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The Bloom helicase (BLM) gene product encodes a DNA helicase that functions in homologous recombination repair
to prevent genomic instability. BLM is highly active in binding and unfolding G-quadruplexes (G4), which are non-
canonical DNA structures formed by Hoogsteen base-pairing in guanine-rich sequences. Here we use single-molecule
fluorescence resonance energy transfer (smFRET) to study the molecular mechanism of BLM-catalysed G4 unfolding and
show that BLM unfolds G4 in two pathways. Our data enable us to propose a model in which the HRDC domain functions
as a regulator of BLM, depending on the position of the HRDC domain of BLM in action: when HRDC binds to the G4
sequence, BLM may hold G4 in the unfolded state; otherwise, it may remain on the unfolded G4 transiently so that G4 can

refold immediately.
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1. Introduction

The Bloom helicase (BLM) belongs to the RecQ helicase
family.l? It contains two RecA-like domains which are in-
volved in DNA binding and hydrolysis of adenosine triphos-
phate(ATP) and provides the ability to translocate the BLM on
single-stranded DNA (ssDNA) in the 3’ to 5’ directions. >3]
Deficiencies in the BLM could cause a serious genetic dis-
ease named Bloom syndrome (BS), the characteristics of
which include genome instability, dwarfism, immunodefi-
ciency, reduced fertility, and elevated levels of many types
of cancers.[*! Cells from patients with BS show chromo-
somal instability characterized by higher rates of chromatid
gaps and breaks, and sister chromatid exchanges.!®”] BLM
can resolve many different DNA substrates, such as Watson—
Crick’s duplex DNA, G-quadruplexes (G4)#-1% and Holliday
junctions.[!'=13] Tt is generally accepted that BLM is ATP-
dependent as it catalyzes G4 unfolding because it is an ATP
hydrolysis-driven helicase.!'”) However, a study showed that
co-incubation of G4 with very a high concentration BLM
(100 nM-2 M) may lead to 16%—45% unfolding of G4 in the
absence of ATP or in the presence of the non-hydrolysable
ATP analog ATP-y-S.]

BLM contains an HRDC domain which is specific to the
RecQ family. Previous studies showed the HRDC domain
of the BLM works mainly as an assistant in DNA binding
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14.15] However, BLM mutants

lacking HRDC show deficiency in strand annealing!'®! and
double Holliday junction dissolution!!”! while they act sim-
ilarly as the wild type.l'®!81 The BLM binds G4 structures
with high specificity.!'”) BLM without the HRDC domain can
also unfold G4.!18:201 Tt therefore seems that HRDC is not nec-
essary for BLM to unfold G4. Yet there are reports that HRDC
binds to ssDNA, [21:22] to assist the BLM to dissolve G4.20! 1t
was also proposed that HRDC could regulate the process of
ATP hydrolysis of the BLM. >3] Here we use single-molecule
fluorescence resonance energy transfer (sSmFRET) to study the
interaction between BLM and G4. Surprisingly, we find that
BLM with and without the HRDC domain unfolds G4 differ-
ently. Further studies indicate that the difference depends on
the concentration of ATPs. We propose a model for explain-
ing the results and make a suggestion that the HRDC domain is
needed by BLM to hold the G4 in the unfolded state, possibly
waiting for other proteins to act on the G4 sequence.

and translocation along ssDNA.

2. Experiments
2.1. DNA preparations

G4 is a non-canonical structure formed by Hoogsteen

24,25

base-pairing in guanine-rich DNA sequences.**?3 These re-

gions of genome are significant for maintaining the human
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genome. In our experiments, G4 was composed of a DNA
sequence of (GGGTTA);GGG. It was linked to a 29-bp du-
plex DNA at its 5’ end and a 15-nt ssDNA at its 3’ end

(Fig. 1). All the oligonucleotides required to make the DNA
substrates were purchased from Sangon Biotech (Shanghai,
China). Their sequences are listed in Table 1.

Table 1. Sequence of DNA substrates used in the experiments.

Substrates for single-molecule FRET(5'-3")

G4 GCGTGGCACCGGTAATAGGAAATAGGAGAGGGTTAGGGTTAGGGTTA

GGGT(icy3)TTTTTTTTTTTTTT

stem TCTCCT(icy5)ATTTCCTATTACCGGTGCCACGC-biotin

Y CGACTGCTAGCATGTCGTACTAGCACTGTAGCTGTAGTACT (icy3)TTTTTTTTTTTTTT

G4+Y CGACTGCTAGCATGTCGTACTAGCACTGTAGCTGTAGT(icy3)ACGGGT
TAGGGTTAGGGTTAGGGTTTTTTTTTTTTTTT

stem TTTTTTTTTTTTTTTTTTTTTTTTTT(icyS)GTACTACAGCTACAGTGCTA

GTACGACATGCTAGCAGTCG-biotin

2.2. Protein expression and purification

BLM mutations (Figs. 1(a) and 4(a)) were used in our ex-
periments. The BLM®?~12% (called BLM from the plasmid
encoding human gene in the present work) mutation contains
an HRDC domain and the BLM®19-1298 (called BLMAHRDC
from the plasmid encoding gallus gene in the present work)
does not contain an HRDC. Truncated BLM®?~ 1290 wag ex-
pressed and purified as previously described.!!?!

2.3. Data acquisition and analyses

All smFRET experiments were carried out with a home-
built objective-type total-internal-reflection microscope at
room temperature. Coverslips (Fisher Scientific) and slides
were cleaned thoroughly by a mixture of sulfuric acid and
hydrogen peroxide, then the surfaces of the coverslips were
coated with a mixture of 99% monomethoxy-polyethylene
glycol (m-PEG-5000, Laysan Bio, Inc.) and 1% of biotin-PEG
(biotin-PEG-5000, Laysan Bio, Inc.). Streptavidin (1 mg/mL)
in buffer containing 50-mM NaCl, 20-mM Tris-HCI, pH7.5
was added to the microfluidic chamber made of the PEG-
coated coverslip and was incubated for 10 min. After washing,
20 pM-50 pM DNAs were added to the chamber and allowed
to be immobilized for 10 min. Then free DNA was removed by
washing with the reaction buffer. After that, the chamber was
filled with the reaction buffer with an oxygen scavenging sys-
tem (0.8% D-glucose, 1-mg/mL glucose oxidase, 0.4-mg/mL
catalase, and 1-mM Trolox). The exposure time is 100 ms in
all of our experiments. The raw fluorescence intensity trajec-
tories were three-point averaged. Then, the FRET efficiency
was calculated by using 4 /(Ip + Ip), where Iy and I repre-
sent the intensity of the donor and the acceptor, respectively.

3. Results

We first measure the activity of 2-nM BLM at 200-uM
ATP which is nearly the saturation concentration. About
15% of the substrates could be unfolded by BLM. Upon
the addition of BLM, we observe repetitive unfolding signals
(Figs. 1(c) and 1(d)), with the FRET values switching between

0.8 and 0.2. The repetitive signals are consistent with a recent
result of BLM unfolding G4 (31).126] We, however, observed
a surprising phenomenon in which some G4’s stay in the low
FRET state (0.2) for a long period of time. A histogram of the
dwell times of the low FRET state is shown in Fig. 1(g), and
we find that the histogram can be fitted with a two-exponential
function with a short characteristic time 2.7 = 0.1 s and a very
long characteristic time 93 &+ 2 s. It is obvious that there are
two different pathways of G4 unwound by BLM. One way is
by short-time unwinding and the other is by long-time unwind-

ing.
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Fig. 1. (color online) BLM unfolds G4 at 200-uM ATP. (a) BLM pro-
tein functional domains used in this study. (b) Schematic diagram of
Cy3 (green)- and Cy5 (red)-labeled DNA construct (G4) with G4 hav-
ing three G-quartet planes. G4 strand and complementary stem strand
are annealed to form a duplex stem. Biotin is used to immobilize the
DNA to a streptavidin-coated coverslip surface. (c) and (d) Traces of
fluorescence intensities of Cy3 and CyS5 (upper panel) and FRET trace
(lower panel) with 2-nM BLM and 200-uM ATP. The dwelling time
of the completely unfolded state is denoted as ¢. (e) Histograms of the
dwelling times for the completely unfolded G4. Error bar = s.e.m.
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The results above show that the BLM helicase either un-
folds a G4 repetitively or holds it in the unfolded state for a
long time. Now, we come to see whether such a feature of the
BLM would affect its unwinding of a DNA duplex (Figs. 2(a)
and 2(b)). We design two DNA forks, each with an FRET
pair (Cy3 and Cy5) near the entrance of the duplex. One of
them is a simple fork with two poly(T) tails (hereafter called
Y DNA), and the other has a G4 on the 3’ tail right in front

of the entrance (hereafter called G4+Y DNA). Both the DNA
structures will yield similar FRET signals when the duplex is
unwound by BLM. The experimental conditions are similar to
those in Fig. 1, namely 2-nM BLM with 200-uM ATP. It turns
out that BLM almost does not unwind the duplex with a G4 in
its translocation way. We believe that this indicates that BLM
has a strong affinity with the G4 sequence so that it hinders
BLM.[2%

l
1.0F (a) 1.0 5 a0l N 5 ©
L2 h
0.8 0.8} b)| B = ‘
2 5 g5 20f 3 5
£ o6} Z 06k EE <
£ 10p ‘
0-4Fgingle stranding loading 0.4} G4 loading E
' ' . . 1 50 [ |
0 10 20 0o 5 15 20
Time/s Time/s

Fig. 2. (color online) G4 on the loading overhang hindering BLM unwinding DNA duplex. (a) and 2(b) A typical FRET trace of BLM
unwinding a DNA duplex without (a) and with (b) a G4 on the 3’ overhang. The schematic diagrams of the two substrates are shown in
the inset of panel (c). (c) Comparison between the fractions of duplexes with and without a G4 unwound by BLM. Error bar = s.e.m.

We lower the ATP concentrations to 20 pM and 1 uM
respectively, and repeat the unfolding experiments. The
phenomenon of long-time dwelling almost disappears, while
BLM still repetitively unfold G4 (Fig. 3). Less than 1% of the
unfolding evens are observed to exhibit long-time dwelling at
1-uM ATP. This is in strong contrast with the value of > 30%
when the ATP concentration is 200 uM. It suggests that ATP
hydrolysis is necessary for BLM to keep G4 in the unfolded
state for a long time. To confirm this, we perform similar ex-
periments with ATPYS which is often used as a nonhydrolyz-
able substrate. No long-time dwelling events are observed
even with using 1-mM ATP7S.
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Fig. 3. (color online) Long-time dwelling that is less frequently ob-
served at low ATP concentrations. (a) and (b) FRET traces and dwelling
time distributions for G4 unfolding by 2-nM BLM at (a) 1-uM and (b)
20-uM ATP.

We use a BLM mutation with the HRDC domain being
truncated (BLM2HRPC (Fig. 4(a)) to see whether HRDC plays
a role in the long-time dwelling. It turns out that BLMAHRDC

can unfold G4 just like a normal BLM with the HRDC domain.
However, even at high ATP concentrations, only the unfold-
ing events with short dwelling time are observed (Figs. 4(b)
and 4(c)). The histogram of the short dwelling times for
BLMAHRDC g almost the same as that for the normal BLM.
The results suggest that the HRDC domain of BLM is respon-
sible for the observed long-time dwelling.
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Fig. 4. (color online) Unfolding of G4 by BLM without the HRDC do-
main. (a) BLM mutation without the HRDC domain used in this study.
(b) A FRET trace of unfolding G4 with 200-uM ATP. (c) Histograms
of dwelling times for the completely unfolded G4.

4. Discussion

The HRDC domain has long been a mystery for the RecQ
family helicases. BLM has been found to be able to unfold G4
even in the absence of HRDC. HRDC is also reported to be not
necessary for BLM to unwind DNA duplexes.!'8! However,
our present study indicates that HRDC is not just a redundant
domain of BLM. We observe that BLM with the HRDC do-
main could hold G4 in an unfolded state for a very long time.
Without the HRDC domain, the binding of BLM to the G4 se-
quence is so transient that G4 can refold immediately after it
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has been unfolded by BLM. A recent structural study shows
that the HRDC domain is connected to the core of BLM by a
long random coil so that HRDC can move freely around the
core.!??! Based on our experimental results and the structure
of BLM, we propose a model for BLM unfolding G4 (Fig. 5).
Upon binding to G4, the HRDC domain is detached from the
BLM core, either moving freely in solution or binding to the
ssDNA. If HRDC is in the free state, BLM functions like a
truncated BLMAHRPC | repetitively unfolding G4 (Fig. 5(a)).
But if the HRDC domain binds to the G4 sequence, the BLM
will cover the G4 consequence and prevents G4 from refolding
(Fig. 5(b)).

Our results also show that ATP hydrolysis is needed for
BLM to hold the unfolded G4 firmly. We propose that the ATP
hydrolysis should cause the BLM core to be translocated on
the DNA overhang. But the motion is blocked by the HRDC
ahead of it so that the DNA overhang is pushed way, hence pre-
venting G4 from refolding (Fig. 5(b)). The result is in agree-
ment with the fact that HRDC is only loosely connected to the
core of BLM.!23] At low ATP concentrations, the BLM core
is free of ATP in time (before a new ATP is coupled to the
core), the BLM affinity for DNA becomes low so that it un-
binds the G4 sequence readily, allowing the unfolded G4 to
refold. A large number of proteins have been found to coor-
dinate with BLM to resolve G4.1>728] It is possible that the
long-time dwelling of G4 in the unfolded state enables BLM
to prepare a good condition for the recruited protein to work
effectively.

(a)

& \EJ
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Fig. 5. (color online) Proposed model for the two unfolding pathways of
G4 by BLM. (a) HRDC domain of BLM, which is free in G4 unfolding.
(b) HRDC domain, which binds to G4 when BLM unfolds G4.
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