. coli
RecQ and WRN suggests that these helicases might utilize a
different mechanism to unwind DNA from that of RECQ1.
Indeed, mutations in the hairpin loop of E. coli RecQ do not
affect enzymatic activity (Pike et al., 2008).

Several studies have shown that the WH domain is also
important for dsDNA recognition. More specifically, gel
mobility shifts experiments showed that the RQC domain
of E. coli RecQ and BLM is required for G-quadruplex
DNA binding, and similar studies with a WRN fragment

encompassing the RQC domain demonstrated that this do-
main is required for the interaction of WRN with Holliday
junctions and forked-duplex substrates (Huber et al., 2006;
von Kobbe et al., 2003). The importance of the WH domain
in DNA binding is also underscored by the fact that the
homologous region of a variety of other proteins has been
identified as a critical DNA-binding domain (Daniels et al.,
2004; Gajiwala and Burley, 2000; Gajiwala et al., 2000;
Schultz et al., 1991). Perhaps surprisingly, given its small
size and critical role in mediating interactions with DNA,
studies with WRN have shown that many of its interactions
with other binding partners are mediated by the WH domain,
suggesting that this helix-turn-helix motif might also be in-
volved in protein-protein interactions (Lee et al., 2005).

The helicase-and-RNaseD-like-C-terminal
domain
The third conserved region of RecQ helicases derives its
name from its similarity with the C-terminal region of
the RNaseD protein. For this reason, it is called the
helicase-and-RNaseD-like-C-terminal domain (Morozov et
al., 1997). The HRDC region is much less well conserved
than the helicase and RQC domains among RecQ helicases.
Moreover, it is also absent from several RecQ enzymes. For
example, among the five human RecQ helicases, only BLM
and WRN possess a recognizable HRDC domain, which is
located toward the C-terminus. Interestingly, the RecQ en-
zyme from Rhodobacter sphaeroides contains two HRDC
domains, while other RecQ helicases from Deinococcus ra-
diodurans, Neisseria meningitidis, and Neisseria gonorrhea
are characterized by possessing three HRDC repeats. These
multiple HRDC domains regulate the enzymatic activity of
Deinococcus radiodurans RecQ and differentially affect the

Figure 2. Schematic of the structural and func-
tional properties of the RQC domain. The RQC
domain is divided into two subdomains, the
Zn2+-binding domain �yellow� and the WH domain
�green�. The ribbon representations of a Zn2+ and
WH domain of human RECQ1 are shown. The four
Cys residues of the Zn2+ domain that coordinate
the Zn ion �light blue sphere� are indicated. The Tyr
residue �Y564� at the tip of the hairpin loop of the
WH domain of RECQ1 is highlighted, and the DNA
recognition helix is shown in blue. Putative func-
tional properties of the Zn2+ and WH domains are
indicated below.
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ability of the enzyme to bind and unwind DNA (Killoran and
Keck, 2006) (see Fig. 3).

Structural and biochemical studies confirmed that the
HRDC domain is associated with structure-specific recog-
nition of DNA substrates and plays a crucial role in differen-
tiating the activity and functions of the various RecQ
homologs. The structures of the isolated HRDC domains of
E. coli RecQ, S. cerevisiae Sgs1, WRN, and Deinococcus
radiodurans RecQ reveal a similar overall fold (Bernstein
and Keck, 2005; Killoran and Keck, 2008; Kitano et al.,
2007; Liu et al., 1999). However, different regions of these
domains seem to be required for DNA binding. For example,
the HRDC domain of S. cerevisiae Sgs1 is characterized by a
lysine- and arginine-rich patch that forms an electropositive
surface important for the interaction with ssDNA (Liu et al.,
1999). This surface is missing in the structure of the HRDC
domain of WRN, which is instead distinguished by the pres-
ence of a cluster of acidic and hydrophobic residues (Kitano
et al., 2007). The HRDC domain of E. coli RecQ also uses an
electropositive surface to interact with DNA, but the residues
that form this surface are located on a different face of the
domain from that in the Sgs1 protein (Bernstein and Keck,
2005). Moreover, the HRDC of E. coli RecQ is characterized
by a 310 helix with a Tyr (residue 555) on its surface, which is
essential for binding to ssDNA and partial duplex DNA.
These structural differences are likely associated with the
distinct DNA binding specificity observed for individual

HRDC domains. For example, the isolated HRDC domain of
E. coli RecQ binds preferentially to ssDNA over other DNA
structures, and the S. cerevisiae Sgs1 HRDC domain can
bind both ssDNA and partially double-stranded DNA. In
contrast, the HRDC domain of WRN does not appear to in-
teract with DNA in vitro (Bernstein et al., 2003; Kitano et al.,
2007; Liu et al., 1999; von Kobbe et al., 2003). However, a
WRN fragment containing the HRDC domain and additional
residues at the C-terminus (fragment 1072-1432) binds
forked-duplex DNA and Holliday junctions with high affin-
ity (von Kobbe et al., 2003).

Regarding the impact of the HRDC domain on the activ-
ity of full-length RecQ proteins, experiments with an E. coli
RecQ�C mutant lacking the HRDC domain indicated that
the HRDC domain is dispensable for the ATPase and un-
winding activity of the enzyme but is required for stable
binding to partial duplex DNA (Bernstein and Keck, 2003).
These results led the authors to suggest that, although it is
dispensable for the catalytic activity of bacterial RecQ, the
HRDC domain might facilitate the unwinding of long DNA
duplexes by stably binding DNA (Bernstein and Keck,
2003). A HRDC truncation mutant of Sgs1 protein is also
active as a helicase and ATPase in vitro (Bennett et al., 1998;
Lu et al., 1996). Conversely, studies with a BLM mutant
lacking the HRDC region demonstrated that, although this
domain has a minor effect on forked-duplex unwinding and
is not required for ATP hydrolysis, it does play an important
role in Holliday junction disruption (Janscak et al., 2003; Wu
et al., 2005). Furthermore, the lysine-1270 residue of BLM,
which resides in the HRDC domain, plays an important role
in the double Holliday junction dissolution activity of BLM,
which is an activity that is highly specific for BLM among
human RecQ helicases (Wu et al., 2005; Wu and Hickson,
2003).

Other studies have also shown that the C-terminal frag-
ment of BLM, encompassing the RQC and HRDC domains,
is necessary for the interaction with the telomere-associated
protein, TRF2, which stimulates BLM-mediated unwinding
of two telomere substrates in vitro; a 3�-overhang and a te-
lomere D-loop structure (Lillard-Wetherell et al., 2004).
Collectively, these studies indicate that the HRDC domain
plays an important role both in conferring some specific en-
zymatic activities to the individual RecQ enzymes and in
DNA structure-specific recognition. In addition, it may me-
diate some protein-protein interactions. The question of how
the HRDC domain interacts functionally with the other two
conserved regions of RecQ enzymes (the core helicase and
the RQC domain) and, as a result, modulates the specific en-
zymatic properties of the individual helicases, is still open.

Exonuclease domain of WRN
Human WRN and its orthologs in other organisms, such as
X. laevis FFA-1, are unique among RecQ family proteins in
possessing a clearly defined exonuclease domain located in

Figure 3. Schematic of the structural and functional properties
of the HRDC domain. The structure of the HRDC domain of
WRN is shown. Putative functional properties of HRDC domain are
indicated below.
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the N-terminal region of the proteins (Fig. 1) (Huang et al.,
1998; Mushegian et al., 1997; Shen et al., 1998). Recombi-
nant WRN possesses 3�–5� exonuclease activity that can
act on a wide variety of different substrates, much the same
as its helicase function (Choudhary et al., 2004). This exo-
nuclease domain can function independently of the rest of
WRN polypeptide in that a recombinant fragment encom-
passing residues 1–333 displays exonuclease activity (Huang
et al., 1998). Nevertheless, it seems plausible that the heli-
case and exonuclease activities of WRN will be coordinated
in vivo, as has been suggested from some in vitro studies
(Opresko et al., 2001).

The crystal structure of the WRN exonuclease domain
(residues 38–236) has been determined (Perry et al., 2006).
The catalytic mechanism of phosphodiester bond hydrolysis
involves two metal ions. Interestingly, the structure places
the WRN exonuclease into the DnaQ family of nucleases,
which includes the 3�–5� proofreading domain of E. coli
DNA polymerase I. Indeed, Perry et al. proposed that the
WRN exonuclease might act in a proofreading capacity dur-
ing nonhomologous end-joining reactions mediated via the
interaction of WRN with Ku70/80 and DNA-dependent pro-
tein kinase (Perry et al., 2006). This interaction stimulates
the activity of the isolated WRN exonuclease domain to a
similar extent to that of the full-length WRN protein, sug-
gesting a direct interaction between this domain and the
Ku70/80 heterodimer.

Nonconserved N- and C-terminal domains
of RecQ helicases
There is little or no indication from making an initial inspec-
tion of the primary sequences of the N- and C-terminal
domains of different RecQ helicases exactly what role these
domains might play. Exceptions to this broad statement in-
clude the exonuclease domain of WRN and the known
nuclear localization signal sequences (Fig. 1). Interestingly,
the N-terminus of RECQ4 bears homology to the N-termini
of the yeast proteins Sld2 (S. cerevisiae) and DRC1 (S.
pombe), which play a central role for the establishment of
DNA replication forks in yeast and do not have any apparent
homolog in vertebrates. Consistently, a recent study provided
evidence for a previously unrecognized role of the X. laevis
homolog of human RECQ4 in the initiation of DNA replica-
tion (Sangrithi et al., 2005). Of less obvious significance,
but nevertheless a conserved feature, is the presence of
blocks of acidic residues. While these are superficially remi-
niscent of similar domains in transcriptional activators, there
is no suggestion in RecQ enzymes that they perform a si-
milar role. One possibility, however, is that they mediate in-
teractions with a common partner protein, one possible can-
didate being replication protein A (Brosh et al., 2000; Brosh
et al., 1999).

Other than the above sequence motifs, the N- and
C-terminal domains of RecQ helicases are quite featureless.

Nevertheless, the domains are highly conserved among the
different mammalian orthologs of each human RecQ family
member, suggesting that they are functionally important.
Studies on recombinant proteins suggest that they play little
role in catalytic activity, although as noted below they likely
influence DNA substrate specificity by influencing the oligo-
meric state of certain RecQs. One clear role for the N- and
C-terminal domains is to direct interactions with heterolo-
gous proteins. For example, BLM binds directly to topoi-
somerase III� via residues in the first 212 (likely 1–133)
amino acids of the N-terminal domain, and to the RAD51
recombinase via both the N-terminal 1–212 region and the
final C-terminal 150 residues (Hu et al., 2001; Johnson et al.,
2000; Wu et al., 2001; Wu et al., 2000). Interestingly, both of
these interactions and their approximate location in the RecQ
helicase polypeptide are conserved between BLM and its
yeast ortholog, Sgs1. Numerous other protein interaction
sites have been mapped within the N- and/or C-terminal
domains of BLM, WRN, and other human RecQ helicases,
the details of which can be found in recent review articles
(Bachrati and Hickson, 2008; Bohr, 2008; Sharma et al.,
2006).

The other main role of the N- and C-terminal flanking
domains is to perform regulatory duties. This involves serv-
ing as a target site for post-translational modifications,
including phosphorylation and sumoylation. The best-
characterized RecQs in this regard are BLM and WRN.
BLM is phosphorylated on several serine/theonine residues
in the N-terminal domain (as well as in the catalytic core).
The ATM kinase targets BLM in Thr-99, and ATR targets
both Thr-99 and Thr-122, following �-irradiation and repli-
cation blockade, respectively. The modification of Thr-99 is
critical for BLM function, since a T99A mutant BLM is
unable to complement the hydroxyurea sensitivity of BLM
cells (Davies et al., 2007). The N-terminal domain of BLM
is also targeted by the Mps1 kinase on Ser-144, which ap-
pears important for regulating BLM function in mitosis
(Leng et al., 2006).

WRN is also a phosphoprotein in vivo. The major serine-
theonine kinase that modifies WRN appears to be DNA-
dependent protein kinase (DNA-PK) (Karmakar et al., 2002;
Yannone et al., 2001). Consistent with this, WRN phospho-
rylation in vivo is sensitive to wortmannin, which preferen-
tially targets DNA-PK, and cells lacking DNA-PK show
little or no WRN phosphorylation (Karmakar et al., 2002).
However, other studies suggested that WRN is also phospho-
rylated in an ATR/ATM dependent manner, and that WRN is
targeted by the Abl kinase on tyrosine residues (Cheng et al.,
2003; Pichierri et al., 2003). WRN binds C-Abl in vivo via
the N-terminal domain (residues 1–120) and in the catalytic
core comprising the helicase and RQC domains. Tyrosine
phosphorylation appears to inhibit the helicase and exonu-
clease activities of WRN (Cheng et al., 2003).

BLM is sumoylated in vivo, probably on multiple lysine
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residues, including K317 and K331. Sumoylation appears
primarily to influence the subcellular localization of BLM. A
mutant BLM carrying K317R and K331R substitutions fails
to be sumoylated and does not localize to PML nuclear bod-
ies, unlike wild-type BLM. Instead, the double mutant in-
duces a cellular response reminiscent of that seen following
DNA damage, including focal accumulation of �-H2AX
(Eladad et al., 2005). Despite the above discussion, Hu et al.,
2001 found that the region of BLM required for PML body
localization was in the N-terminal domain between residues
133 and 237 (Hu et al., 2001).

DIFFERENT OLIGOMERIC STATES OF RECQ
HELICASES
Assembly states ranging from monomers to hexamers have
been described previously for various RecQ enzymes. The
role of these different oligomeric forms is, however, still
uncertain in most cases. For E. coli RecQ protein, there is
compelling evidence to indicate that the active species is a
monomer. The crystal structure of a RecQ1–516 variant, lack-
ing the HRDC domain, indicates that the catalytic core of
E. coli RecQ is monomeric in its nucleotide bound and un-
bound forms (Bernstein et al., 2003). Although a previous
study suggested that the full-length E. coli RecQ helicase

might exist as a multimer comprising at least three subunits
in solution (Harmon and Kowalczykowski, 2001), more re-
cent biochemical and biophysical studies provided evidence
that this enzyme remains in a monomeric form also when
bound to single-stranded DNA and when unwinding DNA,
in agreement with the crystallographic results (Xu et al.,
2003; Zhang et al., 2006).

Quaternary structures ranging from monomers to higher-
order oligomers have been reported for the human RECQ1,
WRN, and BLM helicases. The best characterized in this
regard is the human RECQ1 protein, for which a crystal
structure of a truncated form lacking the first 48 and the last
33 amino acids is available (PDB id: 2v1x) (Pike et al.,
2008). A combination of electron microscopy and size exclu-
sion chromatography suggested that RECQ1 exists in two
different oligomeric states: higher-order oligomers consis-
tent with a pentamer or hexamer, and smaller oligomers con-
sistent with a monomer or dimer (Muzzolini et al., 2007).
These forms are apparently associated with the strand an-
nealing and unwinding activities of RECQ1, respectively
(Fig. 4). The equilibrium between these different assembly
states appears to be controlled by ssDNA and ATP binding,
with ATP favoring the smaller oligomeric form. Further
studies identified the N-terminal region of the protein (resi-

Figure 4. The human RECQ1 helicase exists in different oligomeric forms. �A� Chromatographic profiles of the human RECQ1 in the
absence �left� and presence �right� of ATP�S eluting from a Superdex200 HR 10/30 gel filtration column. The protein species were detected
by protein fluorescence ��excitation=290 nm and �emission=340 nm�. Approximately 40 �g of recombinant RECQ1 were loaded at a final con-
centration of 1 �M. The protein elutes in two main peaks. The first peak �PK1� corresponds to a calculated molecular mass of approximately
400 kDa, whereas the second peak �PK2� corresponds to a calculated molecular mass of approximately 155 kDa. �Note that ATP�S shifts the
equilibrium toward PK2�. �B� Schematic of the two quaternary forms of RECQ1: higher-order oligomers �probably tetramers� exhibit DNA
strand annealing as well as four-way Holliday junction resolution activity, while the lower-oligomers, probably dimers, are required for DNA
unwinding. The surface rendering of 3D EM reconstructions of the higher RECQ1 assembly state were obtained as previously described
�Muzzolini et al., 2007�. The ribbon representation of RECQ1 was generously provided by Opher Gileadi from the Structural Genomics
Consortium �SGC�, Oxford, UK. The structure of the Mg2+-ADP bound RECQ1 molecule �PDB id: 2V1X� shows the two RecA-like domains
�colored in red and blue�, the Zn2+-binding domain �yellow�, and the WH domain �green�.
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dues 1–48) as essential for higher-order oligomer formation,
and confirmed that smaller oligomers are involved in DNA
unwinding (Popuri et al., 2008). Interestingly, the N-terminal
region is also necessary for the ability of RECQ1 to disrupt
model Holliday junction substrates, suggesting that this do-
main, or the higher-assembly state promoted by it, is essen-
tial for the ability of the protein to interact with and/or
branch migrate Holliday junctions (Popuri et al., 2008). Con-
sistent with this, the RECQ148–616 mutant used for the crys-
tallographic studies is able to unwind forked-duplex sub-
strates with a similar efficiency to that of the full-length
protein, but it is not active on Holliday junctions and has no
detectable strand annealing activity (Pike et al., 2008).

The structure of RECQ148–616 showed that the protein ex-
ists as a dimer in the crystals. Although this could reflect a
crystallographic artifact, the existence of RECQ1 dimers in
solution was confirmed by size exclusion chromatography,
equilibrium ultracentrifugation, and chemical cross-linking
experiments (O Gileadi, personal communication). Interest-
ingly, preliminary fitting experiments using the coordinates
of the crystal structure and the density maps of RECQ1 de-
rived by electron microscopy suggest that the higher-order
oligomers might represent tetramers, rather than pentamers
or hexamers as was inferred previously from gel filtration
studies. Collectively, these data suggest that RECQ1 exists in
different oligomeric forms: higher-order oligomers, which
are probably tetramers, and are required strand annealing and
Holliday junction resolution, and smaller oligomers (likely
dimers) that are involved in DNA unwinding.

Interestingly, a similar mixture of oligomeric forms was
also reported for the WRN helicase. A recent electron mi-
croscopy study revealed that WRN exists predominantly as a
dimer in solution and as a tetramer when bound to Holliday
junction DNA or forked-duplexes (Compton et al., 2008).
Moreover, mutagenesis studies suggested that the region of
WRN between the RQC and HRDC domains (residues
1072–1150) is important for higher-order oligomer forma-
tion, and that the deletion of this region eliminates strand
annealing activity (Muftuoglu et al., 2008). Previous size-
exclusion experiments suggested, however, that full-length
recombinant WRN, as well as a WRN1–333 fragment, elutes
at a size consistent with a trimeric structure (Huang et al.,
2000). Similarly, atomic force microscopy analysis of a 171-
amino acid fragment of WRN comprising the exonuclease
domain of the enzyme revealed a trimer-hexamer equilib-
rium in the absence of DNA, with the equilibrium being sig-
nificantly shifted toward the hexamer form in the presence of
DNA (Xue et al., 2002). Thus, there remains an open ques-
tion about the function and exact stoichiometry of the differ-
ent WRN assembly states, even though recent kinetic experi-
ments support a model where a monomeric unit is involved
in DNA unwinding (Choudhary et al., 2004).

Electron microscopy experiments have shown that the
full-length BLM protein can form hexameric ring-like struc-

tures in the absence of ATP and DNA (Karow et al., 1999).
Interestingly, the same study also described the presence of
fourfold symmetric structures that might represent an oligo-
meric form distinct from the hexameric ring (such as a tet-
ramer or an octamer). Gel filtration studies showed that BLM
has a native molecular mass of approximately 700 kDa,
consistent with an oligomeric state comprising tetramers or
hexamers. However, studies of a BLM deletion mutant,
BLM642–1290, revealed that it retains helicase activity and
elutes as a monomer from a gel filtration column, both in free
solution and in its ssDNA-bound form (Janscak et al., 2003).
Gel retardation assays showed that a BLM mutant lacking 60
residues in its C-terminal tail (residues 1290–1350) fails to
form higher-order protein-DNA complexes. In addition, this
truncated mutant lacks strand annealing activity, suggesting
that oligomerization might be required for the strand anneal-
ing function of BLM, as was observed for RECQ1 and WRN
(Cheok et al., 2005). Nevertheless, Beresten et al. (1999)
showed that an N-terminal fragment of BLM (residues
1–431) can form oligomers in solution (Beresten et al.,
1999).

Collectively, the data available thus far indicate that
human RecQ helicases are dynamic enzymes able to adopt
different structures when bound to different cofactors such
as DNA and ATP, with the exception of RECQ5 that remains
monomeric both in its free and DNA/ATP-bound forms
(Garcia et al., 2004). The domains required for higher-order
oligomer formation seem to be located in different regions of
the different family members, i.e., in the first 48 residues at
the N-terminus of RECQ1, but in the C-terminal domain of
BLM and WRN. The function of the different assembly
states of RecQ helicases is still the subject of debate. How-
ever, on the basis of the results obtained so far, it is tempting
to speculate that they might share a common mechanism
whereby smaller oligomers, which might be monomers in
the case of BLM and WRN, and dimers in the case of
RECQ1, are required for DNA unwinding, while higher-
order oligomers are required for more specialized activities,
such as Holliday junction branch migration/disruption and
DNA strand annealing. Further studies are however required
to accurately measure the size of different quaternary struc-
tures of the various RecQ enzymes and achieve a better un-
derstanding of the mechanism(s) that regulates the switch
between these different oligomeric forms.

In addition to the biochemical and structural approaches
already used for several RecQ enzymes, a productive avenue
for future research might be to utilize biophysical tech-
niques, such as dynamic light scattering or analytical ultra-
centrifugation, to study the different assembly states of RecQ
enzymes present in solution. Dynamic light scattering per-
mits a precise determination of the hydrodynamic radius of a
macromolecule in solution and, in combination with results
derived from size exclusion chromatography experiments,
might offer valuable information on the oligomeric state of a
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RecQ enzyme in the presence and absence of different cofac-
tors (Cui et al., 2004; Matsui et al., 2006). In analytical ul-
tracentrifugation, the macromolecules are visualized in real
time during sedimentation allowing an accurate determina-
tion of thermodynamic parameters associated with the qua-
ternary state of a protein (Dong et al., 1995; Galletto et al.,
2004; Lee et al., 2003). The transmission electron micros-
copy (TEM) studies on negatively stained particles of the
RECQ1 and BLM helicases described above provided the
first low-resolution images on the higher-order assembly of
these two RecQ enzymes, suggesting that they can form spe-
cies comprising four to six RecQ protomers (Karow et al.,
1999; Muzzolini et al., 2007). Cryoelectron microscopy ex-
periments might also be used to obtain higher resolution im-
ages compared to the negative staining approach, and pro-
vide more accurate data on the size of the different
oligomeric forms. This technique was applied successfully to
elucidate the mechanism of double-hexamer formation of
the SV40 large T antigen at viral replication origins and
showed that the N-terminal region of the large T antigen me-
diates the interaction between hexamers (Valle et al., 2006).
Finally, mass spectrometry is emerging as a very valuable
new tool to define the stoichiometry of protein-DNA com-
plexes and determine the active oligomeric state of an en-
zyme. The key aspect in such mass spectrometry analysis is
to maintain interactions during the transition from the solu-
tion to the gas phase by using the appropriate ionization en-
ergy (Hanson and Robinson, 2004). As an example, the de-
velopment of gentle ionization techniques led to the
demonstration, using electrospray ionization (ESI) mass
spectrometry, that the E. coli endoribonuclease E forms tet-
rameric structures able to bind up to four RNA molecules
(Callaghan et al., 2003). None of the above approaches has
been applied to a study of a RecQ helicase to date, but we
believe that they could provide invaluable information on the
size and stoichiometry of different RecQ-DNA complexes.

How the equilibrium between the different multimeric
states and enzymatic activities of RecQ enzymes might be
controlled in cells is still an open question. The results ob-
tained for the human RECQ1 helicase indicate that ATP
binding triggers a switch from the strand annealing or branch
migration mode to a DNA unwinding mode (Muzzolini
et al., 2007). However, additional cofactors that interact with
a specific oligomeric form might stabilize a particular pro-
tein structure associated with a specific enzymatic activity of
the RecQ enzyme in vivo. For example, human replication
protein A (hRPA) is known to stimulate the helicase activity
of RECQ1, WRN, and BLM, and might conceivably do so by
binding to smaller oligomers with higher affinity than to
higher-order oligomers. Similarly, other proteins, yet to be
identified, may interact with the large oligomeric complexes
with higher affinity and in this way promote the other spe-
cialized enzymatic activities of these helicases. A challeng-
ing avenue for future studies will be to apply the biochemical

and biophysical approaches described above to test if newly
discovered RecQ helicase binding proteins regulate the dif-
ferent enzymatic activities of these enzymes by specifically
interacting with one or other oligomeric forms (Aygun et al.,
2008; Selak et al., 2008; Singh et al., 2008; Xu et al., 2008).
One candidate in the case of BLM is the RMI1/RMI2 com-
plex that, like RPA, is a multi-OB-fold containing a complex
that is capable of stimulating BLM to disrupt Holliday junc-
tions (Raynard et al., 2006; Wu et al., 2006).

It is a common observation that gene families tend to in-
crease in complexity the higher up the evolutionary path one
travels. The RecQs represent a classical example of this, as
discussed above. However, the added complexity in, for ex-
ample, human RecQ helicases compared to yeast does not
appear simply to be a reflection of gene duplication followed
by some minor divergence. Some human RecQs have ac-
quired new catalytic activities; most notably, the exonuclease
activity of WRN, while others seem to have dropped
functions—or at least functional domains (RECQ4 only pos-
sesses the central helicase domain). This strong divergence
of function seems to have been accompanied, not surpris-
ingly, by the specialization of certain RecQs. It seems likely
that human BLM has retained many if not most of the core
activities/roles of yeast Sgs1p or Rqh1p, while the other four
human RecQs have diverged, acquired new partner proteins,
and established roles in DNA replication, and transcription.
Biochemical analysis of isolated RecQs will never be suffi-
cient to tease out these new roles. A combination of genetic
analysis in rodent models and cell biological studies will be
needed to fully elucidate how this protein family impacts so
dramatically on human disease. Such studies are compli-
cated in the case of BLM or RECQ4, for example, by an ap-
parent requirement for the protein during embryonic devel-
opment. A major challenge for the future will be to create
mouse models containing hypomorphic alleles of these
genes that should provide definitive data on at least some of
the roles of the encoded RecQ enzyme.
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