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Abstract BLM is a multifunctional helicase that plays critical roles in maintaining genome
stability. It processes distinct DNA substrates, but not nicked DNA, during many steps in DNA
replication and repair. However, how BLM prepares itself for diverse functions remains elusive.
Here, using a combined single-molecule approach, we find that a high abundance of BLMs can
indeed unidirectionally unwind dsDNA from a nick when an external destabilizing force is applied.
Strikingly, human replication protein A (hRPA) not only ensures that limited quantities of BLMs
processively unwind nicked dsDNA under a reduced force but also permits the translocation of
BLMs on both intact and nicked ssDNAs, resulting in a bidirectional unwinding mode. This
activation necessitates BLM targeting on the nick and the presence of free hRPAs in solution
whereas direct interactions between them are dispensable. Our findings present novel DNA
unwinding activities of BLM that potentially facilitate its function switching in DNA repair.

Introduction

DNA helicases are ubiquitous motor proteins that couple the hydrolysis of nucleoside triphosphates
(NTPs) to the unwinding of double-stranded DNA (dsDNA), providing the single-stranded DNA
(ssDNA) required for many biological processes, including DNA replication, repair and recombina-
tion (Singleton et al., 2007). Among these DNA helicases, the RecQ family helicases have been
highly conserved during evolution from prokaryotes to humans and play critical roles in genome
maintenance and stability (Bernstein et al., 2010; Croteau et al., 2014). Defects in three of the five
human RecQ members (BLM, WRN and RECQ4) give rise to distinct heritable human disease syn-
dromes (Bloom’s, Werner's and Rothmund-Thomson syndromes, respectively), characterized by
genomic instability and an increased incidence of cancers (Ellis et al., 1995; Kitao et al., 1999,
Yu et al., 1996). These genetic linkages underscore the importance of the RecQ family helicases in
cellular homeostasis. Thus, an in-depth understanding of their unwinding mechanisms at the molecu-
lar level may inform potential therapeutic strategies.

Bloom syndrome protein (BLM) is one of the five RecQ family helicases that unwind DNA in a
3'—5' direction (Croteau et al., 2014; Karow et al., 1997). It is involved in many aspects of genome
maintenance, including DNA end resection (Kowalczykowski, 2015), displacement-loop (D-loop)
processing (Bugreev et al., 2007), rescuing stalled or collapsed replication forks (Davies et al.,
2007), and resolution of Holliday junction (Bizard and Hickson, 2014). BLM's diverse functions are
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Figure 1. BLM unwinds dsDNA unidirectionally from a nick. (A) A Schematic of the experimental configuration.
Biotinylated A phage DNA was suspended by two streptavidin coated beads manipulated by two optical traps.
Meanwhile, confocal lasers repeatedly scanned along the DNA template. DNA length was expected to increase
under a constant force when dsDNA was converted to ssDNA by BLM. (B, C) A representative kymograph of a
tethered A DNA as well as its corresponding force and DNA length as a function of time in the presence of 20 nM
(B) or 200 nM (C) BLM. (D) Kymograph of an individual unwinding event showing the unidirectional DNA
unwinding. The arrow indicates the direction of the unwinding fork movement. (E) Distributions of the dsDNA
unwinding rates in the presence of 200 nM BLM under 30 pN.

The online version of this article includes the following source data and figure supplement(s) for figure 1:

Source data 1. The dsDNA unwinding rates of 200 nM BLM under 30 pN.

Figure 1 continued on next page
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Figure 1 continued

Figure supplement 1. DNA unwinding in the presence of 200 nM BLM.
Figure supplement 2. Control experiments verified BLM's unwinding activity.
Figure supplement 3. Elasticity parameters of ssDNA and DNA unwinding rate calculation.

realized by its remarkable unwinding capabilities of many unique DNA structures, such as G-quadru-
plex (Chatterjee et al., 2014). In particular, BLM has been verified to participate in many steps in
repairing DNA double-strand breaks (DSBs) via homologous recombination (HR) (Nimonkar et al.,
2011; Nimonkar et al., 2008; Sturzenegger et al., 2014; Woglar and Villeneuve, 2018). It has
been demonstrated to be recruited to the DSB ends and facilitate resection of the 5’ termini to gen-
erate 3' end protruding ssDNAs in the first step of HR (Gravel et al., 2008). BLM either unwinds
dsDNA to provide ssDNA for exonuclease resection by EXO1 or DNA2 or directly stimulates their
nucleolytic activities (Nimonkar et al., 2008; Sturzenegger et al., 2014). Paradoxically, even though
BLM is distinctive in preferentially unwinding unique substrates (Mohaghegh et al., 2001), an in vitro
ensemble study has demonstrated that this helicase alone is unable to initiate dsDNA unwinding
from a nick which is a prevalent and essential DNA intermediate during HR (Maizels and Davis,
2018; Mohaghegh et al., 2001). These contradictory findings may be reconciled by BLM’s varying
unwinding activities, which are often regulated by other in vivo factors (Croteau et al., 2014).

It has been widely appreciated that the BLM helicase interacts and collaborates with many protein
partners to aid in cellular responses to replication stress and DNA damage in vivo (Croteau et al.,
2014). These interactions and collaborations dictate BLM's specialized functions in genome mainte-
nance. A key partner of BLM is the single-stranded DNA-binding (SSB) protein, replication protein A
(RPA), a heterotrimeric protein complex consisting of the RPA70, RPA32 and RPA14 subunits, which
is also essential in DNA repair and recombination (Fanning et al., 2006; Wold, 1997). A recent in
vivo study directly demonstrated that RPA co-localizes with BLM at the foci of DNA damage, sug-
gesting that these two proteins coordinate and function together in DNA repair (Woglar and Ville-
neuve, 2018). In addition, biochemical, structural and single-molecule studies have revealed that
RPA not only physically interacts with BLM but also stimulates its unwinding activity by increasing its
processivity or improving its unwinding initiation (Brosh et al., 2000; Doherty et al., 2005;
Soniat et al., 2019). The poor ability of a heterologous SSB protein to stimulate BLM's unwinding
further suggests that this stimulation is specific (Brosh et al., 2000). These findings, coupled with
the inability of BLM alone to unwind a nicked DNA in vitro, suggest that RPA might also promote
BLM in unwinding nicked dsDNA to facilitate efficient end resection in HR. A thorough understand-
ing of how BLM-mediated DNA unwinding is regulated by RPA would advance our knowledge in its
diverse roles and functions in genome maintenance.

In this study, by combining optical tweezers with confocal fluorescence microscopy, we examined
BLM unwinding activities under various conditions at the single-molecule level. We found that, in the
absence of hRPA, BLM at high concentrations can unwind dsDNA from a nick unidirectionally with a
requirement of an external destabilizing force on the DNA template. Surprisingly, the presence of
hRPA permits BLM's unwinding in two opposite directions from a nick at low and zero forces. This
stimulation demands free hRPAs in solution, suggesting that the coating of hRPA on the newly gen-
erated ssDNA is essential for enhancing BLM unwinding activity. These findings reveal a distinct
SSB-enabled helicase unwinding mode that might facilitate the generation of the 3’ ssDNA tail in
HR. Additionally, this study demonstrates various DNA unwinding activities by BLM that are regu-
lated by tension on DNA, the concentration of BLM, and the presence of RPA, which provide a
molecular insight into how BLM realizes its diverse biological functions.

Results

Force assists BLM's unidirectional unwinding from a nick

We combined dual-optical traps with confocal microscopy to monitor unwinding of a single DNA
molecule by wild type (WT) Gallus gallus BLM (gBLM). gBLM (hereafter referred to as BLM) has two
similar RPA binding domains to the human BLM (hBLM) and the sequence of its helicase-core
domain (core-gBLM) has an 80% identity with the one from hBLM. Figure 1A shows a schematic of
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Figure 2. BLM unwinds DNA template containing a single nick. (A) Two models of BLM unwinding dsDNA from a
nick. BLM initiates unidirectional dsDNA unwinding from a nick by translocating either on the tensioned ssDNA or
on the relaxed ssDNA. The unwinding polarities are opposite in these two scenarios. (B) The 6.4 kbp dsDNA
template unwinding in the presence of 200 nM BLM. The 6.4 kbp dsDNA contains a nick located at 2.2 kbp and
4.2 kbp from the 5" and 3’ termini, respectively. Representative kymographs and DNA length signals showed the
4.2 kbp dsDNA segments were always unwound under 30 pN. The arrows indicate the directions of the unwinding
fork movement.

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Construction of the 6.4 kbp DNA template.

our experimental configuration in which a A phage DNA molecule is suspended between one fixed
trap and one steered trap via two streptavidin-coated microspheres, while a confocal laser repeat-
edly scanned along the plane of the DNA template (Figure 1A). A high-frequency feedback system
on the steered trap was employed to ensure the force on the DNA template remained constant,
while BLM unwound the DNA template. The difference in extension between ssDNA and dsDNA
under tension would result in a change in DNA length once the BLM helicase started unwinding
(Bustamante et al., 2003), thus allowing for monitoring of its unwinding activity. In addition, the
fluorescent binding agent Sytox was used as a dsDNA probe, and its immediate dissociation led by
converting dsDNA to ssDNA by BLM served as an additional signal for dsDNA unwinding. This com-
bined single-molecule technique allowed us not only to record the change of DNA length induced
by BLM-catalyzed dsDNA unwinding but also to directly visualize individual unwinding events and
DNA intermediates along the DNA template.

We started the unwinding experiment at a force of 10 pN for ~1 min and increased it by 10 pN
each time until dsDNA unwinding was detected. In the presence of 20 nM BLM, apparent dsDNA
unwinding was not observed over a broad force range from 10 pN to 40 pN (Figure 1B). In contrast,
at a high BLM concentration of 200 nM, one or few unwinding events on a single DNA molecule
were recorded once the force was increased to a range of 10-40 pN in all examined traces (n = 30)
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(Figure 1—figure supplement 1). Figure 1C shows a kymograph of a DNA molecule and the force
and DNA length as a function of time in the presence of 200 nM BLM: DNA length and fluorescence
signals did not change under 10 or 20 pN; however, the DNA length displayed a continuous increase
while a dark region in the middle of the fluorescent dsDNA appeared and subsequently expanded
just after the force was increased to 30 pN. Omitting ATP did not result in changes in either fluores-
cence or DNA length signal in this experimental condition, confirming that our observations were a
result of BLM-catalyzed dsDNA unwinding (Figure 1—figure supplement 2A). Control experiments
without Sytox exhibited similar DNA length increases in the presence of BLM, suggesting that the
fluorescent dye does not affect BLM's unwinding activities (Figure 1—figure supplement 2B).

As nicks can be accidently generated along the long A phage DNA template used in these assays,
the observed dsDNA unwinding by BLM could be initiated either from a nick or from an intact
duplex region melted internally, leading to distinct DNA intermediates during unwinding (Rad et al.,
2015). To differentiate between these two possibilities, we analyzed the fluorescence signal of each
individual unwinding event. In all 49 examined events from 33 traces, the unwinding progressed in
one direction only, as reflected by the progression of the dark region of the fluorescence signal as
well as the biased disappearance of its adjacent dsDNA (Figure 1D). This finding is not consistent
with the possibility that the observed dsDNA unwinding was initiated by melting dsDNA internally
where bidirectional progression of the unwinding fork movement was expected. Thus, we attributed
these events to dsDNA unwinding initiated from a nick and the appearance and subsequent growth
of the dark regions along the DNA track represented ssDNA. The rate of each unwinding fork move-
ment was determined from the increase in ssDNA length revealed by the fluorescence signal and
was converted to unwound base pair per second based on the elasticity of ssDNA (Figure 1—figure
supplement 3). This yielded an unwinding rate of 60 + 9 bp/s (mean + SD) under 30 pN (Figure 1E
and Figure 1—source data 1).

In conclusion, the BLM helicase at a high concentration is indeed able to perform unidirectional
unwinding from a nick, but this requires exerting an external destabilizing force (tens of pN) on the
DNA template.

BLM translocates on intact ssDNA during unidirectional unwinding

Our data suggest that the BLM helicase unwinds dsDNA unidirectionally from a nick. This generates
one intact strand under tension and one relaxed coiled strand in our experimental configuration.
Since BLM unwinds by translocating on ssDNA in a 3' to 5" manner, we next sought to determine on
which strand BLM prefers to translocate when initiating unwinding from a nick. This strand prefer-
ence directly determines BLM'’s unwinding polarity from a single nick (Figure 2A). Thus, we designed
a 6.4 kbp dsDNA harboring a single nick at 2.2 kbp and 4.2 kbp away from the 5’ and the 3' ends,
respectively (Figure 2B and Figure 2—figure supplement 1). BLM unwinds a 4.2 kbp dsDNA region
if it translocates on the tensioned strand during unwinding or a 2.2 kbp dsDNA region if it translo-
cates on the relaxed strand. To ensure the occurrence of DNA unwinding, we conducted the unwind-
ing assay with this nicked DNA template under 30 pN. We found that 25 traces out of 29 examined
DNA molecules showed continuous DNA unwinding from the nick. The 4.2 kbp dsDNA segments in
these 25 traces were always unwound while the 2.2 kbp dsDNA segments remained intact, indepen-
dent of the orientation of the suspended nicked DNA (Figure 2B). These findings suggest that BLM
exclusively employed the intact ssDNA under tension as the track strand to unwind dsDNA. In addi-
tion, the inability of BLM to unwind the 2.2 kbp dsDNA segment reinforced our conclusion that BLM
alone unwinds unidirectionally from a nick.

RPA stimulates DNA unwinding by limited BLMs at low forces

Since RPA is a major protein partner that physically and functionally interacts with BLM, we next
aimed to address how the human RPA (hRPA, hereafter referred to as RPA) regulates dsDNA
unwinding by BLM. We first examined whether the presence of RPA could enhance BLM unwinding
activity by reducing the required destabilizing force on the DNA template. To do so, we monitored
helicase unwinding on the A phage DNA in the presence of BLM and RPA while discretely increasing
the external force (5, 10, 20 and 30 pN) until DNA unwinding was detected. Control experiments
confirmed that RPA alone was incapable of unwinding dsDNA under these external forces (Fig-
ure 3—figure supplement 1). In the presence of 200 nM BLM and RPA at various concentrations,
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Figure 3. BLM unwinds dsDNA in the presence of RPA. (A, C) Distributions of the required forces to monitor DNA
unwinding in the presence of 200 nM (A) or 20 nM (C) BLM and RPA with indicated concentrations. N.U.
represents no unwinding. (B, D) Kymographs of tethered A phage DNA showing DNA unwinding in the presence
of 50 nM RPA and 200 nM BLM (B) or 200 nM RPA and 20 nM (D) BLM under 5 pN.

The online version of this article includes the following source data and figure supplement(s) for figure 3:

Source data 1. The required forces for BLM/RPA-mediated DNA unwinding.
Figure supplement 1. RPA alone was incapable of unwinding DNA.
Figure supplement 2. BLM and RPA unwind nicked DNA in the absence of external force.

DNA unwinding events initiated from the middle of the DNA template and the blunt-ended termini
were observed (Figure 3A; Figure 3B). With the increase of RPA concentration, the required force
to monitor DNA unwinding indeed significantly reduced (Figure 3A and Figure 3—source data 1).
Moreover, we demonstrated that BLM/RPA-mediated DNA unwinding can even take place in the
absence of any externally applied force (Figure 3—figure supplement 2).

Next, we asked whether a high abundance of BLMs are necessary for dsDNA unwinding when
RPA is present. We assayed DNA unwinding of BLM at a concentration of 20 nM with various con-
centrations of RPA. In contrast to the observations with 20 nM BLM alone where no DNA unwinding
was monitored from 10 to 40 pN at all (Figures 1B and 3C), the presence of RPA can indeed stimu-
late BLM-mediated DNA unwinding in these conditions and the required force was consistently
decreased with the increase of RPA concentration (Figure 3C and Figure 3—source data 1). It is
noteworthy that with the presence of 200 nM RPA and 20 nM BLM, half of examined traces exhib-
ited continuous DNA unwinding at a low force of 5 pN (Figure 3C and D).

Collectively, we conclude that RPA stimulates DNA unwinding of limited BLMs by lowering the
required force on the DNA template.

RPA activates BLM's bidirectional unwinding from a nick

We next sought to examine individual unwinding events in the presence of 50 nM RPA and 200 nM
BLM and compare to those with 200 nM BLM alone. On average, there were 3.4 independent
unwinding events monitored on a single DNA molecule, slightly higher than that without RPA (Fig-
ure 1—figure supplement 1D). Strikingly, careful analyses of fluorescence images on the A phage
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Figure 4. BLM's RPA-activated bidirectional unwinding from a nick. (A) Kymographs of individual unwinding
events of a tethered A phage DNA in the presence of 200 nM BLM and 50 nM RPA under 30 pN showing
unidirectional and bidirectional DNA unwinding. The arrows indicate unwinding directions. (B) Representative
kymographs of unidirectional (up) and bidirectional (down) DNA unwinding in the presence of 200 nM WT BLM
and 50 nM eGFP-RPA. To illustrate the coiled ssDNAs, confocal laser scanned a rectangle area instead of only the
DNA template track. The arrows indicate the directions of the unwinding fork movement. (C) Distributions of the
uni- and bi- directional dsDNA unwinding rates in the presence of 200 nM BLM and 50 nM RPA under 30 pN.
p-value<0.01 calculated by Student’s t test. These rate distributions were compared with that in the presence of
200 nM BLM alone (black).

Figure 4 continued on next page
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Figure 4 continued
The online version of this article includes the following source data and figure supplement(s) for figure 4:

Source data 1. The uni- and bi- directional dsDNA unwinding rates.

Figure supplement 1. RPA supports BLM's bidirectional unwinding on the 6.4 kbp nicked DNA template.
Figure supplement 2. RPA supports BLM's bidirectional unwinding under low forces.

Figure supplement 3. hBLM unwinds dsDNA in the presence and absence of hRPA.

DNA under a force of 30 pN revealed that, in addition to the expected unidirectional unwinding
events, 53% of them (n = 40) showed bidirectional progression of dsDNA unwinding (Figure 4A). In
line with these observations, 26 out of 27 traces from the experiments with the 6.4 kbp nicked DNA
showed DNA unwinding in the presence of BLM and RPA and 35% of them also exhibited BLM’s
bidirectional unwinding initiated from the single nick on the template (Figure 4—figure supplement
1).

This RPA-activated bidirectional unwinding by BLM could be initiated from either internally
melted dsDNA or a nick. To determine that, we labeled the RPA with enhanced green fluorescent
protein (eGFP) and repeated the unwinding experiments. This eGFP-RPA allowed for the direct visu-
alization of the unwinding intermediates of ssDNA instead of dsDNA (King et al., 2013). If dsDNA
unwinding is initiated from melted regions of dsDNA, two continuous ssDNA strands under tension
would be expected, and no frayed relaxed ssDNA exists. However, in most examined unwinding
events (90%, n = 95), we observed at least one bright spot locating at the end of the newly gener-
ated tensioned ssDNA under 30 pN (Figure 4B). These spots increased in intensity as the unwinding
fork progressed, and are thus attributed to unwound coiled ssDNA coated by RPA. These observa-
tions support the interpretation that the RPA-stimulated DNA unwinding by BLM is initiated from a
nick instead of internally melted dsDNA regions. Moreover, 23 unwinding events were marked with
two spots on both ends of an ssDNA, progressing in opposite directions (Figure 4B). These observa-
tions can be interpreted as BLM helicases unwind two opposite DNA forks by translocating on ten-
sioned ssDNA in one direction and on relaxed ssDNA in the other, further strengthening our
conclusion that that RPA activates BLM's bidirectional unwinding. Intriguingly, both Sytox and eGFP
signals indicated that the bidirectional unwinding only initiates from a nick instead of starting an
opposite unwinding direction in the middle of an ongoing unidirectional unwinding. The average
bidirectional unwinding rate (117 + 25 bp/s, mean + SD) was 1.6-fold higher than that of the unidi-
rectional unwinding (72 + 24 bp/s, mean + SD) which is slightly faster than that with BLM alone
(60 + 9 bp/s, mean + SD) (Figure 4C and Figure 4—source data 1). These findings indicate that the
unwinding rates for both directions might be a little different. As the opposite DNA unwinding forks
differ in that BLMs translocate on relaxed and tensioned ssDNAs, we reasoned that the tension on
the ssDNA might modulate BLM unwinding activity a bit. Notably, bidirectional DNA unwinding
events were also observable under low and zero external forces (Figure 3—figure supplement 2
and Figure 4—figure supplement 2).

To rule out that the observed bidirectional DNA unwinding was due to the heterologous combi-
nation of gBLM and hRPA, we also conducted the DNA unwinding experiments by using hBLM.
When testing the homologous pair of hBLM and hRPA, results similar to the heterologous combina-
tion were obtained: hBLM alone initiates unidirectional unwinding from a nick and hRPA activates its
bidirectional unwinding (Figure 4—figure supplement 3).

RPA can also activate core-BLM'’s bidirectional unwinding

To examine whether BLM's RPA-activated bidirectional unwinding is due to the interactions between
them, we utilized a core fragment of Gallus gallus BLM that lacks major interaction domains with
RPA (hereafter referred to as core-BLM) (Figure 5A; Doherty et al., 2005; Kang et al., 2018). The
WT BLM helicase was replaced with core-BLM mutant in the helicase unwinding assay with the A
DNA. Control experiments verified that core-BLM alone also unidirectionally unwinds dsDNA from a
nick with a relatively slower rate compared with WT BLM (Figure 5—figure supplement 1A-C).
When RPA was present, both the unidirectional (58%) and bidirectional (42%) unwinding events
(n = 45) by this mutant were recorded (Figure 5B). These observations were further substantiated by
experiments using eGFP-RPA (Figure 5C) and the 6.4 kbp DNA template (32%, n = 37) (Figure 5—
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Figure 5. RPA supports core-BLM's bidirectional unwinding from a nick. (A) Schematic representations of WT BLM
and core-BLM. Helicase, RQC and HRDC domains are shown in different colors. (B) Kymograph of an individual
unwinding event in the presence of 20 nM core-BLM and 50 nM RPA under 35 pN showing unidirectional (up) and
bidirectional (down) DNA unwinding. The arrows indicate the directions of the unwinding fork movement. (C) A
representative kymograph of a single DNA tether unwound in the presence of 20 nM core-BLM and 50 nM eGFP-
RPA. To demonstrate the coiled ssDNAs, confocal laser scanned a rectangle area instead of the DNA template
track only. (D) Distributions of the uni- and bi- directional dsDNA unwinding rates in the presence of 20 nM BLM
and 50 nM RPA under 35 pN. p-value<0.01 calculated by Student's t test.

The online version of this article includes the following source data and figure supplement(s) for figure 5:

Source data 1. The uni- and bi- directional dsDNA unwinding rates.
Figure supplement 1. Core-BLM unwinds dsDNA in the presence and absence of RPA.

figure supplement 1D). The rate of the bidirectional unwinding is 1.7-fold higher than that of the
unidirectional unwinding, in agreement with the results with WT BLM (Figures 4C and 5D and Fig-
ure 5—source data 1). These findings resemble the observations with WT BLM, reflecting that
BLM'’s RPA-activated bidirectional unwinding possibly does not rely on the interactions between
them.

Free RPAs in solution permits BLM's continuous unwinding

Having demonstrated that RPA activates BLM's bidirectional unwinding, we next aimed to gain
mechanistic insights into this activation. A few potential mechanisms have been proposed to explain
how RPA stimulates helicase unwinding of long duplex dsDNA Awate and Brosh (2017). RPA may
enhance BLM-catalyzed DNA unwinding by coating the unwound ssDNAs and relieving the pressure
from their reannealing to prolong BLM tethering at the ssDNA/dsDNA junction during unwinding of
relatively long duplexes. Alternatively, RPA coated onto ssDNA at the fork junction may help recruit
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additional BLM helicases from solution to aid in duplex unwinding. To examine these possibilities,
we conducted a BLM unwinding experiment in a microfluidic system which allows for the rapid
switching of experimental conditions (Figure 6—figure supplement 1). In one channel, we first
started the dsDNA unwinding by using 20 nM BLM and 50 nM RPA at 30 pN to ensure the initiation
of dsDNA unwinding from a nick. Following that, we depleted the free proteins in solution by rapidly
transporting the DNA tether to an ATP-containing reaction buffer channel. We found that, in the
buffer channel, the DNA length slowly decreased and the dark region along the DNA template grad-
ually disappeared, indicating the reannealing of the unwound ssDNA (n = 30, Figure 6A). This transi-
tion from DNA unwinding to rewinding is a result of the dissociation of ssDNA coated RPA and is
possibly due to BLM strand switching and/or dissociation. This observation suggests that either free
RPAs or BLMs are indispensable for the processive unwinding. To further determine that, we trans-
ported BLM/RPA-initiated DNA unwinding template to a channel containing either BLM or RPA. In
these experiments, we observed that up to 75% of traces (n = 53) in the following RPA channel con-
tinued DNA unwinding, and yet only 16% of traces showed continuous unwinding in the BLM chan-
nel (n = 38) (Figure 6B and C). We thus conclude that free RPAs in solution are indispensable for
promoting continuous dsDNA unwinding by BLM.

Finding that only free RPA is necessary for BLM-mediated dsDNA unwinding once initiated raises
a possibility that BLM might be needed to recognize a nick and bind to it. To test this hypothesis,
we started the experiment by first placing the dsDNA tether in a buffer containing 20 nM BLM only
where no dsDNA unwinding occurred (Figure 6D). Sequentially, the DNA tether was rapidly
switched to a channel containing 50 nM RPA. In this channel, we immediately observed continued
unwinding from both DNA length and fluorescence signals in 21 out of 32 traces, resembling the
unwinding traces observed when both proteins were present at the same time (Figure 6D). Deplet-
ing ATP in the RPA channel abolished the unwinding, confirming that these observations relied on
BLM unwinding activity (Figure 6—figure supplement 1B). In addition, 17% of the unwinding events
(n = 12) were also observed to progress bidirectionally in this experiment, further supporting that
this observed unwinding was due to the presence of both BLM and RPA. Since the BLM helicase has
poor binding ability to intact dsDNA (Shi et al., 2017b), the immediate unwinding observed in the
RPA channel suggest that limited BLMs recognize and bind to nicks along the DNA template in the
BLM channel, and they are stimulated by RPA to unwind a substantial distance without dissociation.
To further examine whether DNA-bound RPA could recruit BLM to the DNA template, we trans-
ported RPA-coated DNA template to the BLM and RPA channel. Only 17% of unwinding events
(n = 33) showed continued unwinding in this channel (Figure 6—figure supplement 2), in disagree-
ment with the recruitment model.

In summary, we conclude that once BLM recognizes a nick and initiates unwinding with RPA, only
free RPAs are indispensable for its processive unwinding. These findings favor the model that ssDNA
generated by BLM was immediately coated by free RPA, preventing the separated ssDNAs from
reannealing.

Discussion
There are several lines of evidence supporting that unwinding activities of the RecQ family helicases
can be regulated by the presence of SSB proteins (Awate and Brosh, 2017; Bagchi et al., 2018,
Cui et al., 2004; Mills et al., 2017; Shen et al., 1998; Xue et al., 2019a). Herein, our experimental
approach combining optical tweezers with fluorescence microscopy has shed new light on the effect
of RPA on BLM's ability to catalyze dsDNA unwinding. This combined technique allows for the direct
monitoring of individual unwinding events by BLM along tensioned dsDNA in real time, leading to
the discovery of a distinct unwinding mode. In this mode, RPA activates BLM's bidirectional unwind-
ing from a nick where BLMs can translocate on both relaxed and tensioned ssDNAs during unwind-
ing. This is the first observation, to our knowledge, of helicase bidirectional unwinding from a nick.
Previous studies of replicative and DNA repair helicases have reported bidirectional unwinding
attributable to helicase melting dsDNA internally, which differs from our observed results
(Rad et al., 2015; Yardimci et al., 2012).

In the absence of RPA, BLM alone can only initiate unidirectional dsDNA unwinding from a nick
where it translocates on the ssDNA with the assistance of an external destabilizing force on DNA
(Figure 1D, Figure 4—figure supplement 3, and Figure 5—figure supplement 1). Since the
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Figure 6. Free RPAs are indispensable for stimulating BLM-mediated DNA unwinding. (A-C) Kymographs and
DNA length vs. time traces of DNA tethers showing dsDNA unwinding initiating in a channel containing 20 nM
BLM and 50 nM RPA under 30 pN, followed by quickly transporting to a channel containing ATP reaction buffer
(A), 20 nM BLM (B) or 50 nM RPA (C) only. Red arrows indicate bidirectional DNA unwinding. (D) Kymograph and
DNA length vs. time of a DNA tether showing the DNA template incubated in a channel containing 20 nM BLM
under 30 pN, followed by transporting to a channel containing 50 nM RPA. Red arrows indicate bidirectional DNA
unwinding.

The online version of this article includes the following figure supplement(s) for figure 6:

Figure supplement 1. The micro-flow cell assay confirmed the observe DNA unwinding requires BLM's unwinding
activity.

Figure supplement 2. RPA cannot recruit BLM to the DNA unwinding fork.

physical barriers presented by dsDNA on both directions from a nick are similar, the inability of BLM
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to unwind in the opposite direction is mostly likely due to the lack of tension on the relaxed ssDNA
which might possibly promote the unwinding activity of BLM. This unidirectional unwinding on
nicked dsDNA by BLM alone occurred with the high protein concentrations. The core-BLM lacking
the oligomerization domain also exhibited unidirectional unwinding from a nick in the absence of
RPA (Figure 5—figure supplement 1; Karow et al., 1999; Shi et al., 2017a), leading us to exclude
the possibility that processive unwinding could depend on oligomerization of the protein. Instead,
proteins at high concentrations might ensure sufficient binding of the enzyme to the ssDNA gener-
ated during an unwinding event, allowing for successive rounds of unwinding and preventing the
unwound strands against reannealing.

A distinct feature of the bidirectional dsDNA unwinding by BLM and RPA is that the unwinding
directionality is determined initially at a nick (Figure 4). The sequential protein incubation assays
demonstrated that, once preloaded with BLM, only free RPAs are indispensable for activating the
bidirectional dsDNA unwinding, suggesting that only limited BLMs are required to first recognize
and load on the nicked dsDNA (Figure 6C and D). Thus, we reasoned that the bidirectional unwind-
ing necessitates the preloading of more than one helicase at the nick and subsequent binding of
RPA on the newly generated ssDNA prolongs the binding and unwinding of BLM at the fork. The
unidirectional unwinding probably results from only one BLM helicase preloading at the nick and the
inability of BLM to associate with RPA-coated ssDNA (Xue et al., 2019a). This speculation could
also explain a recent single-molecule observation that only unidirectional DNA unwinding by BLM
and RPA was detected wherein low concentrations of BLM were used (Xue et al., 2019a).

Our study also provided insights into the mechanisms by which BLM and RPA cooperate to facili-
tate end resection in HR. Recent studies support a model that the long-range end resection in HR
initiates from a nick generated by the MRN/X complex once the DSB ends are coated by DNA
adducts (Cannavo and Cejka, 2014). This demands that the helicase and the nuclease unwind and
resect bidirectionally from a nick. It is highly likely that the abilities of BLM to recognize and preload
on the nick would help identify the locations of DSB and possibly play a role in recruiting other
required proteins for the resection. Although it needs to be further validated, the inherent ability of
BLM and RPA to unwind bidirectionally from a nick would facilitate the resection by DNA adduct
coated DSB ends which provides ssDNA for the DNA2/EXO1 nucleases to degrade from 5’ to 3’ and
the MRN complex to degrade from 3’ to 5’ (Symington, 2016). Interestingly, inhibition of MRN exo-
nuclease activity only confers a relatively lower resection defect compared with the inhibition of its
endonuclease activity, suggesting that other proteins might also participate in the initial short ssDNA
generation (Shibata et al., 2014). In support of this notion, the complete unwinding of the short
dsDNA between the nick and the DSB end may serve as an additional pathway in generating the
short stretches of ssDNA.

The finding that the SSB proteins promote helicase-catalyzed dsDNA unwinding from a nick
might be conserved among the RecQ-like helicases. For example, the RecQ helicase from E. coli is
also able to promote dsDNA unwinding in both directions in the presence of E. coli SSB (Rad et al.,
2015). However, its bidirectional unwinding was initiated by melting dsDNA internally instead of a
nick, which resembles replicative helicases in DNA replication initiation (Mott and Berger, 2007). In
fact, the unwinding by RecQ progresses unidirectionally if initiated from a nick. In addition, the Sgs1
helicase, the Saccharomyces cerevisiae homologue of BLM, was also found to unwind dsDNA from
blunt-ended termini or a nick with RPA (Wang et al., 2018; Xue et al., 2019b), but its unwinding
directionality when initiated from a nick has not been determined. A previous single-molecule FRET
study revealed that BLM could not unwind more than 34 bp even in the presence of RPA
(Yodh et al., 2009). This difference may be due to the fact that the action of applied force on the
DNA template can lower the energy required to melt the DNA and prevent reannealing of the sepa-
rated strands, thus stimulating BLM’s unwinding activity. Given the fact that hRPA can activate
hBLM's, gBLM’s and core-gBLM's bidirectional unwinding form a nick (Figures 4 and 5 and Fig-
ure 4—figure supplement 3), this activation might be a conserved feature for the SSB proteins and
the RecQ helicases and does not require a homologous system or physical interactions between
them.
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Designation
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Identifiers

Additional information

Gene gBLM NCBI RRID:SCR:006472 NP_001007088.2
(Gallus gallus)

Gene hBLM NCBI RRID:SCR:006472 NP_000048.1
(Homo sapiens)

Strain, strain 2566 This paper Competent cell
background

(Escherichia coli)

Strain, strain BL21(DE3) This Paper Competent cell
background

(Escherichia coli)

Recombinant Lambda DNA Thermo Fisher SD0021

DNA reagent Scientific

Recombinant pBR322 Takara RRID: Addgene_10877

DNA reagent (plasmid)

Recombinant pTWIN1 New England N6951S Expression of
DNA reagent (plasmid) Biolabs core BLM in E. coli
Recombinant pET21a-sumo This paper Expression of

DNA reagent (plasmid) BLM in E. coli
Recombinant p11d-tRPA Vector Builder Addgene:102613 Expression of human
DNA reagent (plasmid) RPA in E. coli
Peptide, T4 DNA ligase New England M0202L
recombinant Biolabs
protein
Peptide, Klenow Thermo EP0421
recombinant Fragment, exo- Fisher Scientific
protein
Peptide, Nde | New England RO111S
recombinant Biolabs
protein
Peptide, Sal | New England R3138S
recombinant BiolLabs
protein
Peptide, BstX | New England RO113L
recombinant BiolLabs
protein
Chemical Biotin-dATP Invitrogen Invitrogen:
compound, drug 19524016
Chemical Biotin-dCTP Invitrogen Invitrogen:
compound, drug 19518018
Chemical IPTG Thermo 15529019
compound, drug Fisher Scientific
Commercial Streptavidin Coated Spherotech AGO02
assay, kit Polystyrene
Particles (1.76 um)
Commercial Streptavidin Coated Spherotech ALO1
assay, kit Polystyrene
Particles (4.42 um)
Commercial DNA Purification Sangon Biotech B518141
assay, kit
Commercial SP Sepharose GE Healthcare 17072904
assay, kit Fast Flow
Commercial Q Sepharose GE Healthcare 17051004
assay, kit Fast Flow
Continued on next page
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Commercial Sytox orange Thermo S11368 5 mM

assay, kit Nucleic Acid Stain Fisher Scientific

Software, algorithm MATLAB, MathWorks RRID: SCR:001622

Data analysis

Preparation of DNA templates

The A phage DNA template was constructed as described elsewhere (Gross et al., 2010). Briefly,
biotinylated A phage DNA was made through 3'-end labeling by fill-in of 5'-overhangs with an exo-
Klenow Fragment. The reaction was conducted by incubating 330 nM A phage DNA, 600 uM dGTP/
dATP/dTTP, 400 uM biotin-14-dCTP, and 5U Klenow in 1X Klenow reaction buffer at 37°C for 1 hr.
The mixture was purified by Column DNA Purification Kit.

The 6.4 kbp DNA template containing a single nick consisted of two DNA segments connected
by an adaptor (Figure 2—figure supplement 1). The two 2.2 kbp and 4.2 kbp DNA segments were
PCR amplified from the plasmid pBR322 using a biotin-labeled primer. The resulting DNA fragments
were digested with BstXl to create an overhang. The adaptor was produced by annealing three oli-
gonucleotides where a nick was automatically generated because the 5’ phosphate of one oligonu-
cleotide was absent (Figure 2—figure supplement 1). The final product was produced by ligating
the two DNA segments with the adaptor at 1:1:1 ratio using T4 ligase.

Protein purification

BLM

The wild type Gallus gallus bloom syndrome protein (gBLM, referred to as WT BLM) and its helicase
core mutant (BLM®'%'258 referred to as core-BLM) were used in our experiments. Both WT BLM and
core-BLM were expressed and purified as previously described (Shi et al., 2017a). In brief, the BLM
gene was amplified and constructed into the pET21a-sumo vector. The N-terminal-domain-truncated
core-BLM was constructed into pTWIN1 by using Nde | and Sal | restriction sites, and transformed
into BL21 (DE3). Expression was induced in the T7 expressing E. coli strain 2566 by 0.3 mM isopropyl
1-thio-D-galactopyranoside at 18°C for 16 hr. Protein was homogenously purified sequentially by
affinity chromatography with a complete His tag purification resin column and ion exchange chroma-
tography on SP Sepharose Fast Flow and Q-Sepharose Fast Flow respectively. hBLM was purified as
described previously (Karow et al., 1997).

hRPA

The human RPA plasmid was a gift from Dr. Marc Wold. The E. coli strain BL21 (DE3) was trans-
formed with the plasmid p11d-tRPA, permitting the co-expression of RPA70, RPA32, and RPA14.
RPA was then purified over Affi-Gel Blue, Hydroxyapatite (Biorad), and Q-Sepharose chromatogra-
phy columns as described previously (Henricksen et al., 1994). The purified protein was eluted in
phosphate buffer containing 300 mM KCI (pH 7.5). To obtain fluorescent human RPA, a DNA frag-
ment encoding a variant of the enhanced GFP (eGFP) with a polyhistidine tag was inserted in frame
at the 3’ end of the cDNA encoding the large subunit of RPA in the expression plasmid p11d-tRNA.
eGFP-RPA purification was performed as previously described (van Mameren et al., 2009).

Single-molecule experiments

Single-molecule experiments were performed at 25°C on an instrument combining three-color confo-
cal fluorescence microscopy with dual optical traps (LUMICKS, C-trap). In brief, a 1,064 nm fiber
laser and a water-immersion objective were used to create two orthogonally polarized optical traps.
The trap separation was controlled using a piezo mirror for beam-steering one trap. Force measure-
ments were performed by back-focal plane interferometry of the condenser top lens using a posi-
tion-sensitive detector. A computer-controlled stage enabled rapid movement of the optical traps
within a multiple-channel flow cell (Figure 6—figure supplement 1). This flow cell allowed for the
rapid in situ construction and characterization of dumbbell constructs, and facilitated the swift and
complete transfer of the tethered DNA between different flow channels.
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As described previously (Gross et al., 2010), DNA molecules were captured between two strep-
tavidin-coated polystyrene beads (1.76 um for 6.4 kbp DNA and 4.5 um for A phage DNA) using the
multichannel laminar flow cell and tensioned by increasing the distance between the optical traps
(Figure 6—figure supplement 1). A single DNA was verified by its inherent mechanical force-exten-
sion curve. The trap was then moved to protein channels as described for each assay. Unless stated
otherwise, all experiments were carried out in a reaction buffer containing 25 mM Tris-HCI pH 7.5,
100 mM NaCl, 1 mM MgCl,, 0.1 mg/ml BSA, 2 mM ATP, 3 mM DTT and 50 nM Sytox Orange.

Fluorescence microscopy was achieved by imaging the stained DNA on an EMCCD camera.
Here, a 488 nm excitation laser and a 532 nm excitation laser were used for imaging eGFP-hRPA
and Sytox Orange respectively. Kymographs were generated via a confocal line scan through the
center of the two beads.

Data acquisition and analysis

Single-molecule force and fluorescence data were analyzed using custom software provided by
LUMICKS (available at http://www.nat.vu.nl/~iheller/download.html). Force and DNA extension data
were taken at 50 kHz and filtered to 30 Hz. The kymograph was used to track the edge of the
unwinding forks. The edges were marked manually by examining each pixel image and comparing
to a set threshold value. Elasticity parameters of ssDNA were obtained from the DNA force-exten-
sion measurements for data conversion. The force-extension relation of ssDNA in our experimental
condition was described as an extensible freely jointed-chain model (Figure 1—figure supplement
3A; Smith et al., 1996). The unwinding rate was obtained from fitting to the linear region of the
increase of the unwinding fork versus time (Figure 1—figure supplement 3B). The unwinding rates
were reported as the mean = S.D. from the indicated number of events.
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