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ABSTRACT

To understand the speci®c genetic instabilities
associated with de®ciencies in RecQ family heli-
cases, we have studied the substrate preferences of
two closely related members of this family, human
BLM and Saccharomyces cerevisiae Sgs1p. Here we
show that both BLM and Sgs1p preferentially
unwind G4 DNA relative to Holliday junction sub-
strates, and that substrate preference re¯ects bind-
ing af®nity and maps to the conserved central
helicase domain. We identify the porphyrin N-methyl
mesoporphyrin IX (NMM) as a speci®c inhibitor of
G4 DNA unwinding, and show that in the presence
of NMM the helicase becomes trapped on the
NMM±G4 DNA complex, consuming ATP but unable
to unwind or dissociate. These results suggest that
BLM and Sgs1p function proactively in replication
to remove G4 DNA structures which would other-
wise present obstacles to fork progression, rather
than by promoting recombination to restart a fork
that has stalled.

INTRODUCTION

The RecQ helicases comprise a small family of enzymes
present in prokaryotes and eukaryotes. These helicases share a
central domain approximately 400 amino acids in length,
which includes the conserved helicase motifs bearing the
DEXH signature sequence and a Walker A and B box which
confer the ability to bind and hydrolyze ATP. Among the best-
studied members of this helicase family are the eponymous
RecQ from Escherichia coli, Sgs1p from Saccharomyces
cerevisiae, Rqh1 of Schizosaccharomyces pombe, and human
BLM, WRN and RECQL4. The RecQ family helicases that
have been puri®ed and characterized in vitro all unwind DNA
with a 3¢ to 5¢ polarity in a reaction dependent on Mg2+ and
ATP.

Eukaryotic helicases of the RecQ family are required for the
maintenance of genomic stability, and helicase de®ciency
produces both characteristic pathology and characteristic
genetic instability. In humans, the absence of BLM helicase
activity results in Bloom's syndrome, a genetic disease
characterized by elevated levels of sister chromatid exchange

and formation of quadriradials, and early onset of malignancy
(1). De®ciency in WRN activity results in Werner's syndrome,
a disease characterized by chromosomal deletions and trans-
locations, and premature aging (2,3). De®ciency in RECQL4
has been linked to Rothmund±Thomson syndrome (4),
characterized by chromosomal mosaicism, development of
osteosarcomas (usually a rare tumor), and other symptoms
including telangiectasia. Saccharomyces cerevisiae strains
carrying mutations in SGS1 display increased mitotic
recombination, defective chromosome segregation and re-
duced proliferative capacity, a phenotype which may be
thought of as analogous to premature aging in humans lacking
WRN (5,6).

RecQ family members are unusual in that they can unwind
not only B-form DNA but also alternatively structured
DNA molecules, including G4 DNA, synthetic D-loops and
Holliday junctions (HJ) (7±12). G4 DNA is a four-stranded
structure in which the repeating unit is a G-quartet, a planar
array of guanines stabilized by hydrogen bonds (Fig. 1). Even
though G4 DNA is not a substrate for all helicases, both yeast
Sgs1p and its close human homolog, BLM, unwind G4 DNA
with at least 15-fold preference relative to duplex substrates
(8). G4 DNA unwinding activity almost certainly contributes
to the function of SGS1 in the maintenance of two G-rich
genomic domains, the rDNA and the telomeres. SGS1 is
required for recombination-dependent telomere maintenance
in cells lacking telomerase (13±15). In addition, Sgs1p
localizes to the nucleolus, where rDNA is transcribed and
rRNA biogenesis occurs; sgs1-de®cient strains are character-
ized by nucleolar fragmentation and production of rDNA
circles.

Both BLM and another human RecQ family member,
WRN, are able to unwind HJ, which represent an intermediate
in homologous recombination (10,16). This has led to
suggestions that BLM and WRN reduce the level of
recombinational repair by disrupting potentially recombino-
genic molecules that arise after replication fork arrest (10,16).
Some cooperation between BLM and WRN is supported by
evidence of their physical interaction in vivo (17). However,
complete redundancy of function would not account for the
contrasting patterns of genetic instability that characterize
BLM- and WRN-de®cient cells.

In order to understand RecQ family helicase function in
maintaining genomic stability, we have sought to learn more
about the substrate speci®city of these enzymes, and to
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identify compounds which inhibit helicase activity on speci®c
classes of substrates and could be used as probes of function
in vivo. Here we report that both BLM and S.cerevisiae Sgs1p
preferentially unwind G4 DNA relative to HJ. This preferen-
tial unwinding can be explained by a 15-fold difference in
binding af®nities for G4 DNA relative to HJ. The high
af®nities of BLM and Sgs1p for G4 DNA (kD = 5 nM) predict
that a specialized and conserved domain mediates this
interaction. We further show that the anionic porphyrin
N-methyl mesoporphyrin IX (NMM; Fig. 1) is a highly
speci®c inhibitor of G4 DNA unwinding, and provide a model
for how inhibition occurs. These data suggest that the principle
function of BLM and Sgs1p may be to provide the replication
apparatus with an unstructured template, rather than to
promote recombinational repair of a collapsed fork.

MATERIALS AND METHODS

Preparation of enzymes and substrates

BLM and Sgs1p were puri®ed as described (18,19), with
several modi®cations. The BLM expression construct pJK1
was transformed into strain BCY123 (20) for isogenic
expression of Sgs1p and BLM. Starter cultures of BCY123
harboring C-terminal His6-tagged expression plasmids for
Sgs1p (pRS222, expressing a polypeptide 869 amino acids in
length, including residues 400±1268 which span the conserved
helicase domains) or BLM (pJK1, expressing full-length
human BLM, 1417 amino acids) were grown in SC-Ura media
at 30°C to saturation, then inoculated into 6 l of complete
media (1% yeast extract, 2% peptone) supplemented with 2%
(v/v) lactic acid and 3% (v/v) glycerol, at ®nal pH 6.5.
Expression was induced at OD600 = 0.25 by the addition of
galactose to a ®nal concentration of 2% (w/v). Cells were
incubated 12 h longer, opened, and recombinant proteins
puri®ed by nickel chelate chromatography.

Oligonucleotides TP (TGGACCAGACCTAGCAGCTAT-
GGGGGAGCTGGGGAAGGTGGGAATGTGA); J1 (GAC-
GCTGCCGAATTCTGGCGTTAGGAGATACCGATAAG-
CTTCGGCTTAA); J2 (CTTAAGCCGAAGCTTATCGG-
TATCTTGCTTACGACGCTAGCAAGTGATC); J3 (TGA-
TCACTTGCTAGCGTCGTAAGCAGCTCGTGCTGTCTA-
GAGACATCGA); J4 (ATCGATGTCTCTAGACAGCACG-

AGCCCTAACGCCAGAATTCGGCAGCGT); H1 [GCA-
TCGGCTTCCCAACTAGCT10]; and K1 [T30GCTAGTTG-
GGAAGCCGATGC] were synthesized at the Keck facility
(Yale University). G4 DNA was formed from TP and its
structure con®rmed as described previously (7). Synthetic HJ
were formed by annealing equimolar amounts of J1, J2, J3 and
J4, and the partial-duplex substrate H1/K1 by annealing
equimolar amounts of H1 and K1. All DNA substrates were
gel-puri®ed prior to use. DNA recovery was quanti®ed by
measuring the A260 of denatured DNA. Molar amounts of G4
DNA refer to moles of four-stranded structures (1 mol of
G4 = 4 mol of single strands). HJ and H1/K1 were stored in TE
(10 mM Tris, 1 mM EDTA, pH 7.4), and G4 DNA was stored
in TE containing 10 mM KCl. Substrates were end labeled
with [g-32P]ATP and T4 polynucleotide kinase (Promega) for
binding and unwinding assays.

Unwinding and binding reactions

Unwinding assays were carried out in 20 ml reactions
containing 50 mM Tris±HCl, pH 7.4, 2 mM MgCl2, 2 mM
ATP, 50 mM NaCl, and 100 mg/ml BSA, 1 mM DTT, 1 ng
enzyme, and 10 fmol 32P-labeled DNA at 37°C for 30 min
unless otherwise indicated. BLM and Sgs1p were treated with
0.5 mM DTT for 5 min on ice prior to addition. Reactions were
stopped by adding 5 mM EDTA, pH 8.0 and 0.5 mg/ml
proteinase K (®nal concentrations), and deproteinized by
incubation for 10 min at 37°C. Products were analyzed by
electrophoresis on 8% polyacrylamide gels in 0.53 TBE
containing 10 mM KCl. Binding reactions were carried out in
300 mM NaCl, 50 mM Tris pH 7.4, 2 mM MgCl2, 2 mM ATP-
g-S, 1 mM DTT, 10 fmol of 32P-labeled DNA and indicated
quantities of enzyme, and incubated at room temperature for
20 min. Following the addition of 0.1 vol of 50% glycerol,
binding reactions were loaded onto a 5% native gel in 0.53
TBE, 10 mM KCl, and free nucleic acids and nucleoprotein
complexes were resolved by electrophoresis at 6.5 V/cm for
4 h at room temperature. Binding was quanti®ed by phospho-
imaging, and kD values calculated as averages from at least
three separate experiments. The inhibitors NMM and
meso-tetra(N-methyl-4-pyridyl)porphine tetra tosylate (T4;
Frontier Scienti®c, Logan, UT; Fig. 1) were made up as
aqueous solutions. The ki was determined as the concentration
of inhibitor required to reduce unwinding by 50%.

Figure 1. G4 DNA and porphyrins that bind it. A G quartet and porphyrin derivatives NMM and T4 (also referred to as TMPyP4 or H2TMPyP) are shown
drawn to scale.
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Figure 2. Preferential unwinding and binding of G4 DNA by BLM. (A) Native gel analysis of products of unwinding of 32P-labeled G4 DNA and HJ sub-
strates by BLM. Amounts of enzyme per reaction are indicated above the autoradiograph. Arrows indicate G4 and HJ substrates and single-stranded unwind-
ing products (ss). (B) Kinetics of unwinding of 32P-labeled G4 DNA and HJ, measured by native gel analysis. Products of reactions containing 5 ng of BLM
were incubated at 37°C for the times indicated. (C) Unwinding of 32P-labeled G4 DNA in the presence of unlabeled G4 DNA or HJ competitor. Reactions
containing 1 ng of BLM were incubated in the presence of the indicated molar excess of competitor and resolved on a native gel (left). Data are graphed on
the right.

Figure 3. Preferential unwinding of G4 DNA by Sgs1p. (A) Native gel analysis of products of unwinding of 32P-labeled G4 DNA and HJ substrates by
Sgs1p. Amounts of enzyme per reaction are indicated above the autoradiograph. Arrows indicate G4 and HJ substrates and single-stranded unwinding pro-
ducts (ss). (B) Kinetics of unwinding of 32P-labeled G4 DNA and HJ, measured by native gel analysis. Products of reactions containing 5 ng of Sgs1p were
incubated at 37°C for the times indicated. (C) Unwinding of 32P-labeled G4 DNA in the presence of unlabeled G4 DNA or HJ. Reactions containing 5 ng of
Sgs1p were incubated in the presence of the indicated molar excess of competitor and resolved on a native gel (left). Data are graphed on the right.
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ATPase assays

For ATPase assays, 50 ml reactions were incubated under
standard unwinding conditions and then aliquoted. One
portion (10 ml) was used for quanti®cation of unwinding as
above, and the remainder assayed for release of free inorganic
phosphate (21). In brief, 5, 10 or 20 ml of the reaction was
combined with 800 ml of color reagent [0.03% (w/v) malachite
green (Sigma) and 1.05% ammonium molybdate in 1 N HCl
and 0.1% (v/v) Triton X-100], incubated for 1 min at room
temperature, and then the reaction was stopped by the addition
of 100 ml of 34% citric acid. A650 readings were compared
with a standard curve prepared from 1 mM KH2PO4 in 0.01 N
H2SO4.

RESULTS

BLM preferentially unwinds G4 DNA, not HJ

Human BLM helicase and S.cerevisiae Sgs1p both display at
least a 15-fold preference for unwinding G4 DNA relative to
standard duplex DNA substrates (7,8). BLM can also unwind
HJ (10,11), raising the question of which substrateÐif
eitherÐis unwound preferentially. We assayed substrate
preference by enzyme titration, kinetics and direct competi-
tion. As shown in Figure 2A, 50% of the G4 DNA substrate
(10 fmol) was unwound by 0.8 ng of BLM, while at least
7-fold more enzyme was required to unwind a comparable
amount of HJ substrate. The rate of unwinding of G4 DNA
was 4-fold more rapid than the unwinding of HJ (Fig. 2B). As
further evidence of substrate preference, unlabeled HJ was not
able to compete with G4 DNA unwinding by BLM, even at a
125-fold molar excess of competitor (Fig. 2C).

Sgs1p preferentially unwinds G4 DNA, not HJ

Both BLM (10) and WRN (16) unwind HJ, but the activity of
Sgs1p had not been tested on this substrate. Using standard
assay conditions, we showed that Sgs1p does unwind HJ, but
is several-fold more active on G4 DNA (Fig. 3A). The rate of
G4 DNA unwinding was 3-fold more rapid than unwinding of
HJ (Fig. 3B), and unlabeled HJ competed poorly in direct
competition assays (Fig. 3C). Thus, G4 DNA is the preferred
substrate for Sgs1p.

The recombinant Sgs1p used in these experiments lacked
several hundred residues from both the N- and C-termini.
Nonetheless, it is comparably active on G4 DNA to full-
length BLM (compare Figs 2A and 3A). Thus, the domains
responsible for G4 DNA unwinding must map to the central
conserved region of these helicases.

Binding af®nity determines substrate preference

To ask if preferential unwinding of G4 DNA re¯ects
preferential binding to this structure, we measured binding
af®nities by gel mobility shift assays. As shown in Figure 4A,
BLM bound G4 DNA tightly (kD = 4 nM), while binding to HJ
was much weaker (kD = 76 nM). Similarly, Sgs1p bound G4
DNA tightly (kD = 5 nM), and bound poorly to HJ (kD = 83 nM;
Fig. 4B). In all cases, slowly migrating protein±DNA com-
plexes appear at high protein concentrations, which may
re¯ect helicase aggregation on the DNA substrates. As
summarized in Figure 4C, the af®nity of BLM for G4 DNA
is 19-fold greater than its af®nity for HJ, and, similarly, the

af®nity of Sgs1p for G4 DNA is 17-fold greater than its
af®nity for HJ. Differences in binding af®nity may largely
account for the substrate preference documented in unwinding
assays.

NMM speci®cally inhibits G4 DNA unwinding

Two porphyrin derivatives, NMM and the related compound
T4 (Fig. 1), have been shown to bind to G4 DNA (22±25), and
NMM has proven to be a speci®c inhibitor of G4 DNA
unwinding by E.coli RecQ helicase (26). Therefore, we
assayed the effects of these compounds on DNA unwinding by
the eukaryotic RecQ helicases, BLM and Sgs1p. Low
concentrations of either NMM or T4 completely inhibited
G4 DNA unwinding by both BLM helicase (NMM, ki =
0.8 mM; T4, ki = 0.4 mM; Fig. 5A) and Sgs1p (NMM, ki =
1 mM; T4, ki = 0.4 mM; Fig. 5B).

Strikingly, inhibition by NMM is speci®c for G4 DNA. As
shown in Figure 5C, unwinding of HJ by BLM and Sgs1p was
not inhibited by relatively high concentrations of NMM
(25 mM), while that same concentration of T4 completely
abrogated HJ unwinding by both enzymes. Further analysis
(data not shown) demonstrated that T4 is comparably potent as

Figure 4. Preferential binding of BLM and Sgs1p to G4 DNA. (A) Gel
mobility shift analysis of BLM binding to 32P-labeled G4 DNA and HJ at
indicated protein concentrations. Positions of free G4 DNA and HJ are indi-
cated by solid arrows. Open arrows indicate protein±DNA complexes.
(B) Gel mobility shift analysis of Sgs1p binding to 32P-labeled G4 DNA
and HJ at indicated protein concentrations. Symbols as in (A). (C) Summary
of binding af®nity, comparing kD for each helicase binding to G4 DNA and
HJ, and showing relative af®nities of binding to G4 DNA and HJ.
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an inhibitor of BLM unwinding of HJ (ki = 0.8 mM) and G4
DNA (ki = 0.4 mM). Additional evidence of the substrate
speci®city of NMM was obtained in experiments which
analyzed inhibition of partial-duplex DNA unwinding
(Fig. 5D): 25 mM NMM had no effect on unwinding of
double-stranded DNA (dsDNA) by either BLM or Sgs1p,
whereas the same concentration of T4 completely inhibited
unwinding. The inhibition data, summarized in Figure 5E,
show that NMM is a potent and highly speci®c inhibitor of G4
DNA unwinding by RecQ helicases, and that low concentra-
tions of NMM do not affect unwinding of HJ or partial-duplex
substrates.

NMM traps BLM on the G4 DNA substrate, where the
enzyme consumes ATP without unwinding DNA

NMM could, in principle, inhibit G4 DNA unwinding by
preventing binding to DNA. To address this possibility, we
measured BLM binding to G4 DNA in the absence and
presence of NMM. Comparison of binding curves showed that
2 mM NMM (2 3 ki) did not interfere with enzyme±substrate
complex formation (Fig. 6A). Alternatively, NMM could
inhibit the hydrolysis of ATP that is necessary to drive
translocation. To test this possibility, we assayed ATP
hydrolysis in the presence and absence of inhibitor and G4
DNA or single-stranded DNA (ssDNA). BLM did not

hydrolyze ATP in the absence of DNA, but both G4 DNA
(50 nM) and ssDNA (200 nM) caused comparable stimulation
of the enzyme's ATPase activity, consistent with the equiva-
lent concentrations of 3¢ ends in these reactions (Fig. 6B).
NMM did cause a small reduction in Pi release in reactions
containing either G4 DNA or ssDNA substrates, but Pi release
was only modestly reduced even at NMM concentrations
which completely inhibited G4 DNA unwinding (Fig. 6C).
Therefore, inhibition of ATPase activity does not account for
inhibition of unwinding.

These observations suggested that the helicase could
become trapped on the NMM±G4 DNA complex, unable to
unwind and unable to dissociate. If so, then the presence of the
NMM±G4 DNA complex should prevent BLM unwinding
other substrates. This was tested by assaying the unwinding of
32P-labeled HJ in reactions containing G4 DNA alone, NMM
alone, or the NMM±G4 DNA complex (Fig. 6D). BLM
unwound the labeled HJ (1 pmol) almost to completion
(Fig. 6D, lane 2), and unwinding was unaffected by the
presence of low concentrations of unlabeled G4 DNA
(0.2 pmol, or a 1:5 molar ratio of G4 DNA:HJ; Fig. 6D,
lane 3) or 10 mM NMM (Fig. 6D, lane 4). However, when both
G4 DNA (0.2 pmol) and NMM (10 mM) were added prior to
the addition of enzyme, unwinding was severely impeded
(Fig. 6D, lane 5). Thus, the helicase becomes effectively
immobilized on the NMM±G4 DNA complex, unable to move

Figure 5. Inhibition of G4 DNA unwinding by NMM and T4. (A) Unwinding of 32P-labeled G4 DNA by BLM was assayed in the absence and presence of
NMM and T4 at indicated concentrations, and products resolved on native gels (left). Data are graphed on the right. Symbols as in Figure 2. (B) Unwinding
of 32P-labeled G4 DNA by Sgs1p, assayed and graphed as in (A). (C) Unwinding of 32P-labeled HJ by BLM and Sgs1p in the presence of NMM.
(D) Unwinding of 32P-labeled partial duplex substrate H1/K1 by BLM and Sgs1p in the presence of NMM. (E) Summary of analysis of inhibition, comparing
ki (concentration of inhibitor required to diminish unwinding activity 50%) for each enzyme and substrate.

3958 Nucleic Acids Research, 2002, Vol. 30 No. 18



along the G4 DNA or moving off to another substrate, but
consuming ATP in a futile attempt to translocate. This model
for inhibition is shown in Figure 6E.

DISCUSSION

We have shown that Sgs1p and BLM preferentially unwind
G4 DNA relative to HJ substrates. Preferential unwinding
re¯ects binding af®nity: both BLM and Sgs1p bind G4 DNA
tightly (kD = 5 nM), and display more than 15-fold lower
af®nity for HJ. Binding and unwinding activities were
comparable in assays of full-length recombinant BLM (1417
residues) and truncated recombinant Sgs1p (869 residues),
which contains the conserved central helicase domain but
lacks both N- and C-terminal sequences (18). This maps G4
DNA recognition to the central helicase domain. While a
number of structural domains have been identi®ed that confer
sequence-speci®c binding of polypeptides to duplex DNA,
very little is yet known about protein domains that can
determine the interaction with G4 DNA. The conserved
central helicase domain of BLM and Sgs1p is a promising
candidate for further analysis.

The potential of telomeric DNA to form G4 structures has
fueled the idea that low molecular weight compounds that

bind G4 DNA might prove useful in the treatment of disease
(27). The porphyrin NMM is a substrate-speci®c inhibitor for
RecQ family helicases, and may be a prototype for the design
of compounds with such therapeutic applications. NMM
speci®cally inhibits unwinding of G4 DNA by both BLM and
Sgs1p (ki = 0.8 mM), but does not affect unwinding of HJ and
dsDNA (ki >> 25 mM). NMM is similarly active in inhibiting
G4 DNA unwinding by E.coli RecQ (26). The speci®city of
NMM for G4 DNA is not shared by all porphyrin derivatives.
T4 (see Fig. 1) binds to G4 DNA and has been used for in vivo
studies directed at understanding G4 DNA function (28,29).
While low concentrations of T4 do inhibit G4 DNA unwinding
(ki = 0.4 mM), comparable concentrations also inhibit
unwinding of HJ and partial-duplex DNA substrates. This
lack of speci®city limits the potential usefulness of T4 in vivo.
In contrast to most known compounds that interact with G4
DNA, NMM contains carboxyl groups which have the
potential to be negatively charged at neutral pH. This may
explain the unusual speci®city of NMM: while positive
charges will in principle stabilize drug±DNA interactions,
they might diminish the ability of a compound to discriminate
between nucleic acids in general and G4 DNA.

NMM inhibits G4 DNA unwinding without signi®cantly
affecting binding or ATP hydrolysis. This provides a

Figure 6. Effect of NMM on G4 DNA binding and ATPase activity of BLM. (A) NMM does not alter BLM binding af®nity for G4 DNA. Graph of results of
gel mobility shift assays measuring binding of BLM to 32P-labeled G4 DNA, in the absence (squares) or presence (diamonds) of 2 mM NMM (2 3 ki). (B) G4
DNA and ssDNA stimulate BLM ATPase activity. Pi release was measured in reactions containing no DNA (striped bar), 200 nM ssDNA (open bar) or 50 nM
G4 DNA (shaded bar). (C) NMM does not alter BLM ATPase activity. Pi release was measured in reactions containing 200 nM ssDNA (open bars), or 50 nM
G4 DNA (shaded bars). An unwinding inhibition curve (black line) derived from electrophoretic analysis of the same reactions is superimposed on the bar
graphs. (D) The NMM±G4 DNA complex inhibits HJ unwinding. Unwinding of 32P-labeled HJ (1 pmol) by BLM (0.5 pmol) was assayed in the presence of
unlabeled G4 DNA (0.2 pmol, lane 3); NMM (200 pmol, lane 4) or NMM±G4 DNA (lane 5). (E) Mechanism of inhibition of G4 unwinding by NMM. A
helicase approaches the G4 structure from the 3¢ end and encounters the masked face of the G4 stack. BLM continues to hydrolyze ATP but is unable to
unwind or to dissociate from the substrate.

Nucleic Acids Research, 2002, Vol. 30 No. 18 3959



framework for understanding how BLM and Sgs1p bind to and
unwind G4 DNA. Both BLM and Sgs1p require a 3¢ single-
stranded tail >4 nt in length in order to unwind a G4 DNA
substrate (7,8), but neither binds well to ssDNA (kD > 200 nM;
data not shown). Therefore, these helicases may contain one
domain that recognizes G4 DNA structure, and an independent
domain that moves along the ssDNA tail until it reaches the
3¢-most G quartet, where it begins unwinding. Porphyrins
appear to interact with G4 DNA by stacking upon the terminal
G quartet (30). If a porphyrin inhibitor obscured the 3¢ face of
the G4 barrel, the helicase would be unable to unwind the
substrate.

It was surprising that, in the presence of inhibitor, BLM
remains bound to its substrate and continues to hydrolyze
ATPÐanalogous to a car spinning its wheels in mud or snow.
Nonetheless, uncoupling of ATP hydrolysis from helicase
function has also been reported for other helicases. When
confronted with an inappropriate substrate, such as an RNA:
DNA hybrid or psoralen-crosslinked DNA, RecBC function is
thwarted but the enzyme does not dissociate from its substrate
and continues futilely to hydrolyze ATP (31,32). In addition,
certain mutations in PcrA produce enzyme which has lost the
capacity to unwind DNA, but can still bind DNA and
hydrolyze ATP (33±35). NMM may therefore prove useful
in analyzing the translocation and unwinding mechanisms of
RecQ family helicases.

How does G4 DNA unwinding contribute to the functions
of BLM and Sgs1p in the maintenance of genomic stability
in vivo? Just as triplet repeats appear to become structured
during transient DNA denaturation that occurs during lagging
strand replication (36), a G-rich template strand could form
structures stabilized by G quartets. As shown in Figure 7, these
structures would normally be removed by BLM or Sgs1p, a
function consistent with the physical and genetic associations

documented for these helicases with topoisomerases (37±44)
and RPA (45). Moreover, BLM is an intrinsic part of the
BASC complex which is thought to recognize abnormal DNA
structures and damaged DNA (46), and it localizes to PML
bodies, along with DNA repair factors (47,48). Key to the
model in Figure 7 is the proposal that BLM and Sgs1p
function proactively to prevent fork arrest by unwinding
topological obstacles to replication. In contrast, WRN may
function primarily to promote recombinational rescue of
DNA synthesis once a fork has stalled, consistent with its
localization to stalled forks (16). Future experiments will test
this possibility.
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