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RQC helical hairpin in Bloom’s syndrome
helicase regulates DNA unwinding by
dynamically intercepting nascent nucleotides

Jianbing Ma,1,2,8 Chunhua Xu,2,8 Jinghua Li,2 Xi-Miao Hou,3 Lin-Tai Da,4 Qi Jia,1,2,5 Xingyuan Huang,2,5 Jin Yu,6

Xuguang Xi,7,* Ying Lu,1,2,5,9,* and Ming Li1,2,5

SUMMARY

The RecQ family of helicases are important for maintenance of genomic integrity.
Although functions of constructive subdomains of this family of helicases have
been extensively studied, the helical hairpin (HH) in the RecQ-C-terminal domain
(RQC) has been underappreciated and remains poorly understood. Here by using
single-molecule fluorescence resonance energy transfer, we found that HH in the
human BLM transiently intercepts different numbers of nucleotides when it is un-
winding a double-stranded DNA. Single-site mutations in HH that disrupt
hydrogen bonds and/or salt bridges between DNA andHH change the DNA bind-
ing conformations and the unwinding features significantly. Our results, together
with recent clinical tests that correlate single-site mutations in HH of human BLM
with the phenotype of cancer-predisposing syndrome or Bloom’s syndrome,
implicate pivotal roles of HH in BLM’s DNA unwinding activity. Similar mecha-
nisms might also apply to other RecQ family helicases, calling for more attention
to the RQC helical hairpin.

INTRODUCTION

By translocating on single-stranded DNA (ssDNA) in the 3’ to 50 direction and unwinding double-stranded

DNA (dsDNA) (Rada et al., 2015), the RecQ helicases play diverse roles in DNA transactions such as repli-

cation (Chappidi et al., 2020; Chu and Hickson, 2009; Delamarre et al., 2020; Shorrocks et al., 2021), recom-

bination (Chu and Hickson, 2009), repair (Adams et al., 2003; Bernstein et al., 2010; Chu and Hickson, 2009;

Ferrari et al., 2020; Singh et al., 2012), and telomere maintenance (Bernstein et al., 2010; Chu and Hickson,

2009; Panier et al., 2019). They are highly conserved from bacteria to human and are often called guardians

of the genome (Singh et al., 2012). Mutations of the RecQ genes may result in severe genetic disorders in

humans such as Werner syndrome (WRN mutated) (Fang et al., 2019; Gray et al., 1997), Bloom’s syndrome

(BLMmutated) (Goss et al., 2002; Gruber et al., 2002; Yamagata et al., 1998), and Rothmund-Thomson syn-

drome (RECQ4 mutated) (Hunter, 2008). The other two members, RECQ1 and RECQ5, have not yet been

linked to any disease phenotype, but researches have suggested that they are important for genome sta-

bility (Singh et al., 2012). The RecQ helicases have three conserved sequence elements: the helicase

domain (including two RecA-like domains), the RecQ-C-terminal domain (RQC), and the helicase-and-

RNaseD-like-C-terminal domain (HRDC) (Manthei et al., 2015; Morozov et al., 1997). The RQC domain is

composed of two elements: a zinc-binding subdomain (ZBD) and a conserved winged-helix (WH) subdo-

main (Bennett and Keck, 2004; Manthei et al., 2015). ZBD is characterized by a pair of antiparallel a-helices

(often called the helical hairpin) and a platform of four a-helices (often called the zinc-binding motif) that

ligand a Zn2+ ion via four highly conserved cysteine side chains (Swan et al., 2014). In addition to these

elements, eukaryotic RecQ proteins often encode N- and C-terminal extensions that confer additional

enzymatic activities, sequences that are important for binding to heterologous proteins, and motifs that

facilitate proper subcellular localization (Bachrati and Hickson, 2003). The structures and functions of the

domains have been intensively investigated (Bennett and Keck, 2004; Chatterjee et al., 2014; Davies

et al., 2007; Harami et al., 2013; Newman et al., 2015; Pike et al., 2009; Swan et al., 2014; Wu et al., 2005).

However, the helical hairpin in the RQC domain is underappreciated, and its function remains elusive.

Recent clinical tests archived in ClinVar (Landrum et al., 2018) indicated that mutations in the helical hairpin

of human BLM (hBLM), such as Arg1000Thr (SCV001179034.2, submitted on Nov 30, 2020; SCV001384683.2,
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Jan 07, 2021), Arg1000Ser (SCV000816030.1, submitted on Aug. 29, 2018), Glu1008Lysfs (SCV000486109.1,

submitted on Nov. 23, 2016), andGlu1008Val (SCV001413625.2, submitted on Jan 07, 2021) may explain the

phenotype of cancer-predisposing syndrome or Bloom’s syndrome. These results attracted our attention

to the helical hairpin. Structures of the hBLM (Newman et al., 2015; Swan et al., 2014), the human RECQ1

(Pike et al., 2015), and the Cronobacter sakazakii RecQ (Manthei et al., 2015) in complex with DNA have

been reported. The helical hairpin interacts with the 30 ssDNA overhangs in all the reported structures.

For instance, the charged amino acid residues (R1000, R1003, E1008 and K1009) in the two reported X-

ray structures of the hBLM-DNA complex (PDB IDs: 4CGZ and 4O3M) interact with ssDNA via hydrogen

bonds and/or salt bridges (Figures 1A and 1B) (Newman et al., 2015; Swan et al., 2014). In 4O3M, R1000

interacts with ssDNA via a hydrogen bond and a salt bridge, E1008 interacts with ssDNA via a hydrogen

bond, and R1003 interacts with ssDNA through a salt bridge. By contrast, the hydrogen bonds involving

R1000 and E1008 are gone in 4CGZ but a new hydrogen bond is formed between R1003 and ssDNA. More-

over, K1009 is involved with a salt bridge in 4CGZ. More interestingly, there is a prominent difference be-

tween the two structures, that is, the ssDNA is straight in 4O3M, whereas it is curved in 4CGZ with an extra

nucleotide extruding toward the helical hairpin (Newman et al., 2015; Swan et al., 2014). It seems that the

interaction sites tend to shift to the tip of the helical hairpin when a nucleotide extrudes toward the helical

hairpin. We wondered if the ssDNA would display more conformations in the complex. If yes, would these

conformations affect their dsDNA unwinding activity and potentially correlate with the pathogenic muta-

tions mentioned earlier?

Correlating conformational states to biochemical functions requires the ability to resolve structural dy-

namics. Single molecule fluorescence resonance energy transfer (smFRET) is becoming a key method for

studying such structural dynamics under biologically relevant conditions (Lerner et al., 2018, 2021). Here,

we employed smFRET (Lin et al., 2017; Ma et al., 2020; Myong et al., 2005) to investigate dynamic confor-

mations of the ssDNA overhang in the DNA-hBLM complex. To our surprise, we found that the ssDNA over-

hang binds hBLM with multiple distinct conformations, which can be strongly correlated to the helical

hairpin of hBLM. More interestingly, single-site mutations in the helical hairpin regulate the conformations

and modulate the DNA unwinding activities significantly.

RESULTS

ssDNA in the DNA-hBLM complex has multiple conformations

We first carried out a DNA binding assay of wild-type hBLM (hBLM-wt). The substrate for hBLM was a dou-

ble-stranded DNA (dsDNA) with a 30-nt dT ssDNA overhang. In our previous single-turnover stopped-flow

assay, we studied hBLM-catalyzed unwinding of a 16-bp dsDNA with a 30 dT overhang of various lengths

(10–40 nt). It turned out that the length of the ssDNA overhang does not change the total time of the ssDNA

translocation and the dsDNA unwinding, implying that most of the hBLM molecules bind the ssDNA-

dsDNA junction without possible ssDNA translocations (Xu et al., 2012). We adopted a nanotensioner

(Lin et al., 2017) to exert tension (�6 pN) on the overhang of the DNA hybrid (Figure 1C). Compared

with a forked DNAwith free overhangs, the distance between the two fluorescent dyes in the nanotensioner

structure is stabilized and increased due to the tension on the overhang (Lin et al., 2017). As a result, the

precision of the FRET assay can be improved to resolve distance changes of 1 nt (Lin et al., 2017), which

is high enough to reveal distinct states of the DNA binding and unwinding of the helicase. The FRET signal

is steady in the absence of the proteins (Figure S1B). Upon addition of hBLM-wt (2 nM) and ATPgS (0.2 mM),

the FRET value changes (Figure 1D), indicating binding (in the orange zones) and unbinding events of BLM

to the substrate. The time intervals between the orange zones increase with the decreasing of the helicase

concentration, whereas the durations of the orange zones are independent of the helicase concentration

(Figure S1C and S1D), suggesting that the binding signals were produced by single helicases.

Figure 1. hBLM has multiple DNA binding conformations

(A and B) Two crystal structures of the hBLM-DNA complex (PDB ID: 4O3M and 4CGZ). The zoom-ins display interactions

between the helical hairpin and the ssDNA overhang according to the X-ray structures.

(C) A DNA nanotensioner used in the assay. Cy3 was labeled at the 10th nucleotide on the ssDNA overhang, which is

elongated upon BLM binding.

(D) A typical FRET trace of hBLM binding to DNA.

(E) Selected DNA binding bursts in the traces show multiple conformations.

(F) Histogram with a multiple peak fitting to the binding signals. The histogram was built from 325 states of 52 traces.

See also Figures S1 and S2.
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It is noteworthy that the FRET value may vary in a single binding event (Figures 1D and S1C), indicating dy-

namic conformations of the DNA-BLM complex. We employed an unbiased step-finding algorithm to iden-

tify the conformational states, the existence of which can be further checked by the histogram of the states

(Blosser et al., 2009; Kerssemakers et al., 2006; Lin et al., 2017; Ma et al., 2020; Myong et al., 2007). A few

typical binding events are displayed in Figure 1E. Usually, one to three conformations can be found in

one binding event. We collected the states from many binding events and built a histogram of the FRET

values. The histogram showed mainly four peaks, indicating different conformational states of the DNA-

BLM complex (Figure 1F). Similar binding signals and multiple conformations were also observed in a con-

trol assay in the absence of ATPgS (Figure S2). Notably, when Cy3 was labeled at the 10th nucleotide on the

overhang, the FRET values for the aforementioned conformations were lower than that without a bound

hBLM. This is because the ssDNA in the BLM-DNA complex (PDB ID: 4O3M) is stretched due to strong pro-

tein-ssDNA interactions (Figure 1C, right panel). A rough estimation of the Cy3-to-Cy5 distance in the DNA

structure used in the measurements yielded a maximum value of about 5.9 nm, which corresponds to a

minimum FRET value of about 0.47, assuming that the Förster radius for Cy3 and Cy5 is 5.8 nm and that

the 6th–10th nucleotides invisible in the crystal structures interact weakly with the protein. The contribution

of partial unwinding of the DNA by BLM would make the FRET value even lower. However, the observed

FRET values in Figure 1 are higher than the minimum value we just estimated, indicating that the 10-nt

ssDNA segment is shortened as compared with the stretched conformation upon the protein binding. In

a structure of the hBLM-DNA complex (PDB ID: 4CGZ), one nucleotide is bent at the helical hairpin (Fig-

ure 1B). To explain the reduction in the Cy3-to-Cy5 distance in Figure 1, one may expect that more than

one nucleotide could be bent toward the helical hairpin.

Single-site mutations in the helical hairpin modulate the binding conformations

We made single-site mutations at four sites in the helical hairpin. Three mutants (hBLM-R1000A, hBLM-

R1003A, and hBLM-K1009A) were purified successfully. The hBLM-E1008A mutant was unstable in solution.

Mutations at more than one site resulted in insolubility and degradation of the protein. We performed

binding assays similar to that in Figure 1 for the three mutants (Figures 2A–2C and S3). The FRET traces

show similar plateaus to that for the hBLM-wt. The histograms of the fitted binding signals also display mul-

tiple binding conformations (Figures 2D–2F). However, the mutations changed the statistics of the confor-

mations significantly, implying that the interactions between the helical hairpin and the nucleotides are key

to the multiple binding conformations observed earlier.

For the binding conformations of hBLM-R1000A (Figure 2D), it looked that they were shifted to the higher

FRET values with respect to those for hBLM-wt (Figure 1F). By contrast, hBLM-K1009A tended to have con-

formations with lower FRET values than hBLM-wt (Figure 2F). Different from both hBLM-R1000A and hBLM-

K1009A, hBLM-R1003A had an obviously wider distribution of conformations than hBLM-wt did (Figure 2E).

That is, much more conformations can be found in the histogram for hBLM-R1003A, the number of which

was approximately the sum of that for hBLM-R1000A and hBLM-K1009A. We note that a single binding

event may, however, display only one to three conformations (Figures 2B and S3B).

Single-site mutations in the helical hairpin modulate the repetitive unwinding pattern

We compared the DNA unwinding activities of hBLM-wt, hBLM-R1000A, hBLM-K1009A, and hBLM-R1003A

to gain a deeper insight into the function of the helical hairpin (Figure 3). When Cy3 was labeled too far from

the fork, the binding signals would interfere with the unwinding signals (Figures 3B–3E, 3I, 3J, and S4). To

ensure effective observation of the signals of the DNA unwinding, Cy3 was moved nearer to the DNA fork.

For instance, Cy3 was moved from the 10th to the 6th nucleotide on the overhang for hBLM-wt and hBLM-

R1000A (Figure 3F), whereas it was moved to the –third nucleotide for hBLM-K1009A and hBLM-R1003A

(Figure 3K). The DNA unwinding signals of 2 nM hBLM at 50 mM ATP were recorded. It turned out that

the differently mutated helicases behaved differently. Just like those reported previously (Wang et al.,

2015; Yodh et al., 2009), hBLM-wt displayed repetitive unwinding behavior in which the helicase unwinds

a short length of dsDNA followed by a rapid re-annealing and re-initiation of unwinding in several

Figure 2. Single-site mutations of the helical hairpin affect the DNA binding of hBLM

(A–C) Typical single-molecule FRET traces of three hBLM mutants binding to DNA in the presence of ATPgS.

(D–F) Histograms with multiple peak fittings of the binding signals. The histograms were built from 249 states of 53 traces

for R1000A, 406 states of 67 traces for R1003A, and 201 states of 49 traces for K1009A, respectively.

See also Figures S3 and S7.
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successions (Figures 3G and L). Similar unwinding behaviors were also observed for hBLM-R1003A (Fig-

ure 3N) and hBLM-K1009A (Figure 3O). The average number of repetitive unwinding cycles was 6.9 G

1.1 for hBLM-R1003A and 10.8 G 2.2 for hBLM-K1009A (Figure S5), which are larger than the average
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H M

G L
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Figure 3. Single-site mutations of the helical hairpin modulate the DNA unwinding pattern

(A–E) Typical unwinding traces obtained by using the DNA construct in which Cy3 was labeled at the 10th nt on the overhang.

(F–J) Typical unwinding traces when Cy3 was at the sixth nt on the overhang.

(K–O) Typical unwinding traces when Cy3 was at �third nt on the overhang. The ATP concentration was 50 mM.

See also Figures S4 and S5.
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Figure 4. Single-site mutations at the helical hairpin modulate the DNA unwinding length

(A–E) Histograms of the DNA unwinding length in terms ofDFRET for the four hBLM helicases when Cy3 was labeled at the

10th nt on the overhang.

(F–J) Histograms when Cy3 was labeled at the sixth nt.
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number of repetitive unwinding cycles for hBLM-wt (3.2 G 0.4) (Figures 3L and S5). By contrast, almost only

single unwinding bursts were observable for hBLM-R1000A (Figures 3H and 3M), indicating the peculiarity

of this mutation. Although themutations of R1003A and K1009A only quantitatively changed the unwinding

features, the pathogenic mutation of R1000A changed the unwinding features qualitatively.

Single-site mutations in the helical hairpin modulate distribution of the unwinding length

It was previously reported that hBLM-wt unwinds a preferred length of DNA. That is, the distribution of un-

winding lengths has a peak (Yodh et al., 2009). This unwindingmode was proposed to have a function in the

heteroduplex rejection during early stages of the homologous recombination (Yodh et al., 2009). In order

to check whether the single-point mutations would affect this unwinding mode, we constructed statistical

distributions of the unwinding lengths in terms of values of DFRET (Figure 4). Because the range of reliable

FRET signals is limited to 0.2–0.8, we found that only four histograms are effective, namely, Figures 4C, 4G,

4N, and 4O. The other histograms cover only a part of the unwinding signals. It turned out that the histo-

grams of hBLM-wt, hBLM-R1003A, and hBLM-K1009A each displayed a peak. By contrast, the histogram of

hBLM-R1000A (Figure 4C) did not have a peak. Rather, it followed an exponential decay. This histogramwas

built from the traces as the one shown in Figure 3C, in which the unwinding signals can be readily distin-

guished from the binding signals. By comparing the peak for hBLM-wt in Figure 4G with the ones in Fig-

ure 4N for hBLM-R1003A and Figure 4O for hBLM-K1009A, one can conclude that the unwinding lengths

of hBLM-R1003A and hBLM-K1009A were at least about 9-nt longer than that of the hBLM-wt because

the peak positions were all around 0.6, but the labeling position was at 6 nt in Figure 4F, whereas it was

at �3 nt in Figure 4K. A similar argument supports the conclusion that the mean unwinding length of

hBLM-R1000A was much shorter than that of hBLM-wt.

DNAs in the WRN-DNA and RecQ-DNA complexes also have multiple conformations

To check whether themultiple binding conformations are also observable for other RecQ helicases, we per-

formed similar binding assays on the Gallus gallusWRN and the Escherichia coli RecQ (Figure S6). We first

used the same DNA substrates as that in Figures 1 and 2 in the binding assay and found that the binding

signals were concentrated in the very high FRET region so that it was not easy to distinguish different bind-

ing conformations (Figure S6A). The FRET values were much higher than that when hBLM-wt was binding

on the same DNA. More binding conformations could be seen when Cy3 was moved from the 10th to the

14th nucleotide on the ssDNA overhang (Figure S6B), indicating that ssDNA in the both helicase-DNA com-

plexes also have multiple conformations. We are currently not able to explain the difference among the

bindings of WRN, RecQ and BLM. Two plausible sources may contribute to the difference: (1) the ssDNA

interacts with the helical hairpin at different sites in the three helicases; and (2) the sizes and structures of

the helical hairpins are different.

DISCUSSION

We observed in this work various binding conformations of ssDNA in the DNA-BLM complex (Figure 1). The

binding conformations were further correlated to the helical hairpin in the protein becausemutations at the

helical hairpin (R1000A, R1003A and K1009A) changed the conformations (Figure 2). The mutations also

changed significantly the DNA unwinding features of the helicase (Figures 3 and 4). Enlightened by the

two crystal structures of the hBLM-DNA complex (Figures 1A and 1B) (Newman et al., 2015; Swan et al.,

2014), we could propose a simple model in which the helical hairpin in BLM transiently intercepts different

numbers of nucleotides when it is unwinding a double-stranded DNA (Figure 5). The K1009 residue is near

the tip of the helical hairpin, i.e., distal to the surface of the D2 domain of hBLM. Strong interaction between

the K1009 site and ssDNAmay attract more nucleotides to the helical hairpin. The mutation-induced weak-

ening of the interaction renders the ssDNA hard to extrude as far as it may do in hBLM-wt. Hence the mean

Cy3-Cy5 distance in hBLM-K1009A is longer than that in hBLM-wt (Figure 5), thereby the binding FRET

values of hBLM-K1009A (Figure 2E) is lower than that of hBLM-wt (Figure 1F). By contrast, the R1000 residue

is proximal to the surface of the D2 domain of hBLM. The ssDNA in hBLM-R1000A may tend to extrude

further because the mutation of R1000A weakens the ssDNA-R1000 interaction so that it may not be

(K–O) Histograms when Cy3 was labeled at the �third nt. The start positions of the unwinding bursts (the green boxes)

were estimated to be at the ends of the binding signals (the orange boxes). The error bars are proportional to the square

root of the number of points for each bin. The number of bursts used in the statistics were 782–1,330. The corresponding

number of traces were 383–564 for R1000A and 81–130 for other mutants.
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constrained near to the surface of the D2 domain. The three strong interaction sites are all there in hBLM-

wt. Therefore, in average, the binding conformations tend to populate at positions withmiddle FRET values

(Figure 1F). The R1003 residue is located between K1009 and R1000 in the helical hairpin. Consistently,

when the R1003 site is mutated, the conformations are distributed more widely (Figure 2F).

Many RecQ helicases including hBLM (Yodh et al., 2009), Escherichia coli RecQ (Haramia et al., 2017; Lin

et al., 2017), human WRN (Lee et al., 2018), and Arabidopsis thaliana RecQ2 and RecQ3 (Klaue et al.,

2013) display repetitive unwinding activity, which was proposed to play a key role in the biological functions

of the helicases, for example, to process stalled replication forks, to eliminate potentially deleterious

recombination intermediates, and to strip off other DNA binding proteins during replication fork repair

and homologous recombination (Haramia et al., 2017; Klaue et al., 2013; Lee et al., 2018; Lin et al., 2017;

Yodh et al., 2009). It was also reported that hBLM has a preferred unwinding length, which may have a func-

tion in the heteroduplex rejection during early stages of the homologous recombination (Yodh et al., 2009).

Our results showed that the mutations in the helical hairpin changed the unwinding pattern of hBLM (Fig-

ures 3 and 4). We note that the average binding durations of the mutants were comparable with that of

BLM-wt (Figure S7), suggesting that the modulation to the unwinding pattern was not due to the change

of the binding time. Indeed, as an example, one sees in Figure 3C only a single short-time unwinding burst

along with a long-time binding signal. It seems that the average number of nucleotides intercepted by the

helical hairpin (Figures 1 and 2), the average repetitive unwinding cycle (Figure 3), and the preferred un-

winding length (Figure 4) are all correlated to each other. Our data suggest that the unwinding activity

of BLM is significantly reduced when more nascent nucleotides are intercepted by the helical hairpin.

For instance, the helical hairpin in hBLM-R1000A intercepts the longest length of nucleotides in average,

and the corresponding repetitive cycle/unwinding lengths are the fewest/shortest. This is in accordance

with the inch-worm mechanism of the translocation of non-ring-shaped helicases along ssDNA, in which

the helicases move by alternating affinities between the RecA-like domains (D1 and D2) and the ssDNA

at different stages of the ATP hydrolysis cycle (Lohman et al., 2008; Velankar et al., 1999). When the ssDNA

was detached from the two RecA-like domains by the helical hairpin, the translocation of the helicase along

the ssDNA would be significantly hindered. We made four single-site mutations in the helical hairpin and

Figure 5. Amodel of interception of nascent nucleotides by the helical hairpin duringDNA unwinding by different

hBLM mutants

The DNA-interaction sites (filled cycles) in the helical hairpin affect the interception pattern and hence the binding and

unwinding mode. The mutations are marked by open circles. The two RecA-like domains are denoted as D1 and D2. The

dyes were labeled on the DNA.
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found that two of the mutations are peculiar. The hBLM-E1008A mutant was unstable in solution, and the

unwinding activity of hBLM-R1000A was significantly reduced, which may be phenomenologically corre-

lated to the pathogenic mutations at R1000 and E1008. On the other hand, the mutations at R1003 and

K1009 resulted in higher unwinding activity. However, the enhanced unwinding activity might also have

some negative effects because it was pointed out that a too high unwinding activity may inhibit the hetero-

duplex rejection during early stages of the homologous recombination (Yodh et al., 2009).

In summary, we observed that the nascent nucleotides in the DNA-hBLM complex are dynamically inter-

cepted by the helical hairpin of the helicase. Single-site mutations in the helical hairpin have important im-

pacts on the conformations of the nascent ssDNA. The mutations also result in abnormal changes of the

unwinding features of the helicase. Similar binding conformations were also observed in the binding assays

of two RecQ family helicases, i.e., WRN and RecQ. Because the helical hairpin is the most understudied

subdomain in the RecQ family of helicases and because recent clinical tests archived in ClinVar (Landrum

et al., 2018) indicated that somemutations in the helical hairpin of hBLMmay explain the phenotype of can-

cer-predisposing syndrome or Bloom’s syndrome, our results should inspire more interests in the RQC he-

lical hairpins.

Limitations of the study

This study observed the dynamic conformations of DNA induced by the helical hairpin in the human

Bloom’s syndrome helicase. The impact of mutations of the helical hairpin on DNA binding and unwinding

demonstrated its key roles in functional regulations. We noticed that, although the mutations of R1003A

and K1009A only quantitatively changed the unwinding features, the pathogenic mutation of R1000A

changed the unwinding features qualitatively. Further studies are necessary to see if the mutations affect

the in vivo functions of the BLM helicases. In addition, the roles of the helical hairpin may not be similar for

other RecQ helicases.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Ying Lu (yinglu@iphy.ac.cn).

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E. Coli BL21(DE3) Chemically Competent Cells (Xu et al., 2003) CMC0014-20X40UL

Chemicals, peptides, and recombinant proteins

Glucose Oxidase from Aspergillus niger Sigma-Aldrich Cat#BCCB3207

Catalase from bovine liver Sigma-Aldrich Cat#SLBW1912

Trolox Sigma-Aldrich Cat#BCBW5446

M-PEG-SVA Laysan Bio, Inc. Cat#154-82

Biotin-PEG-SVA Laysan Bio, Inc. Cat#155-23

Critical commercial assays

Deposited data

Raw data This paper Mendeley Data: https://doi.org/10.17632/p7tbm4xgsz.1

Oligonucleotides

Up: Cy5-AAACTCACCA TGAAGCGTTT CACTAATGGG

CGTGGCTTCT GGTGCATGCT GAAACTCTAC

Sangon Biotech Co., Ltd N/A

Down 1: GACCTGTACA TGTCCGTCAG CA(T-Cy3)CCTTTTT

TTTTTTTTTT TTTTTTTTTT TTTTTGTAGA GTTTCAGCAT

GCACCAGAAG CCACGCCCAT TAGTGAAACG

CTTCATGGTG AGTTTGGATG CTGACGGACA

TGTACAGGTC-biotin

Sangon Biotech Co., Ltd N/A

Down 2: GACCTGTACA TGTCCGTCAG CATCCTTTTT

(T-Cy3)TTTTTTTTT TTTTTTTTTT TTTTTGTAGA

GTTTCAGCAT GCACCAGAAG CCACGCCCAT

TAGTGAAACG CTTCATGGTG AGTTTGGATG

CTGACGGACA TGTACAGGTC-biotin

Sangon Biotech Co., Ltd N/A

Down 3: GACCTGTACA TGTCCGTCAG CATCCTTTTT

TTTT(T-Cy3)TTTTT TTTTTTTTTT TTTTTGTAGA

GTTTCAGCAT GCACCAGAAG CCACGCCCAT

TAGTGAAACG CTTCATGGTG AGTTTGGATG

CTGACGGACA TGTACAGGTC-biotin

Sangon Biotech Co., Ltd N/A

Down 4: GACCTGTACA TGTCCGTCAG CATCCTTTTT

TTTTTTTT(T-Cy3)T TTTTTTTTTT TTTTTGTAGA

GTTTCAGCAT GCACCAGAAG CCACGCCCAT

TAGTGAAACG CTTCATGGTG AGTTTGGATG

CTGACGGACA TGTACAGGTC-biotin

Sangon Biotech Co., Ltd N/A

Recombinant DNA

pET 15b expression plasmid (Xu et al., 2003) N/A

Software and algorithms

Step-finding algorithm (Kerssemakers et al., 2006) N/A
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Materials availability

This study did not generate new reagents. Plasmids generated in this study are available from the Lead

Contact upon request.

Data and code availability

All data needed to evaluate the conclusions in the paper are present in the paper and/or Supplemental

information. Raw data were deposited on Mendeley. DOI is listed in the key resources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

E. coli strains for in vitro studies

The E. coli strain BL21 (DE3) or E. coli ER2566 cell (NEB) was used to express the helicase proteins. These

E. coli cells were incubated at 37�C in LB medium for about 4 hours, and then the protein expression was

induced by IPTG at 18�C for 16 hours.

METHOD DETAILS

Protein expression and purification

The human BLM (642-1290) (called hBLM-wt for simplicity), and its point mutations of R1000A, R1003A,

E1008A, K1009A were expressed and purified as previously described (Guo et al., 2005; Karow et al.,

1997). Briefly, they were cloned into the pET15b-SUMO vector and then expressed in E. coli strain BL21

(DE3). Starter cultures were grown at 37�C and induced with 0.3 mM IPTG at 18 �C for 16 hours. After their

SUMO tags were cleaved with Sumo protease, they were purified by fast protein liquid chromatography

(FPLC) with sequential chromatography on Ni-NTA (GE Healthcare, Chicago, IL, USA) and cation-exchange

chromatography (HiTrap SP, GE Healthcare). The Escherichia coli RecQ helicase was expressed from

pET15b-SUMO expression plasmid in Escherichia coli strain BL21 (DE3). After the SUMO tags were cleaved

with Sumo protease, then was purified through Ni-NTA column (Teng et al., 2020). The Gallus gallus WRN

(512-1213) helicase was expressed and purified as previously described (Wu et al., 2017). In brief, it was ex-

pressed in E. coli ER2566 cell (NEB) and induced with 0.3 mM IPTG at 18�C overnight. After centrifugation,

WRN was purified by FPLC with sequential chromatography on Ni-NTA and Heparin (GE Healthcare). The

proteins were stored at �80�C in the storage buffer.

DNA constructs and annealing procedures

All oligonucleotides required to prepare the DNA substrates were purchased from Sangon Biotech Co.,

Ltd (Shanghai, China), which have been purified by ULTRAPAGE. The sequences of each DNA template

are described in Table S1. DNA was annealed by incubating the mixture at 95�C for 5 min and then cooling

it to room temperature for approximately 7 h. The annealing was carried out with a buffer containing 50mM

NaCl and 25 mM Tris-HCl (pH 7.5 at 25�C) (Lin et al., 2017).

Single-molecule FRET assay

The smFRET study was carried out in a home-built objective-type total internal reflection fluorescence

microscopy (Myong et al., 2005). Cy3 was excited by a 532 nm sapphire laser (Coherent Inc., USA). An oil

immersion objective (1003, N.A. 1.49) was used to generate an evanescent field of illumination. The fluo-

rescence signals from Cy3 and Cy5 were split by a dichroic mirror and collected by an electron-multiplying

charge-coupled-device camera (iXON, Andor Technology, SouthWindsor, CT, USA). The coverslips (Fisher

Scientific, USA) and slides were cleaned thoroughly by rinsing with acetone, methanol, a mixture of sulfuric

acid and hydrogen peroxide (7:3, v/v), and sodium ethoxide. The surfaces of coverslip were coated with a

mixture of 99% mPEG (methoxy-PEG-5,000, Laysan Bio, Inc.) and 1% biotin-PEG (biotin-PEG-5,000, Laysan

Bio, Inc.). Streptavidin was added to the microfluidic chamber and incubated for 5 min. The chamber was

made of the PEG-coated coverslip. After washing with buffer, �100 pM DNA was added to the chamber

and immobilized for 5 min. Free DNAmolecules were removed by washing the chamber. Then the proteins

were injected in the chamber, ATP may also add in the unwinding assays. The time resolutions were
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50–250ms. All the experiments were carried out at 25�C. At conditions without helicase, a buffer containing
20 mM Tris-HCl (pH 8.0 at 25�C) and 50 mM NaCl was used. The helicase binding and unwinding buffer

contained 50 mM Tris-HCl (pH 8.0 at 25�C), 50 mM NaCl, 5 mM MgCl2, and 5 mM dithiothreitol. In sin-

gle-molecule FRET measurements, an oxygen-scavenging system containing 0.8% (w/w) D-glucose,

1 mg/mL glucose oxidase (266.6 units/mg, Sigma), 0.4 mg/mL catalase (2,000–5,000 units/mg, Sigma),

and 1 mM Trolox was added to the helicase binding and unwinding buffer. Final concentrations were

used in all cases.

QUANTIFICATION AND STATISTICAL ANALYSIS

After the local background, cross-talk, quantum yield and detection efficiency were corrected, the FRET

efficiency was calculated (Roy et al., 2008). We used an unbiased step-finding algorithm developed by Ker-

ssemakers and co-workers (Kerssemakers et al., 2006) to analysis the steps. Briefly, we fitted a single large

step to the data, finding the size and location based on a calculation of a chi-square. We then searched for

new steps by fitting them to the plateaus from the previous cycles, each time selecting the most prominent

one. This eventually led to a series of ‘‘best’’ fits that differed only by a single-step. We then compared each

best fit in the series to a ‘‘counter’’ fit that had an equal number of steps as the original one but with step

locations displaced randomly. A ‘‘step-indicator’’ S defined as the ratio between the chi-square of the

counter fit and the chi-square of the best fit was then used to evaluate the quality of the step fits. Swas large

when the number of steps in the best fit was close to the real number of steps. After fitting the original FRET

data, the FRET of the pauses was determined. All the statistical details of experiments can be found in the

figure legends.
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