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Damage Signaling: RecQ Sends an

SOS to You

Wolf-Dietrich Heyer

The DNA helicase RecQ is required for proper
induction of the SOS response to replication stress
in Escherichia coli. Unwinding of stalled replication
forks by RecQ family helicases in bacteria, and pos-
sibly in eukaryotes, may provide a means of damage
signaling and recovering stalled replication forks.

In DNA replication, repair and recombination, the
complementary strands of the double helix often need
to be separated. DNA helicases are enzymes that track
along single-stranded DNA and unwind duplex DNA,
deriving their energy from ATP hydrology. Likely
helicases can be spotted by the presence in their
sequence of several highly conserved amino-acid
motifs that form part of the motor domain, including the
catalytic residues for ATP hydrolysis. The RecQ family
of DNA helicases is highly conserved from bacteria to
humans, not only within but also outside the helicase
domain (Figure 1) [1]. RecQ-like helicases play critical
roles in maintaining genomic stability. Defects in three
of the five human family members are responsible for
genetic disorders that predispose to cancer: BLM in
Bloom’s syndrome, WRN in Werner ’s syndrome, and
RecQ4 in Rothmund-Thompson syndrome [2].

The RecQ DNA helicase of Escherichia coli has
served as a paradigm for the RecQ family and has
been proposed to have multiple functions in the initia-
tion of recombination, resolution of recombination
intermediates and suppression of illegitimate recom-
bination. Hishida et al. [3] have added another function
by showing that RecQ helicase is also required for
proper induction of the ‘SOS’ response to stalled repli-
cation forks that coordinates cellular defense against
DNA damage and replication stress. In this response
RecA binds to exposed single-stranded DNA to form
a filament, and this leads to proteolysis of the tran-
scriptional repressor LexA and consequent induction
of about 50 genes which encode proteins involved in
DNA repair, mutagenesis, suppression of cell division
and other cellular functions. Hishida et al. [3] propose
that RecQ unwinds the template duplex ahead of a
replication fork with a ‘leading’ strand blockage, allow-
ing assembly of the RecA filament on the ‘lagging’
strand to induce the SOS signal (Figure 2D). Can this
model illuminate how eukaryotic RecQ-like helicases
work in response to replication fork stalling?

RecQ protein is a 3’-to-5" DNA helicase — defined by
the polarity of the single-stranded DNA on which the
enzyme is tracking — which is stimulated by the
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single-stranded DNA-binding protein SSB. At high
protein concentrations, RecQ can also unwind blunt-
ended DNA. RecQ acts in the RecF pathway, which
includes RecA, RecF, RecG, RecJ, RecO, RecR and
RuvABC, and catalyzes recombination on DNA sub-
strates that lack a double-strand DNA break, including
gaps and nicks. The RecBCD pathway is the primary
route of recombination initiated by a double-strand
break in wild-type bacteria, relying on the helicase and
nuclease activities of RecBCD to generate single-
stranded DNA and load RecA protein. In recBC sbcB
cells, recQ mutations enhance UV sensitivity and
decrease the efficiency of conjugational recombina-
tion. Unlike recF mutations, recQ mutations do not
affect levels of conjugal recombination or UV sensitiv-
ity in wild-type cells, suggesting that the RecF pathway
requires RecF, but not RecQ, in recBC+ cells [4].

These genetic data suggest that RecQ helicase has
a role in the initiation phase of recombination, pro-
cessing a double-strand break or gap to generate
single-stranded DNA for assembly of the RecA fila-
ment (Figure 2A). Recombination reactions reconsti-
tuted in vitro with RecQ, RecA and SSB proteins
showed that RecQ can initiate recombination [5]. In
vivo, it appears likely that RecQ initiates recombina-
tion in conjunction with Recd, a single-stranded DNA-
specific exonuclease, which digests the displaced
5’-ending strand to allow formation of the RecA fila-
ment on the 3’-OH-ending strand (Figure 2A).

RecQ was also shown to be capable in vitro of dis-
rupting recombination intermediates, including D-
loops (Figure 2B) [5]: this may be relevant to its ability
to suppress illegitimate recombination, enhanced
30-300 fold in recQ mutants [6]. This anti-recombina-
tion function of RecQ appears to be conserved in at
least some eukaryotic RecQ-like proteins, as the
budding yeast sgs7 mutant displays a hyper-recombi-
nation phenotype, suggesting that Sgs1 acts partly to
suppress recombination in wild-type cells [7].

RecQ helicase may act late in recombination,
together with the topoisomerase Topo lll. This is sug-
gested by its ability to catenate/decatenate duplex DNA
[8] (Figure 2C). Such an activity might dissolve double
Holliday junctions and suppress crossover formation
[9]. This is consistent with the RecA-dependent defect
in chromosome partitioning Topo Il or RecQ deficient
cells [10], which might be caused by unresolved double
Holiday junctions. Genetic data on related helicases,
Sgs1 in yeast, and WRN and BLM in humans, are also
consistent with RecQ-like proteins having a role in the
resolution of double Holliday junctions [11].

Hishida et al. [3] discovered that RecQ helicase
binds to, and unwinds, DNA substrates that mimic a
replication fork with a gap on the leading strand much
better than substrates with similar sized gaps on the
lagging strand or a frank gap on linear duplex DNA.
This cannot be explained by RecQ binding to single-
stranded DNA and translocating in a 3’-to-5’ fashion,
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and suggests that RecQ recognizes structure-specific
elements on DNA. In vivo, such cues might be
enhanced by specific protein interactions that recruit
RecQ to stalled replication forks.

To test the idea that RecQ has a role at stalled repli-
cation forks, Hishida et al. [3] induced fork-stalling in
vivo using a temperature-sensitive allele of the DNA
polymerase lll catalytic (o) subunit. Cells expressing this
mutant protein grow normally at 30°C and stop growing
at 42°C; at 38°C, they are viable, but show a severe
growth defect likely mediated by SOS induction of the
filamentation response, which halts cell division in the
presence of DNA damage or replication stress. Deletion
of recQ suppresses this growth defect at 38°C, but not
at 42°C; suppression is paralleled by significant reduc-
tion of the filamentation response, suggesting that the
SOS response is suppressed (further supported by the
poor induction in these cells of a fusion gene marker of
the SOS response). Extending this to conditions that
stall replication forks in wild-type cells, Hishida et al. [3]
showed that, in response to UV irradiation, RecQ is
needed for fast degradation of the LexA repressor, par-
ticularly in uvrA cells, where nucleotide excision repair,
the major UV repair pathway, is disabled.

These data led to a model (Figure 2D) in which RecQ
unwinds the template in front of a stalled fork with
leading strand blockage. Based on previous observa-
tions that RecQ and RecJ are required for the removal
of nascent DNA at the lagging strand after replication
fork stalling [12], the model continues that RecQ
switches over to the lagging strand to generate single-
stranded DNA on the lagging strand template, allowing
formation of the RecA filament for SOS induction.

Does this idea extend to RecQ’s eukaryotic coun-
terparts? At first sight the proposal seems attractive.
In budding yeast, Sgs1 has a redundant function in
the S-phase checkpoint [13]. The generation of single-
stranded DNA at stalled forks by Sgs1 may allow for-
mation of RPA-single-stranded DNA complexes,
proposed to be crucial for DNA damage sensing by
ATR/Mec1 [14]. In support of this idea, it was found
that mutation of the large subunit of heterotrimeric
RPA caused a defect in the recruitment of Ddc2, the
DNA-binding subunit of Mec1, to double-strand
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breaks [14]. Earlier studies had shown that these
mutant cells have an intact DNA damage checkpoint,
but a defect in checkpoint adaptation, indicating that
the interaction with Ddc2 might be important for such
adaptation [15]. Further analysis showed that Sgs1
has only a minor role in the response to stalled repli-
cation forks, but a more significant role in the
response to DNA damage incurred during S phase
[16]. In particular, the synergistic behavior of sgs7 and
mec1 mutations implies that Sgs1 is neither a major
target nor a dominant activator of Mec1 kinase [16].
Recent chromatin immunoprecipitation studies
found that Sgs1 is needed to stabilize DNA poly-
merases o and ¢ at stalled forks [17], inconsistent with
Sgs1 displacing the nascent lagging strand (and poly-
merase o), as proposed in the RecQ model (Figure 2D).
The model by Cobb et al. [17] that Sgs1 reverses fork
regression differs from the RecQ model of Hishida et
al. [3], where RecQ prevents fork regression. Rgh1, the
sole RecQ homolog in fission yeast, plays no role in
establishing the S phase checkpoint, but rather func-
tions in the recovery of stalled forks after arrest [18].
While it appears unlikely at this moment that the yeast
RecQ homologs function directly in checkpoint signal-
ing in a manner similar to RecQ in bacteria, it is possi-
ble that other helicases have taken over this function.
Human cells deficient in RecQ-like helicases are
also sensitive to replication fork stalling, and interac-
tions of BLM and WRN with checkpoint components
and the replication fork have been documented [1,2].
But the possible roles of BLM and WRN in the S
phase checkpoint remain unclear. BLM-deficient cells
appear to have an intact S phase checkpoint in
response to stalled replication forks [19], and a role in
replication fork recovery, similar to that of Rgh1 in
fission yeast, has been proposed for BLM [20].
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Figure 2. Roles of RecQ DNA helicase in genomic maintenance.

(A) Initiation of recombination. RecQ unwinds DNA at gaps (in wild-type cells, not shown) or double-strand breaks (in recBC- cells)
allowing RecA filament formation to initiate recombination and D-loop formation [5]. (B) Anti-recombination. RecQ can disrupt D-loops
formed by RecA protein [5]. (C) Double Holliday junction dissolution. As inferred from RecQ’s ability, in concert with Topo lll, to cate-
nate/decatenate duplex DNA [8], and as directly shown for the human helicase BLM-TOPOlIllx [9], RecQ-like helicases may function
to dissolve double Holliday junctions. (D) The SOS signaling model of Hishida et al. [3]. RecQ binds a gap on the leading strand of a
stalled replication fork and unwinds the duplex template ahead of the fork, in a 3’-5’ direction. The ensuing topological stress may be
relieved by the combined action with a type | topoisomerase such as Topo lll. Subsequently, RecQ switches to the lagging strand
template, generating a single-stranded DNA gap on the lagging strand, on which a RecA filament is assembled in the 3’ direction,
leading to SOS induction. Subsequent repair of the blocking lesion, trans-lesion synthesis, or recombinational restart may lead to the
resumption of DNA replication.
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