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SUMMARY
There is broad consensus that RecQ family helicase is a high-order oligomer that dissociates into a dimer
upon ATP binding. This conclusion is based mainly on studies of highly purified recombinant proteins, and
the oligomeric states of RecQ helicases in living cells remain unknown. We show here that, in contrast to cur-
rent models, monomeric RECQL helicase is more abundant than oligomer/dimer forms in living cells. Further
characterization of endogenous BtRECQL and isolated monomeric BtRECQL using various approaches
demonstrates that both endogenous and recombinant monomeric BtRECQL effectively function as mono-
mers, displaying higher helicase and ATPase activities than dimers and oligomers. Furthermore, monomeric
BtRECQL unfolds intramolecular G-quadruplex DNA as efficiently as human RECQL and BLM helicases.
These discoveries have implications for understanding endogenous RECQL oligomeric structures and their
regulation. It is worth revisiting oligomeric states of the other members of the RecQ family helicases in living
cells.
INTRODUCTION

RecQ helicases are a ubiquitous family of DNA unwinding en-

zymes that play a crucial role in genome integrity and stability.

During the past decades, characterization of RecQ family heli-

cases—primarily based on purified recombinant proteins—has

demonstrated that RecQ helicases adopt different quaternary

forms, including higher-order oligomers (likely pentamers or hex-

amers) and dimers (Garcia et al., 2004; Kaiser et al., 2017; Man-

thei et al., 2015; Newman et al., 2015). Furthermore, members of

this helicase family not only unwind duplex DNA, but also effi-

ciently process non-canonical DNA structures, such as forked

DNA, G-quadruplexes (G4), D-loops, and Holliday junction (HJ)

structures (Bachrati and Hickson, 2008; Bohr, 2008; Vindigni

et al., 2010).

RECQL has a unique cellular role in cell-cycle progression

and/or DNA repair. In accordance with the observation that

germline RECQL mutations are associated with increased sus-

ceptibility to breast cancer (Cybulski et al., 2015), its depletion
Ce
This is an open access article under the CC BY-N
in cells results in increased frequency of spontaneous sister

chromatid exchanges, chromosomal instability, and DNA dam-

age accumulation as well as increased sensitivity to cytotoxic

chemotherapy (Li et al., 2014; Sharma, 2014). In addition to its

DNA 30–50 helicase activity, RECQL can promote branch migra-

tion of HJs and duplex DNA unwinding (Popuri et al., 2008). ATP

binding/hydrolysis results in the dissociation of the recombinant

higher-order oligomeric/tetrameric RECQL into its dimer form

(but not its monomer form) (Muzzolini et al., 2007; Sharma

et al., 2005). The different activities of RECQLmay be associated

with distinct oligomeric forms of the protein (Muzzolini et al.,

2007). Although dimers are responsible for duplex DNA unwind-

ing activity, it has been proposed that the higher-order oligomers

(hexamers or pentamers) are necessary to resolve HJ structure

and catalyze strand annealing (Pike et al., 2015). RecQ family

helicases may perform their activities during cellular DNA trans-

actions in various oligomeric states. Given that the homeostatic

level of intracellular ATP usually ranges from 0.5 to 5 mM

(Dragon et al., 1998; Gribble et al., 2000; Kawashima, 1991;
ll Reports 36, 109688, September 7, 2021 ª 2021 The Author(s). 1
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Figure 1. Monomeric RECQL is predominant in the living cell

(A) Run-through fractions of recombinant proteins (black line; H/T, D, andM represent theBtRECQL,BtRECQLDim, andBtRECQLMon, respectively) andwhole-cell

extracts (green line).

(B) The whole-cell extracts were purified using gel filtration, and all fractions were collected and recognized by RECQL antibodies and identified on western blots

(bars, below); signal normalization of western blots is shown as a histogram (ImageJ software).

(C) Overview of quaternary states and activity assays explored in this study.

(D) ATPase activity of the endogenous BtRECQL (pink line) and different oligomeric states of recombinant BtRECQL (gray lines). Data are represented as mean ±

SD. The kcat andKm of endogenousBtRECQLwere 101.9min�1 and 146.3 mM, respectively. Those of the different oligomeric states of recombinantBtRECQL are

summarized in Table 1.

(E) Structural alignment between BtRECQLMon, 63-592 (colored) and human RECQL63-592 (PDB entry: 2wwy, gray). See also Figures S2C and S2D.

(F) ADP binding sites in BtRECQLMon, 63-592 and human RECQL63-592 (PDB entry: 2v1x).
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Larcombe-McDouall et al., 1999), the distributions of oligomeric

states of RECQL in cell remain completely unknown.

In this study, we characterized endogenous RECQL from

bovine (Bos taurus) appendix tissue, which bears 90.5% identity

with the human RECQL amino acid sequence, and demon-

strated that the endogenous BtRECQL protein exists as both di-

mers and monomers and that the latter are more abundant than

the former in cells. These observations raise the question of

whether the previously revealed characteristics of RECQL using

recombinantly purified forms of the protein really reflect the

intrinsic properties of the RecQ family helicases in living cells.

RESULTS

Endogenous BtRECQL (BtRECQLEndo) proteins exist in
cells as dimers and monomers, the latter being more
abundant than the former
To determine which oligomeric state of RECQL predominates in

cells at physiological intracellular concentrations of ATP, a size-

exclusionchromatography (SEC)columnwasusedtocharacterize

the elution profile of the endogenousBtRECQLbecause the native

RECQL protein cannot migrate in the native gel. The endogenous

BtRECQL proteins were prepared from the fresh cell

extracts of bovine appendix tissue, and the western blot assay

confirmed the presence of the endogenous BtRECQL
2 Cell Reports 36, 109688, September 7, 2021
(BtRECQLEndo) with the expected estimated molecular weight

(z70 kDa) (Figures S1A and S1B). Meanwhile, three recombinant

proteins stabilized in the tetramer, dimer, and monomer states

wereusedascontrol (seebelow for theconstructionof thedifferent

oligomeric recombinantBtRECQL). Protein elution was first moni-

tored at a UV absorbance at 280 nm and then analyzed in parallel

usingwestern blotting (Figures 1Aand1B). The three elution peaks

of the recombinant proteins at 79.0/80.6, 85.4, and 90.3mL corre-

spond to the expected oligomer/tetramer, dimer, and monomer,

respectively (Figure 1A, black lines), but the elution profile of the

whole-cell extract enriched in endogenousBtRECQL is character-

ized by two elution peaks at 87.5 and 95.0 mL (Figure 1A, green

line). Theparallelwesternblot assaydemonstrated that theendog-

enous protein elution produced two peaks, 85.7 and 89.3mL, cor-

responding to the dimer and the monomer, respectively (Fig-

ure 1B). Taken together, these results show that in sharp

contrast to previous studies with recombinant hRECQL proteins

(Muzzolini et al., 2007), the expected higher-order oligomers are

completely absent, and the dimeric and the monomeric RECQL

proteins predominate in the living cell.

The purified BtRECQLEndo displayed comparable ATPase ac-

tivities (Figure 1D), and efficiently unwound duplex DNA (Fig-

ure 2A), HJs (upper panel in Figure 3E), and intramolecular G4

substrates (pink line in Figures 4B and 4D–4G) in an ATP-depen-

dent manner. These results, presented in the next section in



Figure 2. Duplex DNA unwinding for the endogenous BtRECQL and three different oligomeric states of recombinant BtRECQL

(A) Unwinding activity of different amounts of endogenous BtRECQL (1, 2, and 3 mM) on 16-bp duplexes with 10-nt 30 and 50 tails (fD16S10) analyzed using

electrophoretic mobility shift assays (EMSAs).

(B) Unwinding activity of 60-nMactive species of three helicases on 16-bp duplex substrateswith a 30 10-nt tail (D16S10, left panel) and 16-bp duplexes with 10-nt

30 and 50 tails (fD16S10, right panel) under multiple-turnover conditions. Tetrameric BtRECQL is shown in gray; dimeric BtRECQLDim in blue, and monomeric

BtRECQLMon in red. The solid lines are the best fits of the data to Equation 1 in STAR Methods.

(C) Kinetic time courses of single-turnover DNA unwinding of 10-nt tail ss/dsDNA of different duplex lengths. The solid lines are the best fits of the data to Equation

2 in STAR Methods. with n = 5, 6, and 7 for the 12-, 14-, and 16-bp data curves, respectively.

(D) The number of steps as a function of duplex length. The line is a linear fit with a slope of 0.5 bp�1, corresponding to a step size of 2 bp.

(E) The kinetic time courses at different concentrations of BtRECQLMon under steady-state conditions. The solid lines are double-exponential fits of the data.

(F) Initial unwinding rate (Rate) as a function of BtRECQLMon concentrations. The red line represents the linear fitting of the data points.

Data in (D) and (F) are represented as mean ± SD.
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detail, illustrate that BtRECQLEndo is, indeed, biochemically

active.

Rationale for preparation of the isolatedmonomeric and
dimeric BtRECQL
Given the above results, and to conveniently characterize the

monomeric BtRECQL, a recombinant monomeric BtRECQL pro-

tein was prepared. Previous studies have shown that overex-

pressed recombinant hRECQL is prone to forming stable oligo-

mers, making it difficult to obtain high quantities of high-quality

monomeric protein for enzymatic characterization. According to

the crystal structure of hRECQL, three residues (E205, R243, and

Q244) involved only in the dimeric interfacewere replacedwith the

equivalent residues bearing the same charge or similar hydropho-

bic groups (E205D,R243K, andQ244N). The resulting three-point-

mutated protein (BtRECQLE205D/R243K/Q244N) is—as expected—a

monomer (Table S2; Figures S1G and S2A) and was named

BtRECQLMon. Similar to previous studies, a dimeric form

(BtRECQLDim) was constructed by truncating the first 48 residues

at N-terminal regions and the last 33 amino acid residues at C-ter-

minal regions of the full-lengthBtRECQL. The following described

experiments were performed with the monomeric BtRECQLMon,

dimeric BtRECQLDim and the higher-order oligomeric BtRECQL

(Figure 1C), in addition to BtRECQLEndo included as control.
RecombinantmonomericBtRECQLMon is fully active and
well folded
We first confirmed that the higher-order BtRECQL oligomers

dissociated into dimers upon addition of ATP, but both

BtRECQLDim and BtRECQLMon remained as stable dimers and

monomers, based on their molecular weights and the radius of

gyration (Muzzolini et al., 2007; Sharma et al., 2005) (Table S2;

Figures S1C–S1H).

A fluorescence anisotropy assay was used to assess the equi-

librium DNA-binding properties of the monomeric BtRECQLMon

compared with the tetrameric and dimeric forms of BtRECQL

(sequences shown in Table S1). The binding affinities of the three

oligomeric states ofBtRECQL characterized on the D20S12 sub-

strate differed by less than 1-fold in Kd, app (Table 1; Figure S1I),

indicating that the different forms of BtRECQL bind the D20S12

substrate with comparable affinities. Interestingly, the tetrameric

protein bound to the HJ substrate with an apparent dissociation

constant (Kd, app) of 139.7 ± 1.7 nM, which is higher than those of

the BtRECQL dimer (45.8 ± 0.5 nM) and monomer (35.8 ±

0.4 nM) (Table 1; Figure S1J).

TheATPase reaction catalyzedby the different oligomeric forms

of BtRECQL in the presence of forked DNA with a 14-bp

duplex DNA flanked by 18 bases of 30 and 50 single-strand DNA

(ssDNA) extensions (fD14S18) was determined by a colorimetric
Cell Reports 36, 109688, September 7, 2021 3



Figure 3. Different substrates are catalyzed by endogenous BtRECQL or different oligomeric states of recombinant BtRECQL

(A and B) Helicase-catalyzed DNA unwinding as a function of the length of the 30 ssDNA tail. Plots of the initial unwinding rate of BtRECQL (black, A),BtRECQLDim

(red, A), and BtRECQLMon (blue, B) with different 30 tail lengths. Kinetic time courses are shown in Figures S1K–S1M, and the initial unwinding rate (Rate) and

unwinding amplitude (Am) are summarized in Table S3.

(C) Observed unwinding rate constant of BtRECQLMon with ATP concentration. The line corresponds to a best fit of the data to the Hill equation, kobs =

kmax ½ATP�h=ðKh
M + ½ATP�hÞ, where h is the Hill coefficient. Inset: typical kinetic time courses of single-turnover unwinding kinetics of BtRECQLMon at different ATP

concentrations. The solid lines are best fits of the data to Equation 2 in STAR Methods. with n = 7.

(D) Initial unwinding rate of BtRECQL versus ATP concentration. Inset: typical kinetic time courses of BtRECQL unwinding at different ATP concentrations.

(E and F) HJ-resolving activity of endogenousBtRECQL (upper panel) or different oligomeric states of recombinantBtRECQL (lower panel) analyzed using EMSAs

(E) and stopped-flow assays (F).
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ATPase/GTPase activity assay kit. Both BtRECQLEndo and

BtRECQLMon displayed higher ATPase activities than did dimeric

BtRECQLDim and higher oligomericBtRECQL (Figure 1D; Table 1).

The crystal structure of BtRECQLMon, 63-592-ADP was crystal-

lized and diffracted at 2.3 Å and harbors the canonical RecA-like

domain, a zinc-binding motif, and a winged-helix (WH) domain

bearing a prominent b-hairpin structure, which are highly similar

to the previously solved monomeric and dimeric hRECQL struc-

tures (Pike et al., 2009, 2015) (Figures 1E, S2C, and S2D). Struc-

tural alignment demonstrated that the folding of the monomeric

BtRECQLMon, 63-592 closely resembled that of apo hRECQL

(root-mean-square deviation [RMSD] of 2.0 Å over 63–592 resi-

dues) (Pike et al., 2009) and that of a dimeric complex with DNA

(RMSD of 2.9 Å over 64–593 residues) (Pike et al., 2015).

Although—similarly to the hRECQL-ADP complex structure—

ADP formed extensive contacts with domain D1 and fewer with

domain D2, the D2 domainmoved closer to D1 by 3 Å with a rota-

tion of 13.7 degrees relative to hRECQL structures (Figures 1E and

1F). The resulting, more compact monomeric structure may facil-

itate ATP hydrolysis, as reported above.

Monomers aremore active than dimers and tetramers in
duplex DNA unwinding
Having confirmed that BtRECQLEndo exhibits similar unwinding

activity to the recombinant BtRECQLMon (Figure 2A), multiple-

turnover unwinding kinetics experiments were carried out to

compare the DNA helicase activity of BtRECQLMon with its

dimeric and tetrameric forms. DNA unwinding was first moni-
4 Cell Reports 36, 109688, September 7, 2021
tored by using fluorescently labeled 16-bp duplex DNA sub-

strates possessing a 10 nt tail at its 30 end (D16S10), with donor

(carboxyfluorescein, FAM) and acceptor (hexachlorofluorescein,

HF) fluorophores covalently attached to each strand at the blunt

end of the duplex (insert in left panel of Figure 2B; sequence is

shown in Table S1). The experimental curves are fit with a dou-

ble-exponential equation, and the unwinding amplitude (Am)

and unwinding rate (Rate) were derived from the fitted equation.

Results showed that both Am and Rate of the monomeric

BtRECQLMon were higher than those of the oligomer/tetramer

BtRECQL and dimeric BtRECQLDim (left panel in Figure 2B; Ta-

ble S3). The experiments performed on forked duplex DNA

(fD16S10) showed that the monomeric BtRECQLMon unwound

the forked duplex DNA more efficiently than did the dimeric

and the tetrameric BtRECQL helicases (right panel in Figure 2B;

Table 1). These results demonstrate that the monomeric

BtRECQLMon was significantly more active than dimers and tet-

ramers on double-strand DNA (dsDNA) unwinding.

Kinetic step size and steady-state unwinding kinetics of
BtRECQLMon

Tocharacterize the kinetic step size of theBtRECQLMon helicases,

single-turnover unwinding experiments were performed with par-

tial duplex DNA substrates bearing 10-nt tails at the 30 overhang
andduplex length ranging from12 to20bp.Asshown inFigure2C,

the unwinding kinetics curves recorded with the substrates

bearing 18- and 20-bp duplexes are nearly flat, indicating that in

accordance with the previous studies, the processivity of



Figure 4. BtRECQL can catalyze G4 unfolding

(A) Schematic diagram of G4 design.

(B) Typical kinetic time courses of G4 unfolding catalyzed by endogenous and different oligomeric states of recombinant BtRECQL in the absence or presence of

ATP. The solid lines are the best fits of the data to Equation 1 in STAR Methods. See also Table S3.

(C) Initial unwinding rate (Rate, red column) and amplitude (Am, blue column) of tetrameric BtRECQL, dimeric BtRECQLDim, and monomeric BtRECQLMon un-

folding of G4. A control is hBLM helicase unfolding of TelG4-16T under the same conditions. Data are represented as mean ± SD.

(D) Distribution of the FRET signal of G4 DNA catalyzed by endogenous BtRECQL using single-molecular FRET assays. Inset shows the schematic diagram of

substrate with telomeric G4.

(E–G) Typical FRET trajectories of G4 unwinding catalyzed by 300-nM endogenous BtRECQL.
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BtRECQL is low. By fitting the data curves individually to Equation

2 in STARMethods, we obtained the number of steps, n, for each

duplex length L (Figure 2D). n increased linearly with duplex length

according to the formula n = (L � 2) / 2 (Figure 2D). Therefore, the

kinetic step sizeofBtRECQLMonwas 2bp, and the number of base

pairs at the end of the duplex that melt spontaneously upon the

approach of the helicase is also 2 bp. The corresponding average

value of kobs was 7.9 steps/s, and the unwinding rate was

about16bp/s,which is lower than thatof theotherRecQfamilyhel-

icasessuchasBloom (BLM) (�26bp/s) (Xuet al., 2012; Yanget al.,

2010) and E. coli RecQ (�50 bp/s) (Zhang et al., 2008).

We then used steady-state kinetics assays to probe the oligo-

meric state of BtRECQLMon in catalysis. In the steady-state un-

winding reaction, if the initial unwinding rate is linear and propor-

tional to the helicase concentration, the protein is likely a

monomer or a single and stable oligomer; otherwise, it displays

non-linear dependence (sigmoidal) if oligomerization is required

for unwinding. BtRECQLMon-mediated duplex DNA unwinding

under steady-state experimental conditions was performed

with 40 nM D16S10 substrate and protein concentrations
increasing from 5 to 30 nM. After incubation of BtRECQLMon

with DNA in buffer A for 5 min at 37�C, the reaction was initiated

by rapidly mixing with 1 mM ATP. Unwinding kinetics curves are

given in Figure 2E, and the initial unwinding rates at each enzyme

concentration were determined from the unwinding curves (Fig-

ure 2F). The initial unwinding rate (Rate) clearly showed linear

dependence on the BtRECQLMon concentration, indicating that

the active BtRECQLMon is monomeric or a single and stable olig-

omer during DNA catalysis.

BtRECQLMon unwinding efficiency is independent of
ssDNA tail length
The above results clearly show that BtRECQLMon possesses

higher efficiency than the tetramer and dimer in duplex DNA un-

winding and may function as a monomer. To further confirm that

BtRECQLMon functions as a monomer, and not as a stable olig-

omer during DNA unwinding, we monitored the kinetics of DNA

unwinding of 16 bp dsDNA with 30 ssDNA tail lengths ranging

from 5 to 50 nt. If BtRECQLMon always functions as a monomer,

it should be capable of unwinding all the different substrates at
Cell Reports 36, 109688, September 7, 2021 5



Table 1. Parameters of binding, ATPase, and helicase activities determined with the three forms of BtRECQL (BtRECQL, tetramer;

BtRECQLDim, dimer; BtRECQLMon, monomer)

Protein

Binding, Kd, app (nM)a ATPaseb Unwinding

D20S12 HJ kcat (min�1) KM (mM) Am Rate (s�1)

BtRECQL 17.7 ± 0.4 139.7 ± 1.7 31.2 ± 0.4 49.5 ± 1.4 0.27 ± 0.05 0.01 ± 0.01

BtRECQLDim 18.3 ± 0.7 45.8 ± 0.5 111.9 ± 2.4 156.2 ± 2.7 0.60 ± 0.03 0.08 ± 0.01

BtRECQLMon 12.9 ± 0.3 35.8 ± 0.4 148.3 ± 2.0 97.5 ± 0.3 0.91 ± 0.14 0.60 ± 0.09

The sequences of all above substrates are shown in Table S1. See also Figures S1I and S1J and Table S3.
aThe DNA binding assays were performed with the duplex DNA substrate (D20S12) and the Holliday junction substrate (HJ).
bThe ATPase assays were performed with a forked DNA substrate named fD16S10 or fD14S18.

Report
ll

OPEN ACCESS
similar unwinding rates, regardless of tail length. Otherwise, if

functional interactions are involved in DNA unwinding, the un-

winding rate would depend on substrate tail length (Yang et al.,

2010). The recorded kinetic curves of three oligomeric forms of

BtRECQL with different ssDNA lengths are shown in Figures

S1K–S1M. The unwinding rates deduced from the double-expo-

nential fitting of the kinetic courses plotted as a function of

ssDNA tail length are shown in Figures 3A and 3B. The unwinding

rate of BtRECQLMon was systematically higher (�0.42 s�1) than

those of BtRECQL and BtRECQLDim (0.075�0.15 s�1); further-

more, the unwinding rate of BtRECQLMon was independent of

substrate tail length, indicating that BtRECQLMon does function

as a monomer during duplex DNA unwinding.

Single-turnover kinetics of DNA unwinding at varying
ATP concentration further confirm the monomeric
nature of BtRECQLMon

ATP concentration dependence of the unwinding rate constant

may provide additional information on the oligomeric state of a

helicase. If the helicase functions as amonomer, theATPconcen-

tration dependence of the unwinding rate canbedescribedby the

Hill equationwith aHill coefficient of 1; otherwise, thecorrespond-

ing Hill coefficient should be different from 1 (Xu et al., 2012). The

fluorescence stopped-flow assays were performed by mixing

60 nM BtRECQLMon with the partial duplex DNA substrate

(D16S10) and increasing ATP concentrations, ranging from

0.002 to 0.5 mM. The typical unwinding time courses are given

in the insert figure of Figure 3C. We determined the ATP concen-

tration dependence of the observed rate constant for each un-

windingstep (kobs) (Figure3C). TheATPconcentration-dependent

curvewaswell describedby theHill equationwith aHill coefficient

equal to 1. The Hill coefficient provides an estimate of the mini-

mum number of interacting ATP-binding sites involved in the un-

winding reaction. This value is consistent with the BtRECQLMon

helicase utilizing only one interacting ATP-binding site during

DNAunwinding. Asa control, the initial unwinding ratedetermined

with oligomericBtRECQL as a function of ATP concentration was

best fit by the Hill equation, with a Hill coefficient of 2 (Figure 3D).

Taken together, thesedata further demonstrate thatBtRECQLMon

is a monomer during catalyzing DNA substrates.

Both dimers andmonomers resolve HJsmore efficiently
than tetramers
To test whether BtRECQLEndo and BtRECQLMon possess HJ-

resolving activity, a 40-bp synthetic HJ substrate was prepared
6 Cell Reports 36, 109688, September 7, 2021
following the previously described procedure and was first qual-

itatively analyzed using an electrophoretic mobility shift assay

(EMSA). In sharp contrast with the previous observations that

the hRECQL dimer is devoid of branch migration activity (Pike

et al., 2009), we found that the dimeric BtRECQLDim disrupted

the HJ substrate into ssDNA products more efficiently than did

the tetrameric BtRECQL (lower panel in Figure 3E), and both

BtRECQLEndo and BtRECQLMon displayed significant HJ-

resolving activity. The above observations are consistent with

a previous study in which a purified endogenous dimeric

hRECQL efficiently resolved HJ (LeRoy et al., 2005). To further

confirm these unexpected and surprising results, the unwinding

kinetics of HJ substrates were determined using fluorescence

stopped-flow experiments under the same experimental condi-

tions to determine the quantitative differences in unwinding

amplitude and unwinding rate among the three assembly states.

In accordance with the EMSA results, both the dimer and the

monomer displayed higher unwinding amplitude (0.58 and 0.40

for the dimer and the monomer, respectively) and unwinding

rates (0.02 and 0.06 s�1 for the dimer and the monomer, respec-

tively) on HJ substrates than did the tetramer BtRECQL (Am =

0.30 and Rate = 0.01 s�1) (Figure 3F; Table S3). More interest-

ingly, the unwinding rate determined from the monomer was

the highest (0.06 s�1). These findings are different from the pre-

vious observations with full-length hRECQL (Pike et al., 2009) but

consistent with the HJ-resolving activity determined with a

dimeric hRECQL purified from HeLa cell line (LeRoy et al., 2005).

Monomeric BtRECQL unwinds intramolecular G-
quadruplexes comparable to hRECQL and hBLM
To determine whether the monomeric BtRECQL can unfold G4,

we constructed an intramolecular G4 substrate consisting of hu-

man telomeric sequences and bearing a 16T ssDNA overhang at

the 30 end (TelG4-16T). Two fluorescent groups, Cy3 and 6-

ATTO 647N, were labeled at the 50 end and at the 19th adenine

base of internal loop 2, respectively (Liu et al., 2020). Thus, the

G4 folding-unfolding processes are concomitantly reflected by

an increase and a decrease in the donor and acceptor emis-

sions, respectively (Figure 4A). The G4 unfolding experiments

were performed with the endogenous BtRECQLEndo, hRECQL,

and hBLM in addition to the three oligomeric forms of the recom-

binant BtRECQL as control. As shown in Figure 4B, in the

absence of ATP, G4 unfolding was almost undetectable. Upon

addition of 1 mM ATP, while both BtRECQLMon and hBLM (the

truncated BLM642–1290) (Karow et al., 1997) display identical G4
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unfolding activities in the levels of unfolding amplitude and un-

folding rate, the other four proteins—the endogenous BtRECQ-

LEndo, hRECQL, BtRECQLDim, and BtRECQL—exhibit very

similar intramolecular G4 unfolding activities, but these are lower

than the isolated recombinant BtRECQLMon in the levels of un-

folding amplitude and unfolding rate (Figure 4C).

To confirm the above results and gain mechanistic insight into

the endogenous and recombinant monomeric BtRECQLMon-

mediated G4 unfolding, we used single-molecule fluorescence

resonance energy transfer (smFRET) technology to characterize

the unfolding processes inmore detail. As illustrated in Figure 4D

(sequences shown in Table S1), the fluorophores are spaced

such that the FRET signal exclusively reports the unfolding of

G4, but not protein binding either to G4 or to the 30 end ssDNA

tail. In the absence of ATP and protein, histograms of FRET effi-

ciencies for G4 DNA alone showed high FRET values (�0.95–1)

due to the proximity of the dyes (black peak in Figure 4D).

The endogenous BtRECQLEndo-mediated G4 unfolding assay

was performed in parallel with the recombinant BtRECQLMon

(Figures 4D–4G and S3A–S3D). Upon the addition of proteins

without ATP, histograms of FRET efficiencies for G4 DNA still

showed high FRET values. In the presence of the endogenous

and the recombinant BtRECQL and 1 mM ATP, the G4 DNA

was unfolded, as characterized by a decrease in the population

of high FRET species and a corresponding increase in mid-FRET

(�0.76, green peak) and low-FRET species (�0.54, pink peak),

which can be attributed as the partially and completely unfolded

G4 DNA, respectively (Figures 4D and S3). Of note, the high-

FRET peak does not completely disappear even over 2 min,

possibly due to either incomplete unfolding or refolding of

unfolded G4. Inspection of the individual smFRET trajectories re-

vealed three types of G4 unwinding kinetics (Figures 4E–4G and

S3B–S3D): type I, FRET values rapidly decreased to �0.54 in a

single step, corresponding to complete unfolding of the G4,

which accounted for 15% (Figure 4E) of the G4 substrates; and

types II and III, FRET oscillated between 1 and 0.54 that lasted

for more than 1 min, corresponding to repetitive unfolding and

refolding, and then reached 0.45, corresponding to complete un-

folding of the G4 (type II, 25%; Figure 4F) or leaped back to 0.95,

corresponding to the refolded G4 (type III, 60%; Figure 4G). In

conclusion, in sharp contrast to the previous studies performed

with intermolecular G4, BtRECQL helicase efficiently unfolds in-

tramolecular G4, and the monomer displays higher activity than

do the tetrameric and dimeric proteins.

DISCUSSION

In sharp contrast to the previous observations with purified re-

combinant proteins, we observed no high-order oligomeric

RECQL proteins in living cells, and monomers were more abun-

dant than dimers. Why is the monomer absent in recombinant

proteins and predominant in living cells? There are at least three

possible scenarios. First, accessory factors may modulate olig-

omeric structure and activity. It has been reported that hRECQL

is modulated by the physical and functional interactions among

several proteins involved in various biological pathways (Deb-

nath and Sharma, 2020). Other factors may also be involved.

Experimentally identifying which protein modulates the RECQL
oliogomeric states is needed to help elucidate the molecular

mechanism by which the oligomeric states of RecQ family heli-

case is regulated in living cell. Second, chaperon protein factors

may transiently interact with newly synthesized RECQL and

maintain its monomeric nature. Third, post-translational modifi-

cation (PTM) such as phosphorylation or sumoylation is one of

the mechanisms by which protein conformation and function is

regulated (Ababou et al., 2000; Dutertre et al., 2000; Eladad

et al., 2005; Ouyang et al., 2009). Experimentally studying these

possibilities and elucidating themechanism bywhich the confor-

mation of the endogenous RECQL is regulated in living cells con-

stitutes a new research topic; we are currently working on this

project.

Monomeric BtRECQL not only exists in cells as a major spe-

cies, but also displays higher activity than dimers and oligomers.

Although Lucic et al. (2011) previously prepared a monomeric

hRECQL by introducing three mutation residues at the b-hairpin,

helicase activity of this monomer was significantly impaired (Fig-

ures S4A and S4B) due to the b-hairpin being required for DNA

unwinding and HJ resolution activities (Pike et al., 2009). We

therefore isolated the full active monomer by introducing three

residues involved only in dimerization without affecting the resi-

dues involved in catalysis and DNA binding. As expected, the

crystal structure of monomeric BtRECQL is globally identical to

those previously determined. Furthermore, we applied the

steady-state and ATP-dependent kinetics approach to confirm

the monomeric properties of BtRECQLMon during catalysis.

Our extensive experiments demonstrated that monomeric

BtRECQLMon displays unexpectedly higher ATP hydrolysis and

duplex DNA unwinding activities than do dimers and oligomers.

The results extend previous reports, suggesting that the mono-

meric form may play a more important role in cells than previ-

ously thought.

Finally, our studies reveal that the monomeric BtRECQL pro-

cesses non-canonical DNAmore efficiently than oligomers or di-

mers. Although a previous study suggested that only the high-or-

der oligomeric hRECQL has HJ-resolution activity, we showed

that both dimers and monomers are active on HJ structures,

and the unwinding rate of monomers (0.06 s�1) is significantly

higher than those of dimeric and tetrameric BtRECQL (0.02 s�1

and 0.01 s�1, respectively). Our finding in this work is fully

consistent with a previous study in which a purified endogenous

dimeric hRECQL efficiently catalyzes HJ resolution (LeRoy et al.,

2005). The most surprising finding is that while it is consistent

with the previous observation that hRECQL is deficient in inter-

molecular G4 unwinding (Popuri et al., 2008), both the endoge-

nous and the recombinant BtRECQL helicases efficiently unfold

intramolecular G4 DNA. More interestingly, monomeric

BtRECQLMon displays the highest intramolecular G4 unfolding

activity, and the efficiency is identical to hBLM helicase, a typical

G4-unfolding RecQ family helicase. Thus, our research has

solved the puzzle of why RECQL was exceptionally deficient in

G4 unwinding among RECQL family helicases and may bring a

new insight into the physiological significance of the observation

that hRECQL binds to the G4 motifs, revealed by chromatin

immunoprecipitation (Li et al., 2014).

What is the possible structural basis for monomeric RECQL

being more active in ATP hydrolysis, duplex, and non-canonical
Cell Reports 36, 109688, September 7, 2021 7
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DNA unwinding? Inspections and comparisons of the crystal

structures between the dimeric hRECQL and monomeric

BtRECQL provide two important clues. First, in monomeric

BtRECQL structures, the D1 and D2 domains are closer to

each other than in dimeric hRECQL. Themore compact structure

between D1 and D2 likely facilitates ATP binding and hydrolysis

and, consequently, provides more chemical energy that can be

transferred into the mechanical unwinding force. Second, the

two monomers dimerize via D1-D20 and D2-D1ʹ in a head-to-

tail manner (Figure S5). While monomeric RECQL unwinds

duplex DNA and translocates along 30–50, such dimerization

conformation will restrict the translocation of each monomeric

RECQL along its 30–50 direction and, consequently, reduce the

processivity unless the protein dimerization is disrupted during

winding. The mechanism by which the higher-oligomer RecQ

helicases are dissociated into more active monomers certainly

warrants further biochemical and structural investigations.
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Hintze, B., Hung, L.W., Jain, S., McCoy, A.J., et al. (2019). Macromolecular

structure determination using X-rays, neutrons and electrons: recent develop-

ments in Phenix. Acta Crystallogr. D Struct. Biol. 75, 861–877.

Liu, N.N., Ji, L., Guo, Q., Dai, Y.X., Wu, W.Q., Guo, H.L., Lu, K.Y., Li, X.M., and

Xi, X.G. (2020). Quantitative and real-time measurement of helicase-mediated

intra-stranded G4 unfolding in bulk fluorescence stopped-flow assays. Anal.

Bioanal. Chem. 412, 7395–7404.

Lu, K.Y., Chen, W.F., Rety, S., Liu, N.N., Wu, W.Q., Dai, Y.X., Li, D., Ma, H.Y.,

Dou, S.X., and Xi, X.G. (2018). Insights into the structural and mechanistic ba-

sis ofmultifunctional S. cerevisiae Pif1p helicase. Nucleic Acids Res. 46, 1486–

1500.

Lucic, B., Zhang, Y., King, O., Mendoza-Maldonado, R., Berti, M., Niesen,

F.H., Burgess-Brown, N.A., Pike, A.C.W., Cooper, C.D.O., Gileadi, O., and Vin-

digni, A. (2011). A prominent b-hairpin structure in the winged-helix domain of

RECQ1 is required for DNA unwinding and oligomer formation. Nucleic Acids

Res. 39, 1703–1717.

Manthei, K.A., Hill, M.C., Burke, J.E., Butcher, S.E., and Keck, J.L. (2015).

Structural mechanisms of DNA binding and unwinding in bacterial RecQ heli-

cases. Proc. Natl. Acad. Sci. USA 112, 4292–4297.

Muzzolini, L., Beuron, F., Patwardhan, A., Popuri, V., Cui, S., Niccolini, B., Rap-

pas, M., Freemont, P.S., and Vindigni, A. (2007). Different quaternary struc-

tures of human RECQ1 are associated with its dual enzymatic activity. PLoS

Biol. 5, e20.
Newman, J.A., Savitsky, P., Allerston, C.K., Bizard, A.H., Özer, Ö., Sarlós, K.,
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal to RECQ1 antibodies Abcam ab151501, RRID:AB_2892782

Rabbit monoclonal RECQL antibodies Abcam ab150421, RRID:AB_2892783

Bacterial and virus strains

Escherichia coli BL21 (DE3) cells NEW ENGLAND BioLabs Cat# C2527I

Biological samples

Bovine appendix tissue This Paper N/D

Chemicals, peptides, and recombinant proteins

Bos taurus RECQL protein InvitrogenCorporation Gene ID: 533006

Critical commercial assays

Chemiluminescence kit Beyotime Biotechnology P0018S

ATPase activity assay kit Sigma-Aldrich MAK113

Deposited data

BtRECQLMon,63-592(apo) structure This paper PDB: 7A8R

Oligonucleotides

See Table S4 for oligonucleotide

information

This paper N/A

Recombinant DNA

See Table S1 for DNA substrates This paper N/A

Software and algorithms

ImageJ (Schneider et al., 2012) https://imagej.nih.gov/ij/index.html

Origin 8.0 OriginLab Corporation https://originlab-corporation.software.

informer.com/
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Xu-Guang

Xi (xxi01@ens-cachan.fr).

Materials availability
Plasmids generated in this study are available upon request.

Data and code availability

d The atomic coordinates and structure factors have been deposited in the Protein Data Bank, www.wwpdb.org (PDB ID code

7A8R). Access number is listed in the Key Resources Table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
METHOD DETAILS

Reagents and buffers
All chemicals used in the present study were of reagent grade and all buffers were prepared in high-quality deionized water from a

Milli-Q� ultrapure water purification system (EMDMillipore Corporation, Billerica, MA, USA) with resistivity of > 18.2 MU.cm; the wa-
e1 Cell Reports 36, 109688, September 7, 2021

mailto:xxi01@ens-cachan.fr
http://www.wwpdb.org
https://imagej.nih.gov/ij/index.html
https://originlab-corporation.software.informer.com/
https://originlab-corporation.software.informer.com/


Report
ll

OPEN ACCESS
ter was re-filtered through a 0.20 mm filter before use. All DNA-unwinding assays were performed in buffer A (30 mM Tris-HCl (pH 7.5

at 25�C), 90 mM NaCl, 3 mMMgCl2, and 1 mM dithiothreitol (DTT)). ATP was dissolved as a concentrated stock at pH 7.0. The ATP

concentration was determined using an extinction coefficient of 1.543 104 cm�1 M�1 at 259 nm. All chemicals were purchased from

Sigma–Aldrich Corporation (St. Louis, MO, USA) unless stated otherwise.

Oligonucleotide substrates
The DNA substrates used in this study were purchased from Shanghai Sangon Biological Engineering Technology & Services Co.,

Ltd. (Shanghai, China). The structures and sequences are shown in Table S1. All synthetic oligonucleotides were purified using high-

performance liquid chromatography before storage in buffer D (10 mM Tris-HCl, pH 8.0, and 1 mM EDTA) at –20�C. Two micromolar

working stocks of substrates were prepared by annealing them with equal concentrations of complementary single-stranded (ss)

oligonucleotides for stopped-flow assays or with a 1:3 mixture of the stem and G4 strands for single-molecule fluorescence reso-

nance energy transfer (FRET) measurements. After heating the mixture to 95�C for 5 min in 20 mM Tris-HCl buffer (pH 7.5 at

25�C) containing 100 mMKCl, the oligonucleotides were annealed by slowly cooling to room temperature and then stored at�20�C.

Expression and purification of recombinant BtRECQL
The gene encoding the Bos taurus RECQL protein (BtRECQL, Gene ID: 533006) was cloned into a pET21a vector (Invitrogen Corpo-

ration, Carlsbad, CA, USA). All constructs were verified using PCR screening and sequencing (Shanghai Invitrogen Biotechnology

Co., Ltd., Shanghai, China). The BtRECQL expression vector was transformed into Escherichia coli BL21 (DE3) cells cultured at

37�C to an optical density of �0.6 at 600 nm and then induced overnight with 0.3 mM isopropyl b-D-1-thiogalactopyranoside at

18�C. After centrifugation, the cell pellets were re-suspended in lysis buffer (20 mM Tris-HCl, pH 7.6, 500 mM NaCl, and 5 mM imid-

azole). The cells were sonicated and then centrifuged at 12,000 rpm for 40 min. Before loading on a HisTrap HP affinity column (GE

Healthcare Life Sciences, Chicago, IL, USA), the samples were filtered through a 0.22 mm filter. The eluted fraction containing

BtRECQL was collected and diluted in Q low-salt buffer (20 mM Tris-HCl, pH 8.0, 1 mM DTT, and 100 mM NaCl). Then the sample

was loaded onto a HiTrap Q HP (GE Healthcare Life Sciences) column and eluted using the ÄKTA protein purification system (GE

Healthcare Life Sciences). The pooled samples were concentrated and further purified by gel filtration using a Superdex 200 10/

300 GL column (GE Healthcare Life Sciences). Each sample was polished using Mono Q ion exchange media (GE Healthcare Life

Sciences). The final purified proteins were dialyzed against the storage buffer (20 mM Tris-HCl, pH 7.4, 350 mM NaCl, 1 mM DTT

and 20% glycerol (v/v)) and then stored at �80�C. The procedure for the expression and purification of the truncated form of

BtRECQL lacking the first 48 and the last 33 amino acid residues at the C terminus (called BtRECQLDim) and the E205D/R243K/

Q244N-BtRECQLDim three-point mutant (also termed BtRECQLMon) followed that used for human RECQL described previously (Lu-

cic et al., 2011), because the sequence identity is 90.5%between human RECQL andBtRECQL in sequence alignment.BtRECQLDim

and BtRECQLMon were expressed and purified using the same methods used for BtRECQL. After purification, the purity of proteins

were R 95% as judged by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Figure S1A).

Extraction and purification of endogenous BtRECQL from bovine appendix tissue
For protein extraction, 5 kg of bovine appendix tissue was diced into very small pieces of approximately 0.2 cm3 in 1X PBS buffer,

then pelleted by centrifugation (50003 g, 30min) three times and the supernatant containing the adipose tissue was discarded. After

liquid nitrogen grinding, the proteins were extracted using ultrasound-assisted extraction (300 W power output, 7 s/3 s pulses for

4 min and interval for 1 min, 10-15 cycles) with 500 mL of 10 mM sodium phosphate buffer (pH 7.4, 25�C) containing 500 mM

NaCl and 2% cOmplete Protease Inhibitor Cocktail (Roche). All procedures were performed at 4�C.
The extract was clarified by centrifugation for 40min at 12 0003 g at 4�Cand solid ammonium sulfate was added to the extract to a

final saturation of 60% and the mixture was stirred for an additional 2 h at 4�C. The precipitate was pelleted by centrifugation at 12

000 3 g for 45 min at 4�C and the pellet was resuspended in 10 mL 10 mM sodium phosphate buffer (pH 7.4, 25�C) containing
500 mMNaCl and 2% cOmplete Protease Inhibitor Cocktail (Roche). The sample was concentrated and further purified by gel filtra-

tion using a Superdex 200 10/300 GL column (GE Healthcare Life Sciences) applied at a flow-rate of 0.3 mL/min. Protein samples

were collected 0.3 mL/tube and each tube was separately concentrated 10-fold using an Amicon Ultra-15 (Millipore) with a

30 kDa MWCO membrane.

The eluted fraction containing the BtRECQL monomer was collected and diluted in SP buffer (50 mM Tris-HCl, pH 7.0, 1 mM DTT,

1mMEDTA, 5%glycerin, and 70mMNaCl). Then, the samplewas loaded onto a SP column (GEHealthcare Life Sciences) and eluted

with the SP elution buffer (50 mM Tris-HCl, pH 7.0, 1 mM DTT, 1 mM EDTA, 5% glycerin, and 70–500 mM NaCl concentration

gradient) using the ÄKTA protein purification system (GE Healthcare Life Sciences). Fractions containing RECQL were collected

and immunoprecipitated (IP) with the anti-RECQL antibody (ABCAM, ab151501), followed by confirmingwithmass spectrometry (Or-

bitrap Fusion Lumos, Thermo Fisher, USA). After purification, about 50 mg of endogenous BtRECQL was obtained.

Analytical size-exclusion chromatography
Gel filtration experiments were performed using a 10/30 Superdex 200 GL gel filtration column (GE Healthcare Life Sciences)

as described previously (Lu et al., 2018). Briefly, the column was equilibrated at a flow rate of 0.4 mL/min with 20 mM Tris-HCl

(pH 7.5), 100 mM NaCl, 1 mM MgCl2, 1 mM DTT. About 100 mg of protein was loaded with a final concentration of 65 mM and the
Cell Reports 36, 109688, September 7, 2021 e2
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absorbance at 280 and 260 nmwas recorded. The experiments were performed in 10 mM sodium phosphate buffer (pH = 7.4, 25�C)
containing 500 mM NaCl.

Western blots
Proteins were resolved on 10%SDS-PAGE gels. Proteins were transferred to Immobilon-P (Millipore) probed with rabbit monoclonal

RECQL antibodies (ab150421, Abcam, Cambridge, USA) in TBST buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl and 0.2% Tween-

20). After extensive washing, the blots were probed with goat anti-rabbit IgG coupled to horseradish peroxidase (Abcam). The blots

were washed and developed by chemiluminescence (Beyotime Biotechnology, Shanghai, China).

ATPase activity assay
The ability of proteins to hydrolyze ATP was tested using an ATPase activity assay as previously described (Hamann et al., 2019).

Briefly, 50 nM active species were tested in the presence of 1 mM forked DNA (fD14S18, sequence were shown in Table S1) and

500 mM ATP using a VICTOR Nivo Multimode Microplate Reader (PerkinElmer, Waltham, MA, USA). All reactions were performed

in triplicates of 150 mL each at 25�C in buffer A. The parameters of Km and kcat were calculated by fitting the experimental data to

the Michaelis–Menten equation using Origin 9.0 (OriginLab Corporation, Northampton, MA, USA).

Crystallization of the BtRECQLMon, 63-592

We initially attempted to crystallize BtRECQLMon, but were unsuccessful. A construct encompassing amino acids 63-592 of RECQL

(BtRECQLMon, 63-592) was purified as previously reported (Pike et al., 2009); it was amonomer and had unwinding activity comparable

to that of BtRECQLMon (Figures S2A and S2B). Crystallization screening was carried out with vapor diffusion at 20�C using commer-

cial screening kits (Hampton Research (Aliso Viejo, USA), Molecular Dimensions (Sheffield, England) and Rigaku Reagents (Seattle,

USA)). Optimized crystallization conditions included 100 mM HEPES/NaOH pH 7.0, 15% (w/v) PEG 20,000 as the precipitant solu-

tion. The X-ray diffraction data were collected on beamline BL19U-1 at the SSRF synchrotron (Shanghai, China) on a Pilatus 6M de-

tector (Dectris, Philadelphia, PA, USA) and were processed using X-ray Detector Software (XDS) (Kabsch, 2010). Structure was

solved by molecular replacement with hRECQL as model (PDB: 4U7B) using Phaser module in Phenix (Liebschner et al., 2019).

Refinement was performed within Phenix with manual rebuilding with Coot (Emsley and Cowtan, 2004).

Stopped-flow measurements
The stopped-flow kinetic assayswere conducted using a Bio-Logic SFM-400mixer with a 1.53 1.5-mmcell (FC-15, Bio-Logic Science

Instruments, Seyssinet-Pariset, France), and a Bio-Logic MOS450/AF-CD optical system equippedwith a 150Wmercury-xenon lamp.

For the dsDNA-unwinding kinetic assays, 6-carboxyfluoresceinwas excited at awavelength of 492 nm (2 nmslit width), and its emission

wasmonitored at 525 nmusing a high-pass filter with a 20 nmbandwidth (D525/20; ChromaTechnologyCorporation, Bellows Falls, VT,

USA). To convert the output data from volts to fractions of unwounddsDNA, calibration experimentswere performed as described else-

where . For theG4unfolding kinetics assays, a constructed substrate that has a 16T overhang at the 30 end (TelG4-16T, 8 nM)was used.

The G4 trap is a complete sequence complementary to G4 to prevent the unfolded G4 from refolding. Cy3 was excited at a wavelength

of 530 nm (2 nmslit width), and its emissionwasmonitored at 568 nmusing a high-pass filter with a 30 nmbandwidth (D568/30; Chroma

TechnologyCorporation) (Liu et al., 2020). All kinetic assaysweremeasured in a two-syringemode. The reacting agentswere separately

pre-incubated in reaction buffer A in two syringes, and the reaction was initiated by rapidly mixing them at 37�C. To convert the output

data from volts to fractions of unfolded G4, calibration experiments were performed with protein, a G4 trap, ATP, and TelG4-16T which

was annealed in LiCl buffer and incubated for 10 min to ensure that the reaction was complete. The fluorescent signal of the mixed

solution corresponded to 100% unfolding. All solutions were filtered and extensively degassed just before use. The stopped-flow tem-

perature was controlled using an external thermostatic water bath (Ministat 125; Peter Huber Kältemaschinenbau GmbH, Offenburg,

Germany) and a high-flow pump to circulate the water between the bath and the stopped-flow apparatus. All concentrations indicated

are after mixing, and the helicase concentrations refer to active species unless noted otherwise.

All stopped-flow kinetic traces are averages of more than 10 individual traces. The multiple-turnover kinetic traces were analyzed

using Bio-Kine software (version 4.26, Bio-Logic Science Instruments, Seyssinet-Pariset, France) based on Equation 1:

AðtÞ = A1

�
1� e�k1ðt�t0Þ�+A2

�
1� e�k2ðt�t0Þ�; (Equation 1)

where A(t) is the fraction of unwound dsDNA or unfolded G4 as a function of time, A1 and A2 are the amplitudes of the unwound

dsDNA or unfolded G4, k1 and k2 are the rate constants of the two phases, and t0 is the time at which the fraction of unwound dsDNA

or unfolded G4 starts to increase. From the four parameters obtained through fitting, the total amplitude of the unwound dsDNA or

unfolded G4 are represented as Am = A1 + A2 and the initial dsDNA unwinding or G4 unfolding rate (i.e., the slope of the kinetic un-

winding trace at early times), Rate = A1k1 + A2k2.

The single-turnover kinetic traces were analyzed using Bio-Kine software (version 4.26) or based on Equation 2:

AðtÞ = A

 
1�

Xn
r = 1

kr�1
obs t

r�1

ðr � 1Þ!e
�kobst

!
; (Equation 2)
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For the step size assay, a 4 nM DNA substrate was first preincubated with 60 nM active species, and the unwinding reaction was

initiated by adding 1 mMATP with 2 mMprotein trap (dT30) under single-turnover conditions. For single-turnover kinetics with a negli-

gible slow phase, Equation 2 describes the single-turnover unwinding kinetic process by a helicase in sequential n steps. A is the

unwinding amplitude, whereas kobs is the observed rate constant for each unwinding step.

Single-molecular fluorescence resonance energy transfer (smFRET) assays
The smFRET assays were conducted with a home-built total internal reflection fluorescence (TIRF) microscope; we used the method

in Hou et al. (2015). Coverslips (Thermo Fisher Scientific, Waltham, MA, USA) and slides were cleaned thoroughly using a mixture of

sulfuric acid, hydrogen peroxide, acetone, and sodium ethoxide, and the surfaces of the coverslips were then coated with a mixture

of 99% monomethoxy-polyethylene glycol (m-PEG-5000; Laysan Bio, Inc., Arab, AL, USA) and 1% biotin-PEG (biotin-PEG-5000,

Laysan Bio, Inc.). Streptavidin (10 mg/mL) in buffer A was added to the microfluidic chamber composed of the slide and the PEG-

coated coverslip, which was then incubated for 10 min. After washing, 50 pM G4 DNA (G4 was linked to a 16 bp duplex DNA at

its 50 end and a 12 nt ssDNA at its 30 end) was added to the chamber and immobilized for 10 min. Then, free DNA was removed

by washing with the imaging buffer B (30 mM Tris-HCl (pH 7.5 at 25�C), 90 mM NaCl, 3 mM MgCl2, 1 mM DTT, 0.8% D-glucose,

and 1 mg/mL glucose oxidase (266,600 U/g, Sigma-Aldrich Corporation), 0.4 mg/mL catalase (2000–5000 U/mg, Sigma–Aldrich)

and 4 mM Trolox). Imaging was initiated before BtRECQLMon and ATP were flowed into the chamber. An exposure time of

100 ms was used for single-molecule measurements at a constant temperature of 22�C. FRET efficiency was calculated as IA /

(ID + IA), where ID and IA represent the intensity of the donor and acceptor, respectively. FRET values above 1 are due to background

subtraction from a very low intensity in the donor channel, producing negative donor intensity. Basic data analysis was performed

using scripts written in MATLAB, and all data fittings were generated with Origin 9.0 analysis and graphing software. The smFRET

histogramswere generated by picking the initial 50–100 frames of each trace from�300molecules, and fitted tomulti-peak Gaussian

distributions, with the peak position unconstrained.

Dynamic light scattering
Dynamic light scattering (DLS) measurements were performed using a DynaPro NanoStar instrument (Wyatt Technology Corpora-

tion, Goleta, CA, USA) with a 50 mL cuvette. Scattered light was collected at an angle of 90�. Buffer A was used for measuring. Protein

concentrations were 5.0 mM. A total of 0.1 mL of filtered solution was incubated for 5 min at room temperature before data collecting.

Recording times were typically between 3-5 min (20-30 cycles at an average of 10 s each). Data were analyzed using the Dynamics

v7.0 software. The molecular weight (Mw) was calculated from the hydrodynamic radius using the following empirical equation :

Mw= 1:683RHð Þ2:34; (Equation 3)

Where Mw and RH represent the molecular weight (in kDa) and the hydrodynamic radius (in nm), respectively.

Equilibrium DNA-binding assay
The binding of BtRECQL to fluorescein-labeled DNA substrates was analyzed using a fluorescence polarization assay on an Infinite

F200 instrument (TECAN, Switzerland). Briefly, varying amounts of protein were added to a 150 mL solution of buffer A containing

5 nM fluorescein-labeled DNA. Each sample was allowed to equilibrate in solution for 5 min. After 5 min, the steady-state fluores-

cence anisotropy (r) was measured.

QUANTIFICATION AND STATISTICAL ANALYSIS

All graphs represent mean values ± SD. Statistical differences were calculated according to nonparametric tests. The numbers of

measurements (n), mean values and standard deviations (SD) were reported along the figure legends. Statistical analysis was

computed using Origin 9.0 (OriginLab Corporation, Northampton, MA, USA).
Cell Reports 36, 109688, September 7, 2021 e4
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Figure S1. The radii and helicase-catalyzed DNA activities of different oligomeric states of BtRECQL. 

Related to Figures 1, 3A and 3B.  

(A) SDS-PAGE analyses of the purified nuclear form of BtRECQL proteins and its mutant proteins. 20 µg of 

protein was loaded onto a 10 % polyacrylamide gel.  

(B) Western blot experiments performed with proteins from the cellular extracts in parallel with the recombinant 

proteins BtRECQL and hBLM. ~100 ng BtRECQL and hBLM were loaded on 10 % SDS PAGE.  

(CH) Radius distributions of the different oligomeric states of BtRECQL in the absence and presence of ATP, 

obtained from dynamic light scattering measurements. All the determined parameters are summarized in 



 
 

Table S2. 

(I, J) Equilibrium DNA-binding properties of the monomeric BtRECQLMon compared with the tetrameric 

(BtRECQL) and dimeric (BtRECQLDim) forms of BtRECQL helicase. The active species concentration-dependent 

changes in fluorescence anisotropy were measured with substrate D20S12 (I) and a Holliday junction substrate 

(HJ) (J). All the apparent dissociation constants (Kd, app) are summarized in Table 1. 

(KM) Helicase-catalyzed DNA unwinding as a function of the length of the 3' ssDNA tail under 

multiple-turnover conditions. The kinetic time-courses of 240 nM tetrameric BtRECQL (60 nM active species) 

(K), 120 nM dimeric BtRECQLDim (60 nM active species) (L), and 60 nM monomeric BtRECQLMon (60 nM 

active species) (M). The 16 bp duplex with a 3' ssDNA tail of length from 5 to 50 nt. The solid lines were 

fitted to Equation 1.  

 



 
 

 

 

 

Figure S2. Crystal structure of BtRECQLMon, 63-592. Related to Figure 1E.  

(A) Size-exclusion chromatography analysis of BtRECQLMon and BtRECQLMon, 63-592 on a Superdex200 

10/300 GL column. The column was equilibrated at a flow rate of 0.4 mL/min with 10 mM HEPES (pH 7.5), 

100 mM KCl, 5 mM MgCl2. About 10 µM proteins were loaded and absorbance at 280 and 260 nm was 

recorded at 25°C. At the same time, albumin (67 kDa) and phosphorylase b (97.4 kDa) were loaded under the 

same conditions as external standards. (B) Kinetic time-courses of DNA unwinding for BtRECQLMon and 

BtRECQLMon, 63-592 under multiple-turnover conditions. (C) Crystal structure of human RECQL63-592 (PDB 

entry: 2wwy). (D) Crystal structure of BtRECQLMon, 63-592. 



 
 

 

 

 

Figure S3. BtRECQL monomers can catalyze G4 unfolding. Related to Figures 4D4G.  

(A) Distribution of the FRET signal at different concentrations of BtRECQLMon using smFRET assays. The 

concentrations of BtRECQLMon were 0, 10, 100, and 200 nM. Insert figure shows the schematic diagram of the 

substrate with telomeric G4. G4 was linked to a 16-bp duplex DNA at its 5' end and a 12-nt ssDNA at its 3' end. 

Upon addition of BtRECQLMon and ATP (1 mM), the G4 DNA was unfolded, as characterized by a decrease in the 

population of high FRET species and a corresponding increase in mid-FRET (~0.74, green peak) and low-FRET 

species (~0.48, pink peak), which can be attributed as the partially and completely unfolded G4 DNA, respectively. 

(BD) Typical FRET trajectories of G4 unwinding catalyzed by 200 nM BtRECQLMon. Inspection of the 

individual smFRET trajectories revealed three types of G4 unwinding kinetics: Type I, FRET values rapidly 

decreased to ~0.48 in one single step, corresponding to the complete unfolding of the G4, which accounted for 

20% of the G4 substrate (B); Types II and III, FRET oscillated between 1 and ~0.48 that lasted for more than 1 

min, corresponding to repetitive unfolding and refolding, and then reached ~0.35, corresponding to complete 

unfolding of the G4 (Type II, 35%) (C) or leaped back to 0.95, corresponding to the refolded G4 (Type III, 45%) 

(D).  



 
 

 

 

 

 

Figure S4. The β-hairpin is required for DNA unwinding. Related to Figure 2B.  

Unwinding kinetics time-courses of forked DNA (A) and Holliday junction DNA (B) for 

Y559A-S560A-F561A-BtRecQ1T under multiple-turnover conditions. The three mutation residues Y559A, 

S560A, and F561A are located at the β-hairpin (see Lucic et al., 2010). 

 

 

 



 
 

 

 

 

 

 
 

Figure S5. Dimeric hRECQL structure (PDB entry: 2wwy). Related to Figure 1E.  

Two antiparallel monomers dimerize at D1-D2’ and D2-D1’, and translocations of the two monomers in opposite 

directions are restricted. 

 

 



 
 

Table S1. DNA substrates used in DNA binding and unwinding assays. Related to Figures 1D and 24. 

Substrate Sequence (5'3') 

For DNA unwinding  

16 bp duplex with varying 

  3' ssDNA tail 

CTCTGCTCGACGGATT-Fa 

Hb-AATCCGTCGAGCAGAG(dTN) 

fD16S10 (dT10)CTCTGCTCGACGGATT-F 

 H-AATCCGTCGAGCAGAG(dT10) 

DNA trap CTCTGCTCGACGGATT 

smS12G4D16 AATCCGTCGAGCAGAGTTGGGTTAGGGTAAGGGTTAGGGT(iCy3)TTTTT

TTTTTT 

 CTCT(iCy5)GCTCGACGGATT 

TelG4-16T Cy3-AGGGTTAGGGTTAGGGTT6cGGGTTTTTTTTTTTTTTTT 

G4 trap CCCTAACCCTAACCCTAACCCT 

Protein trap dT30 

For DNA binding  

D20S12  CACTGGCCGTCTTACGGTCGCTCTGCTCGACG-F 

 CGACCGTAAGACGGCCAGTG 

Holliday junction (HJ) ACGTGGGCAAAGGTAGCAGTTACCTGTGACAGCTGCATGG 

CCGTGATCACCAATGCAGATTGACGAACCTTTGCCCACGT 

 CCATGCAGCTGTCAGTCCATTGTCATGCTAGGCCTACTGC-F 

 (H-)*GCAGTAGGCCTAGCATCTGTTAGAGCATTGGTGATCACGG 

For ATPase  

fD14S18 ACGTGGGCAAAGGTTTTTTGACAGCTGCATGG 

 CCGTGATCACCAATTTTTACCTTTGCCCACGT 

a F, fluorescein; b H, hexachlorofluorescein; c 6, ATTO 647N;  

* Hexachlorofluorescein labeled for Holliday junction unwinding. 

 



 
 

 

Table S2. Oligomeric states of BtRECQL in the absence and presence of ATP*. Related to Figures S1CS1H. 

a The theoretical molecular weights of BtRECQL and BtRECQLDim are ~73 and 65 kDa, respectively; 
b OS, oligomeric state; 
* The assays were determined using dynamic light scattering measurements; see the text. 
 

 

Protein 

Parameters 

% Mass Radius (nm) Calculated kDaa / OSb 

BtRECQL 96.4 ± 0.15 7.42 ± 0.07 366 / 4~5 

BtRECQL +ATP 96.5 ± 0.12 5.60 ± 0.06 181 / 2 

BtRECQLDim 92.5 ± 0.08 5.43 ± 0.12 158 / 2 

BtRECQLDim +ATP 97.0 ± 0.09 5.50 ± 0.09 172 / 2 

BtRECQL Mon 96.4 ± 0.14 3.90 ± 0.07 79 / 1 

BtRECQLMon +ATP 98.3 ± 0.11 3.51 ± 0.08 66 / 1 



 
 

 

Table S3. Unwinding parameters of helicases with different substrates. Related to Figures 2B, 3A, 3B, 3F, 

and 4B. 

*BtRECQL, the full-length of Bos taurus RECQL protein;  

BtRECQLDim, the truncated form of BtRECQL lacking the first 48 and the last 33 amino acid residues at the 

C-terminus; 

BtRECQLMon, the three-point-mutated protein of BtRECQL (BtRECQLE205D/R243K/Q244N). 

All data represent the average calculated from three measurements shown in Figures 2B, Figures 3A and 3B 

for dsDNA substrate, Figure 4B for substrate TelG4-16T, and Figure 3F for the Holliday junction (HJ) 

substrate. 

 
BtRECQL*  BtRECQL Dim  BtRECQLMon 

  Am Rate (s1)  Am Rate (s1)  Am Rate (s1) 

D16S5 0.14* 0.01  0.42 0.04  0.66 0.03 

D16S10 0.57 0.03  0.29 0.05  0.72 0.41 

D16S15 0.59 0.03  0.67 0.11  0.80 0.35 

D16S20 0.76 0.05  0.74 0.11  0.77 0.45 

D16S30 0.51 0.08  0.66 0.13  0.68 0.49 

D16S40 0.82 0.08  0.75 0.13  0.76 0.35 

D16S50 0.67 0.05  0.75 0.15  0.72 0.41 

fD16S10 0.27 0.01  0.60 0.08  0.91 0.60 

TelG4-16T 0.55 0.04  0.60 0.03  0.63 0.08 

HJ 0.30 0.01  0.58 0.02  0.40 0.06 



 
 

Table S4. The primers information for the recombinant protein. Related to the STAR Methods. 

 

Name Sequence (5'3') 

Primers for BtRECQLDim 

49 Forward primer gcgaattccatatgtgcctggaagatagcgatgcgggcgaaag 

616 Reverse primer ccgctcgagttagtcgacttcttcgcgttttttgttggtgccttc 

Primers for BtRECQLMon 

FL Forward primer gcgaattccatatggcgagcattagcgcgctgagcgaa 

FL Reverse primer ccgctcgagttagtcgactcaattttgcgttttttcgcgccg 

E205D Forward primer atgagccgcctggataaagcgtatgaa 

E205D Reverse primer ttcatacgctttatccaggcggctcat 

R243K/Q224N Forward primer ggcattctgaaaaaaaactttccgaacgcg 

R243K/Q224N Reverse primer cgcgttcggaaagttttttttcagaatgcc 

Primers for BtRECQLMon, 63-592 

63 Forward primer ccgaattcagcagcccggcgagctggaacaaagaa 

592 Reverse primer ggctcgagttattttttcacgcgcatggtaatcacatg 

E205D Forward prime atgagccgcctggataaagcgtatgaa 

E205D Reverse primer ttcatacgctttatccaggcggctcat 

R243K/Q224N Forward primer ggcattctgaaaaaaaactttccgaacgcg 

R243K/Q224N Reverse primer cgcgttcggaaagttttttttcagaatgcc 
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