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ABSTRACT

BLM and WRN, the products of the Bloom’s and
Werner’s syndrome genes, are members of the RecQ
family of DNA helicases. Although both have been
shown previously to unwind simple, partial duplex
DNA substrates with 3’—>5" polarity, little is known
about the structural features of DNA that determine
the substrate specificities of these enzymes. We
have compared the substrate specificities of the BLM
and WRN proteins using a variety of partial duplex
DNA molecules, which are based upon a common
core nucleotide sequence. We show that neither BLM
nor WRN is capable of unwinding duplex DNA from a
blunt-ended terminus or from an internal nick.
However, both enzymes efficiently unwind the same
blunt-ended duplex containing a centrally located
12 nt single-stranded ‘bubble’, as well as a synthetic
X-structure (a model for the Holliday junction recom-
bination intermediate) in which each ‘arm’ of the 4-way
junction is blunt-ended. Surprisingly, a 3’-tailed
duplex, a standard substrate for 3’5" helicases, is
unwound much less efficiently by BLM and WRN
than are the bubble and X-structure substrates.
These data show conclusively that a single-stranded
3’-tail is not a structural requirement for unwinding of
standard B-form DNA by these helicases. BLM and
WRN also both unwind a variety of different forms of
G-quadruplex DNA, a structure that can form at
guanine-rich sequences present at several genomic
loci. Our data indicate that BLM and WRN are atypical
helicases that are highly DNA structure specific and
have similar substrate specificities. We interpret
these data in the light of the genomic instability and
hyper-recombination characteristics of cells from
individuals with Bloom’s or Werner’s syndrome.

INTRODUCTION

DNA and RNA helicases utilise the energy derived from
hydrolysis of ATP to perform several essential roles in genetic

recombination, transcription, DNA repair and DNA replication
(reviewed in 1). One closely related subgroup of DNA
helicases, the RecQ family, includes representatives in
bacteria, lower eukaryotes and mammals (reviewed in 2,3).
RecQ family members share a highly conserved domain
comprising approximately 450 amino acids that includes seven
sequence motifs conserved in many different classes of DNA
and RNA helicases. Amongst these motifs are an ATP-binding
sequence (Walker A box) and a DExH box, which is a charac-
teristic of this family. Where studied, RecQ family members
have been shown to be DNA helicases that translocate in the
3’—5’ direction (4—11). To date, five RecQ family members have
been identified in human cells, three of which (BLM, WRN and
RECQ4) are of special interest because of their involvement in
inherited disorders associated with a predisposition to cancer
and/or features of premature ageing (reviewed in 3). The BLM
gene is mutated in the rare disorder Bloom’s syndrome (BS)
(12), which is associated with a range of phenotypes, including
immunodeficiency, sub-fertility, small body size, sun-induced
facial erythema and a predisposition to cancer (reviewed in
13,14). This disorder is of particular interest because affected
individuals are susceptible to the full range of cancers seen in
the normal population. Mutations in the WRN gene give rise to
Werner’s syndrome (WS) (15), which is associated at a relative
early age with many, but not all, of the features of the normal
ageing process (reviewed in 16). Hence, WS individuals show
loss of skin elasticity, premature greying and thinning of the
hair, susceptibility to the development of cataracts and loss of
subcutaneous fat. Moreover, WS individuals are also cancer
prone, although to a more limited extent than is seen in BS
individuals, in particular displaying an elevated incidence of
sarcomas. Very recently, it has been shown that the RECQ4
gene is mutated in Rothmund-Thomson syndrome (RTS), in
which affected individuals show skin and skeletal abnor-
malities as well as some increase in cancer incidence (17).
One feature that links these three genetic disorders at the
cellular level is a propensity to display inherent genomic
instability (3). In the case of BS cells, this instability is manifested
as an elevated frequency of homologous recombination events,
including reciprocal exchanges between sister chromatids and
homologous chromosomes (13,14). WS cells do not show
elevated sister chromatid exchange frequencies, but they do
display increased illegitimate recombination and a high frequency
of large chromosomal deletions (reviewed in 16). The genomic
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Table 1. Oligonucleotides used in this study

Oligo number

1 X12-1: GACGCTGCCGAATTCTGGCTTGCTAGGACATCTTTGCCCACGTTGACCCG3’

2 X12-2: 5’CGGGTCAACGTGGGCAAAGATGTCCTAGCAATGTAATCGTCTATGACGTC3’

3 X12-3: S’ GACGTCATAGACGATTACATTGCTAGGACATGCTGTCTAGAGACTATCGC3’

4 X12-4: ’GCGATAGTCTCTAGACAGCATGTCCTAGCAAGCCAGAATTCGGCAGCGTC3’

5 X0-1: 5’GACGCTGCCGAATTCTGGCTTGCTCGGACATCTTTGCCCACGTTGACCCG3’

6 BU12:5CGGGTCAACGTGGGCAAAGCCAATGCGATCGIGCCAGAATTCGGCAGCGTC3’

7 BUS8: 5’CGGGTCAACGTGGGCAAAGATAATGCGATIAAGCCAGAATTCGGCAGCGTC3’

8 BU4: 5’CGGGTCAACGTGGGCAAAGATGTITGCGIGCAAGCCAGAATTCGGCAGCGTC3’

9 Ni30: 5’CGGGTCAACGTGGGCAAAGATGTCCGAGCAY

10 Ni20: 5’ AGCCAGAATTCGGCAGCGTC3’

11 DS50: 5’CGGGTCAACGTGGGCAAAGATGTCCTAGCAAGCCAGAATTCGGCAGCGTC3’

12 DS25-1: S GACGCTGCCGAATTCTGGCTTGCTA3Z’

13 DS25-2: STAGCAAGCCAGAATTCGGCAGCGTC3’

14 3’tailed duplex-1: 5’ATGTCCTAGCAAGCCAGAATTCGGCAGCGTC3

15 5’tailed duplex: 5°CGGGTCAACGTGGGCAAAGATGTCCTAGCAAZ’

16 G4-TP:5’ TGGACCAGACCTAGCAGCTATGGGGGAGCTGGGGAAGGTGGGAATGTGAS’

17 OX-1T:5’ ACTGTCGTACTTGATATTTTGGGGTTTTGGGGAATGTGA3’

18 0X-1: SACTGTCGTACTTGATATTTTGGGGTTTTGGGG3’

19 X12-1-bub-2:5’CGGGTCAACGTGGGCAAAGTCTATGCTTAGCIGCCAGAATTCGGCAGCGTC3’
20 X12-1-fork-2:5[ATATCTCCGAATIGGCAAAGATGTCCTAGCAAGCCAGAATTCGGCAGCGTC3’
22 X12-3’ tail duplex-2: 5’GGCAAAGATGTCCTAGCAAGCCAGAATTCGGCAGCGTC3’

The non-complementary regions of the 4, 8 and 12 bp bubble substrates and the fork substrate (see Table 2) are shown boxed in bold
type. The guanine residues that compose the G-quartet structures in oligonucleotides for 16, 17 and 18 are underlined.

instability of RTS cells has not been analysed in detail, but there
are suggestions of defects in responses to UV-irradiation (18).

BLM and WRN have both been purified in recombinant
form and shown to possess 3’—5" helicase activity on simple
model DNA substrates (6-9). In addition, WRN possesses a
3’—5’ exonuclease activity that is absent from preparations of
BLM protein (19-21). At present, however, little is known
about the mechanism by which BLM and WRN recognise their
DNA substrates, or whether these related helicases show major
differences in substrate specificity that might provide an
insight into why the clinical and cellular features of BS and
WS are different. Here we have carried out a comparison of the
DNA substrate specificity for the helicase activities of BLM
and WRN. Both enzymes catalyse little or no unwinding of
duplex DNA from blunt ends, from internal nicks or of partial
duplex molecules with single-stranded 3’- or 5’-tails, but are
able to initiate unwinding from ‘bubbles’ inserted internally
into an otherwise blunt-ended duplex. Moreover, both
enzymes efficiently unwind G-quadruplex DNA and synthetic
X-junctions that model the Holliday junction recombination
intermediate. These somewhat atypical substrate preferences
may be relevant to the genomic instability phenotype of cells
lacking one or other of these helicases.

MATERIALS AND METHODS

Purification of proteins

Recombinant BLM and WRN proteins were purified as described
by Karow et al. (22) and Orren et al. (23), respectively.

DNA substrates

The oligonucleotides used in this study are listed in Table 1.
For each substrate a single oligonucleotide (see Table 2) was
5’-end-labelled with [y-?P]JATP (Amersham Pharmacia
Biotech) using T4 polynucleotide kinase (New England

Biolabs). The labelled oligonucleotides were annealed to their
unlabelled complementary strands at a 1:4 molar ratio by
incubation at 100°C for 3 min followed by slow cooling to
room temperature. For purification of the substrates, the
annealed oligonucleotides were subjected to electrophoresis in
10% TBE (89 mM Tris base, 89 mM boric acid, 2 mM EDTA,
pH 8.0) acrylamide gels run at 200 V for 90 min at 4°C. The
gels were then exposed to X-ray film and the gel slice
containing the labelled substrate was excised and placed in
dialysis tubing containing 0.5x TBE. The DNA sample was
electroeluted in 0.5x TBE at 100 V for 2 h at 4°C. The current
was reversed for 30 s before removing the labelled DNA.
Samples were then dialysed against TEN (10 mM Tris—HCI,
pH 8.0, 10 mM EDTA, 50 mM NaCl) for 2 h at 4°C. After dialysis,
the concentration of the labelled substrate was determined
using scintillation counting (Beckman LS 5000CE). G4 DNA
substrates were generated as described by Sun et al. (24).

DNA helicase assays

Standard helicase assays were performed essentially as
described previously (6,23). The BLM and WRN proteins
were incubated with different substrates at 37°C in helicase
buffer (20 mM Tris—-HCI, pH 7.5, 2 mM MgCl,, 2 mM ATP,
0.1 mg/ml BSA, 1 mM DTT). Reactions were stopped by
addition of loading buffer containing 2.5% bromophenol blue
and 20 mM EDTA. Samples were subjected to electrophoresis
in 15% neutral gels in 1X TBE at 120 V for 2 h at 4°C. The gels
were vacuum dried at 80°C for 2 h and radioactive DNA was
visualised by autoradiography (Kodak BioMax MR-1). The
level of unwinding of each substrate was quantified using a
Storm 840 Phosphorlmager (Molecular Dynamics). The rate of
unwinding in each case was calculated from the gradient of the
initial linear part of curves created by plotting concentration of
substrate unwound against time for different concentrations
of enzyme. The rate of unwinding (see Fig. 4A) was calculated
from the formula



([ssDNA/total DNA) x nM substrate]/uM enzyme/time.

Since the helicase activities of BLM and WRN were determined
under single turnover reaction conditions (excess protein over
DNA), the data can be fitted to a 1-exponential equation
describing pseudo first order reactions. For this analysis the
fraction of DNA unwound was calculated from the formula

Fraction ssDNA = {[ssDNA/(ssDNA + dsDNA)] — [native
ssDNA/(native ssDNA +  native dsDNA)]} +
{[denatured ssDNA/(denatured ssDNA + denatured dsDNA)]
— [native ssDNA/(native ssDNA + native dsDNA)]}.

The ssDNA and dsDNA represent the amount of radioactivity
in the band corresponding to the indicated DNA species. The
fraction of ssDNA was plotted versus reaction time and the
data were fitted to a 1-exponential equation describing pseudo
first order reactions using the formula

fraction sSDNA = A X (1 —e™*) + n.

where A is the amplitude that corresponds to the maximum
fraction of ssDNA that can be generated enzymatically from
the substrates, k is the pseudo first order rate constant of DNA
unwinding, 7 is the reaction time and » is an additive constant
representing the amount of ssDNA present before the reaction
started. The k value for each helicase assay was calculated and
plotted.

RESULTS

To analyse and compare the DNA substrate specificities for the
BLM and WRN helicases, a series of oligonucleotide-based
substrates was synthesised. The sequences of the various oligo-
nucleotides employed are given in Table 1. Table 2 depicts the
structures of the duplex and partial duplex DNA substrates
generated following annealing of combinations of these oligo-
nucleotides. In addition, three G-quadruplex substrates were
created from single, G-rich oligonucleotides, as described
previously (24). To analyse the substrate specificites of the
BLM and WRN proteins, we initially determined whether
either enzyme could unwind a fully blunt-ended duplex DNA
molecule. This was examined for two reasons. First, RecQ, the
Escherichia coli homologue of BLM and WRN, has been
reported to be capable of initiating DNA unwinding from blunt
ends (25). Second, if either of these helicases was capable of
unwinding a blunt-ended duplex, this would preclude analysis
of certain DNA structures where initiation of DNA unwinding
is dependent upon entry by the helicase at an ‘internal’ site
within the DNA structure, such as at a single-stranded nick or
bubble. Multiple protein concentrations were tested on all the
substrates. Using 25 and 50 bp blunt-ended duplexes (Table 2),
we demonstrated that neither BLM nor WRN produced
measurable levels of unwinding of these substrates under
conditions where a substantial level of unwinding of other
substrates was detectable (see Fig. 1 and data not shown).
Using this observation as a starting point, we next modified the
blunt-ended (50 bp) substrate in a variety of ways; by
incorporation of a single-stranded nick, a 12 nt single-stranded
3’- or 5’-tail or a centrally located bubble of 4, 8 or 12 nt in
length (Table 2). In addition, a fully double-stranded, synthetic
X-junction (or 4-way junction), which is considered to model
the Holliday junction recombination intermediate, was studied
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Table 2. Structures of substrates used in this study

Name (length) Structure Oligonucleotide no:

Blunt-end duplex (25bp) o 12413
25bp
Blunt-end duplex (50bp) e — 1+11
50bp
Nicked duplex (50bp) 5+9+10
30bp  20bp
4bp bubble (50bp) o—— 5+8
8bp bubble (50bp) 'J—fsm\—' 547
e
12bp bubble-1 (50bp) B o — 546
TN
12bp bubble-2 (50bp) PP FIST
e —
Fork-1 (50bp) P )
—
Fork-2 (50bp) BT 1420
3’tailed duplex-1 (50bp) [ S— 1+14
19nt
3tailed duplex-2 (50bp) —_ 1+22
12nt
5’tailed duplex (50bp) 1+15
19nt
Synthetic X junction !:J I_ 1424344
(4-way junction, 25bp each
arm) ~| [—
G4-TP B 71— Gquartet 16
(49bp with 7bp 3’tail)
G4-0X-1T

9%_ G quartet 17
*t

(39bp with 7bp 3'tail)
G4-OX-1 (32bp)

G quartet 18

The 5’-y-?P-ATP end The 5’-y-;,P-ATP end label is represented by an asterisk.
The length of specific features of each substrate is indicated on the structure.
All substrates are drawn with the 5" end of the upper strand of the duplex on

the left.

in parallel because of our earlier observation that BLM and
WRN can catalyse Holliday junction branch migration (26,27).
The aim of this initial part of the study was to ascertain whether
BLM and/or WRN could catalyse a detectable level of
unwinding of each substrate, at least under the conditions used
here. We found that while neither enzyme could unwind a
nicked substrate, a 5’-tailed substrate or a duplex with a 4 bp
bubble, both enzymes were capable of at least some unwinding
of a 3’-tailed duplex, a synthetic X-junction, a forked-duplex
(with 12 bp non-complementary single-stranded tails) and a
duplex with an 8 or 12 bp bubble. Figure 1 shows representative
gels of the unwinding of a selection of these substrates by
WRN. Very similar data were obtained with BLM (data not
shown).

Having identified DNA structures that were relatively good
substrates for unwinding by BLM or WRN, we then conducted
a more detailed and comparative analysis of unwinding of
those structures which were substrates for BLM and WRN. In
order to do this, four substrates were generated based upon a
common core sequence represented by oligonucleotide 1
(Table 1). Using these substrates, we aimed to eliminate, as far
as possible, any variation in unwinding efficiency due to
sequence differences between substrates. The substrates
analysed in this part of the study were the synthetic X-junction,
the 12 bp bubble-2, the fork-2 and the 3’-tailed duplex-2
(Table 2). The helicase assays using these substrates were
carried out simultaneously with at least two independent
preparations for each enzyme and under identical reaction
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Figure 1. Unwinding of 3?P-labelled substrates by WRN. Reactions contained
20 mM Tris-HCl, pH 7.5, 2 mM MgCl, 2 mM ATP, 0.1 mg/ml BSA, 1 mM
DTT, 32P-labelled substrate and WRN. Substrates were: (A) 0.5 nM nicked
duplex incubated with 10 nM WRN; (B) 1 nM 50 bp blunt-ended duplex
incubated with 7.3 nM WRN; (C) 1 nM 4 bp bubble incubated with 1 nM WRN;
(D) 1 nM synthetic X-junction incubated with 1.4 nM WRN. Lane +, boiled
substrate; lane —, time 0; lane 1, 1 min; lane 2, 2 min; lane 3, 5 min; lane 4,
10 min; lane 5, 20 min; lane 6, 30 min incubation at 37°C. The positions of the
starting substrate (dsDNA) and single-stranded DNA products (ssDNA) are
indicated on the right. For the X-junction, the positions of the 4-way junction
substrate and 2-way junction (splayed arm) and ssDNA products are indicated.

conditions in order to minimise inter-experimental variation.
Figure 2 shows representative gels for unwinding by BLM or
WRN of the synthetic X-junction (Fig. 2A), the forked
substrate (Fig. 2B), the 3’-tailed duplex (Fig. 2C) and the 12 bp
bubble substrate (Fig. 2D). The level of unwinding for each
substrate was quantified using a Phosphorlmager (see Fig. 4).
This direct comparison of the substrate specificities of BLM
and WRN was repeated at least five times for each substrate
and similar results were found in each case.

It has been reported previously that the WRN protein
unwinds G-quadruplex DNA, but that it has a very limited
substrate range, being specific for a structure derived from the
fragile X chromosome region (28). Given that BLM has the
ability to disrupt several different G-quadruplex sequences
(24), we further examined this apparent difference in the
substrate specificities of the BLM and WRN enzymes. We
tested the specificity of WRN for unwinding three different
synthetic G4 substrates (Table 2). The G4-TP substrate represents
a consensus repeat from the murine immunoglobulin Sy2b
switch region, while G4-OX-1T and G4-OX-1 contain the
Oxytricha telomeric repeat sequence. Both G4-TP and G4-OX-1T
contain a single-stranded 3’-DNA tail of 7 nt in length, whereas
G4-0OX-1 lacks this 3’-tail. In our DNA unwinding assays
WRN protein was able to efficiently unwind the 3’-tailed G4-TP
and G4-OX-1T substrates to generate single-stranded DNA
products (Fig. 3). However, the G4-OX-1 substrate was not
unwound to any appreciable extent by WRN (Fig. 3).

BLM WRN

A 12 3456

1234586

4 way
A junction

- 2 way
Junction
% s5lIMA
B 123456 123456 +
- —— - fork
— & -a— =DNA
c 123 456 1234586 +
- : 3" tailed duplex
> ssDNA
D 123456 1234586 +
- Emamamememe  ® g bubble
- - sl A

Figure 2. Time course of unwinding of selected DNA substrates by BLM and
WRN. Reactions were performed essentially as described in the legend to
Figure 1, using 1 nM substrate in each case and 20 nM BLM (set of reactions on
the left, as indicated above) or 10 nM WRN (reactions on the right). WRN
reactions on the bubble substrate contained 5 nM enzyme to minimise loss of
substrate, which was particularly susceptible to exonucleolytic degradation.
(A-D) Results for the synthetic 4-way junction, forked duplex, 3’-tailed duplex
and 12 bp bubble substrate, respectively. Lanes 1—6 depict a time course of 0, 2,
4, 8, 12 and 18 min incubation at 37°C. The positions of the substrates and
reaction products are indicated on the right.

The combined data for unwinding by BLM and WRN of all
of the substrates analysed are shown in Figure 4. It should be
noted that these data were based on the lowest amount of
enzyme required for unwinding after multiple BLM and WRN
protein concentrations were tested on each substrate. The data
were analysed in two ways. Firstly, the rate of the unwinding
was calculated as nM substrate unwound/uM enzyme/min
(Fig. 4A). Secondly, since the helicase activities of BLM and
WRN were determined under single turnover reaction conditions
(excess protein over DNA), the data were fitted to a 1-exponential
equation describing pseudo first order rate constants (k) for
DNA unwinding (Fig. 4B). These two methods of data analysis
generated qualitatively similar results, with the ranking order
for the efficiency of unwinding of each substrate being the
same in each case. BLM had a preference for G4 DNA and the
synthetic X-junction, but could also unwind the forked duplex
and the duplex with a 12 bp bubble efficiently. However, BLM
showed only very limited unwinding of the 3’-tailed duplex (at
a rate up to 10-fold lower than for the aforementioned
substrates). WRN unwound the G4 and 12 bp bubble substrates
more efficiently that any of the other substrates, but like BLM
was also active on the synthetic X-junction and the forked
duplex. Again, it was notable that the 3’-tailed duplex was very
poorly unwound by WRN. Moreover, neither BLM nor WRN
showed appreciable unwinding of the nicked duplex, the blunt-
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Figure 3. WRN can unwind a variety of G4 DNA substrates. (A) Time course of
unwinding of 1 nM G4-TP substrate by 5 nM WRN. (B) Time course of unwinding
of 1 nM G4-OX-IT substrate by 1 nM WRN. (C) Time course of unwinding of
1 nM G4-OX-1 substrate by 1 nM WRN. Lane +, boiled substrate; lane —, no
enzyme; lanes 1-6, times of incubation at 37°C of 1, 2, 5, 8, 16 and 24 min,
respectively. The positions of the G-DNA substrate and the ssDNA products are
indicated on the right. (D) Quantification of the data from (B) and (C), comparing
the rates of unwinding of the G4-OX-1T substrate containing a 7 nt 3’-tail and
the equivalent G4-OX-1 substrate lacking the tail.

ended duplex, the duplex with a 4 bp bubble or the 5’-tailed
duplex (Fig. 4A and B).

DISCUSSION

We have shown that the BLM and WRN proteins are DNA
structure-specific helicases with similar substrate specificities.
This specificity is not only unusual amongst previously
characterised helicases, but also significantly different from
that of other RecQ family helicases characterised from lower
organisms (reviewed in 1-3).

Our previous analyses have shown that BLM cannot form a
stable complex with a blunt-ended duplex (26). Consistent
with this, we have shown here that the level of BLM and WRN
unwinding of blunt-ended, fully double-stranded DNA
substrates is below the level of detection under the assay
conditions employed. In contrast, E.coli RecQ protein, like
several other helicases such as RecBCD, can initiate duplex
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k (min™")
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Figure 4. Comparative unwinding activity of the BLM and WRN helicases on
different DNA substrates. (A) Rates of the unwinding reaction (nM substrate/
UM protein/min) were derived as described in Materials and Methods. (B) & is
the pseudo first order rate constant of DNA unwinding, which was calculated as
described in Materials and Methods. Solid bars, BLM; hatched bars, WRN. The
substrates are indicated along the horizontal axis: G4, OX-1T G-quadruplex;
HJ, X-junction; fork, forked duplex; bub-12, duplex with 12 bp bubble; 3’-tail,
3’-tailed duplex; nick, nicked duplex; blunt, 50 bp duplex; bub-4, duplex with
4 bp bubble; 5’-tail, 5'-tailed duplex.

DNA unwinding from a blunt-ended terminus (25; reviewed in
1,29). The addition of a short single-stranded tail (a 3’-tail for
3’—5’ helicases or a 5’-tail for a 5'—3” helicases) to a duplex
molecule is sufficient to create a good substrate for many
helicases, including those incapable of unwinding from blunt
ends. Indeed, this has been shown to be the case with Sgslp,
the Saccharomyces cerevisiae homologue of BLM and WRN.
In their studies Bennett et al. (30) concluded that Sgs1p had a
requirement for a 3’-tail of at least 3 nt and used the junction of
single-stranded and double-stranded DNA as a key element in
the substrate recognition process. In our studies, as expected, a
5’-tailed duplex was not a substrate for BLM or WRN. Much
more surprising was the finding that 3’-tailed DNA was a very
poor substrate for BLM and WRN compared to many of the
other substrates tested, including those with fully blunt-ended
termini such as the bubble substrate. These data indicate that
BLM and WRN utilise different features of DNA structure to
effect substrate recognition than do RecQ, Sgslp and many
other 3’—5" helicases. Our data suggest that the following
features of DNA substrate structure are not required for the
action of BLM or WRN: (i) BLM and WRN are unlikely to use
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the single-stranded/double-stranded junction as a primary
substrate recognition feature, unlike Sgslp (30); (i) BLM and
WRN are apparently not loading onto a single-stranded DNA
tail or terminus and then tracking along the tail until the duplex
portion of the substrate is encountered; (iii) BLM and WRN
appear not to have a requirement for a DNA terminus at all,
since the bubble substrate with blunt-ended termini was an
efficient substrate. Although we cannot eliminate the possibility
that, as part of the substrate recognition/unwinding process,
BLM and/or WRN require the bubble structure to be in close
proximity to a DNA end, we consider this unlikely because
DNA molecules with a 12 bp bubble located at a greater
distance from the duplex ends also serve as substrates for BLM
and WRN (unpublished data). Moreover, it is clear that the
bubble itself is a critical feature of the recognition process
given that a duplex molecule of identical sequence (except the
bubble region) is not bound or unwound by BLM. Taken
together, these data show conclusively that the BLM and WRN
helicases have no absolute requirement for a single-stranded
3’-tail to effect duplex DNA unwinding. While this holds true
for certain substrates, notably the bubble and X-junction
DNAs, it is not a universal feature of unwinding catalysed by
BLM and WRN, since the presence of a 3’-tail dramatically
enhanced the efficiency with which the telomeric G-quadruplex
DNA was disrupted.

Through utilisation of the same core sequence for the oligo-
nucleotide-based substrates we were able, as far as is possible,
to eliminate variations caused by the influence of nucleotide
sequence. Although we are cautious about interpreting the
combined data that establish a ‘ranking order’ of substrates for
BLM and WRN (Fig. 4), there are some general conclusions
that can be drawn. First, several DNA structures were apparently
not substrates for unwinding by BLM or WRN. This does not
rule out the possibility that under different conditions or at far
higher protein concentrations, BLM or WRN might show
detectable unwinding of some of these substrates. Second, as a
substrate for unwinding by either BLM or WRN, G-quadruplex
DNA is as good, if not better, than the best of the conventional
B-form DNA substrates analysed (see also 24). Third, forked
DNA molecules, be they classical fork structures or bubble
structures, that comprise at least one junction between duplex
DNA and two single strands are better substrates for BLM and
WRN than is 3’-tailed DNA, which comprises duplex DNA
and only one single strand. Fourth, BLM and WRN are
efficient at unwinding X-junction and 12 nt bubble substrates
with otherwise blunt-ended duplex termini, suggesting a key
requirement for utilising ‘internal’ structural features of DNA
to initiate unwinding. Fifth, both BLM and WRN require that the
bubble structure be >4 nt in order to produce any measurable
DNA unwinding. The 8 nt bubble structure was a substrate for
BLM and WRN, but to only a limited extent (data not shown).
It may be relevant to the functions of BLM and/or WRN that
DNA repair reactions, such as those catalysed by the nucleotide
excision repair (NER) machinery to remove bulky covalent
adducts from DNA, take place within a ‘bubble’ created by
helicases (XPB and XPD for NER). Whether the efficient
recognition of bubble structures by BLM and WRN is impor-
tant for some aspect of DNA repair in human cells will require
further investigation.

A recent paper by Shen and Loeb (31) showed that bubble
structures are a good substrate for the exonuclease activity of

WRN. Consistent with this, we noted that the bubble substrate
was readily destroyed by WRN exonuclease, necessitating a
reduction in the concentration of WRN used in unwinding
reactions using this substrate. This suggests the possibility that
the helicase and exonuclease functions of WRN on bubble
structures are linked, possibly as a result of the helicase action
creating a substrate for the exonuclease activity. This would be
consistent with the requirement for ATP for the exonuclease
activity of WRN on this substrate (31).

Our previous analyses have shown that BLM is an oligo-
meric ring protein, probably comprising six subunits (22). If,
as it would appear, BLM can initiate unwinding through
accessing duplex DNA from an ‘internal’ single-stranded entry
site, such as a bubble, this would seem to eliminate the
possibility that rings of BLM protein thread onto single-stranded
termini prior to translocation along the DNA molecule. The
current study does not address how DNA binding is effected by
BLM, but recent work on another hexameric ring helicase, T7
helicase-primase, has indicated a ring opening/closing
mechanism for binding to single-stranded DNA, as opposed to
a ‘threading’ model or de novo assembly of rings on the DNA
(32). Further work will be required to determine whether BLM
utilises a DNA binding mechanism similar to that of the T7
enzyme.

We have shown previously that BLM unwinds a variety of
different G-quadruplex structures in DNA (24). In contrast, a
previous study by Fry and Loeb (28) concluded that while
WRN could unwind G-quadruplex DNA, this activity of WRN
was restricted to the particular structure formed using the
sequence derived from the fragile X genomic locus. This
pointed to an exquisite sequence or structural specificity for
WRN that was not a feature of the action of BLM, and possibly
to an important functional distinction between these two
related helicases. However, our data indicate that WRN is
active on (at least) two additional G-quadruplex forming
sequences and is, therefore, a general G-quadruplex disrupting
enzyme, like BLM. We infer from the inability of WRN to
unwind the G4-OX-1 substrate but ability to unwind G4-OX-1T
that WRN requires a single-stranded 3’-tail to initiate
unwinding of G-quadruplex DNA. The lack of a 3’-tail on the
non-fragile X substrates used by Fry and Loeb (28) probably
accounts for the lack of unwinding found in their study.

We have shown previously that BLM and WRN promote
branch migration of a Holliday junction recombination
intermediate (26,27). Perhaps not surprisingly, therefore, both
enzymes could unwind the synthetic 4-way junction (X-junction)
used here as a model for a Holliday junction. The product of
branch migration on a 4-way junction is a 2-way junction
(effectively a forked structure). We infer from the lack of
evidence of 3-way junction products (comprising 3 of the
4 original strands) in Figure 2 that BLM and WRN disrupt the
4-way junction first by promoting branch migration and then
by subsequently unwinding the resulting forked structure to
produce single-stranded oligonucleotide products. Since under
the conditions under which we performed the assays (presence
of Mg?") the synthetic 4-way junction forms a so-called
stacked X-structure (33), which does not contain any single-
stranded DNA at its core, it is difficult to envisage BLM/WRN
recognising any single-stranded features of this structure.
Indeed, we have shown previously that BLM binds to X-junctions
with enhanced specificity compared to single-stranded DNA or



partial duplex molecules (26). A question still unresolved from
this and previous studies, therefore, is whether any single
feature of DNA structure is utilised for substrate recognition
by BLM and WRN. Given that such diverse structures as the
bubble, the X-junction and G-quadruplex DNA are all
unwound much more efficiently by BLM and WRN than is a
simple partial duplex molecule, it would seem unlikely that
this will prove to be the case.

In conclusion, we have defined a number of the structural
features of DNA molecules that permit them to be efficient
substrates for unwinding by the BLM and WRN helicases. Our
data indicate that the substrate specificities of the BLM and
WRN proteins are similar, but nevertheless atypical amongst
helicases. It seems unlikely with what we know at present that
differences in substrate specificity will be a fundamental
distinguishing feature of the BLM and WRN helicases responsible
for defining their specific roles in cellular DNA metabolism.
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