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ABSTRACT

RECQ1 is the shortest among the five human RecQ
helicases comprising of two RecA like domains, a
zinc-binding domain and a RecQ C-terminal domain
containing the winged-helix (WH). Mutations or dele-
tions on the tip of a B-hairpin located in the WH do-
main are known to abolish the unwinding activity.
Interestingly, the same mutations on the B-hairpin
of annealing incompetent RECQ1 mutant (RECQ1™")
have been reported to restore its annealing activity.
In an attempt to unravel the strand annealing mech-
anism, we have crystallized a fragment of RECQ1
encompassing D2-Zn-WH domains harbouring mu-
tations on the B-hairpin. From our crystal structure
data and interface analysis, we have demonstrated
that an a-helix located in zinc-binding domain poten-
tially interacts with residues of WH domain, which
plays a significant role in strand annealing activ-
ity. We have shown that deletion of the a-helix or
mutation of specific residues on it restores strand
annealing activity of annealing deficient constructs
of RECQ1. Our results also demonstrate that muta-
tions on the «-helix induce conformational changes
and affects DNA stimulated ATP hydrolysis and un-
winding activity of RECQ1. Our study, for the first
time, provides insight into the conformational re-
quirements of the WH domain for efficient strand an-
nealing by human RECQ1.

INTRODUCTION

RecQ helicases are highly conserved enzymes involved in vi-
tal cellular transactions like replication, transcription, re-
pair and genome maintenance (1-3). These are 3'-5 heli-

cases that unwind a wide variety of DNA substrates and
repair intermediates like forked duplex, Holliday junctions,
D-loops and G-quadruplex DNA. In human, there are five
RecQ helicases, of which RECQI is the shortest and the
first one to be identified (4,5). Among the five RecQ he-
licases, BLM, WRN and RECQ4 have been linked to ge-
netic disorders like Bloom Syndrome, Werner’s syndrome
and Rothmund-Thomson syndrome respectively (1-3). Al-
though RECQI is not directly linked to any disease, it
is known to be critical for maintaining genome stabil-
ity (2,3). Moreover, increased susceptibility to breast can-
cer has also been reported for ‘loss of function’ muta-
tions in RECQ1 (6-9). RECQI1 has been shown to play
a significant role in replication fork restoration following
repair of camptothecin induced DNA damage and fork
stalling (10).

RECQI1 comprises 649 amino acids containing two
signature RecA folds (D1 and D2), a zinc-binding do-
main (ZND) and a winged-helix (WH) domain. Human
RECQI shares considerable structural similarity with Es-
cherichia coli RecQ helicase (11,12). The E. coli RecQ and
human RECQ]1 differs prominently in the orientation of
their WH domains relative to the helicase domains, as ob-
served from their crystal structures (11,12). Depending on
its oligomeric states, RECQI1 can efficiently unwind sub-
strates like forked duplex, 3’ tailed duplex, Holliday junc-
tions and three-stranded D-loops having a 3’ tail (13,14).
Crystal structures of a near full-length RECQ1 (RECQ1T!:
residues 49-616) in complex with ATPyS or with 3’ tailed
duplex DNA clearly depicts the presence of a prominent 3-
hairpin structure in the WH domain. Mutations or dele-
tion of residues on the B-hairpin leads to a severe loss
of unwinding function (11,15,16). The B-hairpin was also
shown to be involved in dimer formation (16). Like many
other RecQ helicases, RECQ]1 possesses ATP independent
strand annealing activity, although the physiological role
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of such activity is not very well studied (17,18). The in
vivo role of strand annealing activity of RecQ helicases
remain poorly understood. Strand annealing activity of
BLM is thought to facilitate the formation and resolution
of chicken foot structures, and is also required for dou-
ble Holliday Junction resolution, thereby implicating sig-
nificant roles in DNA repair and recombination (18-20).
Sharma et al. suggested that RECQ1 might be involved in
synthesis-dependent strand annealing (SDSA) where mul-
tiple unwinding and annealing cycles are required (17). The
strand annealing activity of human RECQI1 has been ex-
tensively studied, although no clear mechanism could be
proposed. Muzzolini et al. demonstrated that the higher-
order oligomers of RECQ1 are associated with strand an-
nealing while lower-order oligomers are responsible for un-
winding (14). Recently some interesting findings reported
by Pike er al, including a crystal structure of the near
full-length RECQI in complex with ssDNA, have provided
some insight into the strand annealing mechanism. Pike et
al. reported that the near full-length RECQ1 (RECQI™")
retains unwinding capability but lacks annealing activity
completely (11). Mutations on the B-hairpin in RECQI1™!
(A2Y564A) led to a loss of unwinding but a gain in anneal-
ing activity (11,16). In the same paper, Pike et al. demon-
strated that the isolated WH domain is capable of perform-
ing strand annealing, while a slightly bigger fragment com-
prising of D2, Zn and WH domains (D2-Zn-WH) com-
pletely lacks the annealing activity (15). Moreover, near full-
length RECQI (RECQI1™) crystallized with ssDNA exhib-
ited the formation of a pseudoduplex stabilized by inter-
actions with the WH domain (15). While the isolated WH
domain can promote strand annealing similar to the full-
length enzyme, RECQ1T! and D2-Zn-WH completely lack
the annealing activity. Therefore, it may be hypothesized
that the WH domain can shuttle between annealing compe-
tent and annealing incompetent conformations. A careful
dissection of these findings justifies the necessity to revisit
the mechanism of strand annealing and investigate the con-
formational requirement of the WH domain in DNA strand
annealing activity.

In the present study, we have shown that mutations on
the B-hairpin can restore strand annealing function of the
truncated protein D2-Zn-WH. We crystallized the pro-
tein fragment D2-Zn-WH harbouring B-hairpin mutations
(A2Y564A) and identified significant interactions between
the Zn domain and WH domain that are disrupted due to
these mutations. From the analysis of interface between the
Zn and WH domains, we identified interacting residues on
both the domains. Residues on the a-helix (420-430) lo-
cated in the Zn domain have significant interactions with
residues on the WH domain. Deletion of this a-helix or mu-
tation of specific residues on it promotes strand annealing
of D2-Zn-WH and RECQI1T!'. The mutations on the B-
hairpin or the a-helix were also found to severely affect the
DNA binding of RECQ1 fragments. Collectively, our data
for the first time provide evidence that interaction between
WH and Zn domain restricts the WH domain in anneal-
ing incompetent conformation, and disruption of these in-
teractions allow conformational changes that favour strand
annealing.
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MATERIALS AND METHODS
Cloning and site-directed mutagenesis

The sequence corresponding to the human RECQI trun-
cated constructs, RECQ1T! (amino acid 49-616), D2-Zn—
WH (amino acid 282-616), D2-Zn-CT (amino acid 282-
649) and WH (amino acid 481-616), were amplified from
the cDNA clone of human RECQI (Origene Technolo-
gies) using gene-specific primers (Supplementary Table S1).
The fragments were cloned into pET28a vector at Ndel
and BamHI sites and transformed into E. coli DH5« cells.
The deletion mutant D2-Zn-WH2"!X was generated us-
ing overlap extension PCR. The construct comprises amino
acids 282-616, lacking 10 residues (420-430) in the Zn-
binding domain. All the clones were confirmed by sequenc-
ing.

The construct RECQI1THPelixA (containing four muta-
tions F420A, F424A, S427A and S428A) was generated by
PCR based mutagenesis using RECQ1™! (in pET28a) as
template and mutagenic primers (listed in Supplementary
Table S1). The constructs D2-Zn-WHA*?Y364A and D2-Zn—
WHPeX4A \were generated using mutagenic primers (listed
in Supplementary Table S1) and D2-Zn-WH (in pET 28a)
as a template. All amplifications were done using Pfu Ul-
tra II Fusion HS polymerase (Agilent Technologies) and
digested overnight with Dpnl (New England Biolabs) and
transformed into E. coli DH5a competent cells. All the mu-
tants were verified by sequencing.

Recombinant  baculovirus  expressing RECQI1FL
or RECQIFIheix4A  were  generated using Baculodi-
rect™expression System from Invitrogen. The full-length
human RECQI ORF (corresponding to amino acid
1-649) was amplified using the cDNA clone of RECQI1
as a template and inserted into the pENTR3C vector
between BamHI and Xhol sites. The mutant construct
RECQIFLbelixA was generated by PCR based mutagenesis
using RECQI cloned in pENTR 3C vector as a template
and mutagenic primers (listed in Supplementary Table S1).
Recombinant baculovirus DNA was generated by an in
vitro LR recombination reaction using the entry clone (in
pENTR3C) and baculodirect linear DNA following the
manufacturer’s protocol. Sf9 cells were transfected with re-
combinant DNA harbouring RECQ1FL or RECQ] FLhelixdA
using Cellfectin™ reagent. Following transfection, cells
were incubated at 27°C for 72 h, and the virus was harvested
from the culture medium after signs of infection appeared.
The presence of the gene of interest within the baculovirus
DNA was confirmed using PCR with gene-specific primers.

The sequence corresponding to a C-terminal deletion
mutant of human RPA70 (RPA702C) comprising amino
acids 1-441 was PCR amplified from a ¢cDNA clone of
human RPA (Origene Technologies) using gene-specific
primers. The gene fragment was cloned into pET28a vector
at EcoRI and Notl sites and transformed into E. coli DH5«
cells. The clone was confirmed by sequencing.

Overexpression and purification of RECQ1 constructs

Escherichia coli Rosetta (DE3) cells expressing con-
structs D2-Zn-WH, D2-Zn-WHA2Y5%A ' D2.7n-CT and
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D2-Zn-CTA?Y3%A were grown in Luria Bertani broth con-
taining 50 wg/ml of Kanamycin and 34 pg/ml Chloram-
phenicol. The cells were grown up to ODgyy correspond-
ing to 0.6 and induced with 1 mM isopropyl 1-thio-(3-
D-galactopyranoside (IPTG) at 22°C for 6 h at 150 rpm.
E. coli Rosetta (DE3) expressing constructs isolated WH,
WHAZYS4A D)7 WHAbX gnd D2-Zn-WHDeIXA were
grown under similar conditions and were induced with 1
mM IPTG at 18°C for 6 h at 150 rpm. E. coli Rosetta (DE3)
cells expressing RECQ1T! and its mutant RECQ1T! helix4A
were grown in Terrific Broth up to ODg corresponding to
0.6 and induced with 0.5 mM IPTG at 22°C for 6 h at 150
rpm.

All the constructs mentioned above were purified using
the following protocol. The cell pellets obtained after induc-
tion were resuspended in Buffer A (50 mM Tris—HCI (pH
7.5), 500 mM NacCl, 10 mM MgCl, and 1 mM B-ME) con-
taining 10 mM Imidazole and 1mM Phenylmethylsulpho-
nyl fluoride (PMSF). The cells were subjected to ultrasoni-
caton followed by centrifugation at 15 000g for 40 min. Nu-
cleic acids and DNA-protein complexes were precipitated
by adding 0.15% polyethyleneimine (pH 7.5) followed by
centrifugation at 15 000g for 30 min at 4°C. The supernatant
was loaded on to HisTrap FF Crude Ni-NTA column (GE
healthcare). The column was washed with Buffer A con-
taining 40 mM Imidazole. The proteins were eluted with
Buffer A containing 100 mM Imidazole. The eluted frac-
tions were collected and further subjected to size exclusion
chromatography. Isolated WH and WHA2Y364A were fur-
ther purified using S-75 column (16/600 Hi Load pg, GE
Healthcare) equilibrated with Buffer A. For the rest of the
constructs (D2-Zn-WH, D2-Zn-WH?2?Y3%A 'D2.7n-CT,
D2-ZH-CTA2Y564A, szZHfWHAheliX, szZIlfWHhelixélA,
RECQI1T! and RECQ1TIhelix4A) 'gj7e exclusion chromatog-
raphy was carried out using S-200 column (16/600 HiLoad
pg, GE Healthcare) equilibrated with Buffer A. All purifica-
tion steps were carried out at 4°C using AKTA-Prime Plus
FPLC system (GE healthcare). The fractions containing the
protein were analysed on a 12% SDS PAGE and were con-
centrated and flash-frozen in liquid nitrogen and stored at
-80°C for further use.

For expression of full-length RECQ1'" (649 aa) and its
mutant (RECQ1FMPelix4A) “recombinant baculovirus parti-
cles were harvested after transfection and were used to in-
fect fresh Sf9 cells. High titre viral stocks were generated,
and plaque-forming units (pfu)/ml of the viral stock was
determined using viral plaque assay. This high titre stock
was used to infect fresh Sf9 cells at an MOI of 5 to produce
recombinant RECQ1FL or the mutant RECQ1FHhelixdA Af.
ter 72 h of infection, the infected cells were harvested by
centrifugation and resuspended in lysis buffer containing
50 mM Tris—HCI (pH 7.5), 500 mM NaCl, 1 mM B-ME,
5 mM Imidazole, 0.1% Triton X-100 and 1 mM phenyl-
methylsulphonyl fluoride (PMSF). The cells were subjected
to ultrasonication followed by centrifugation at 15 000g
for 30 min. Recombinant RECQI1FL and RECQ]FLhelixdA
were purified using Ni-NTA affinity chromatography. The
supernatant obtained after sonication and centrifugation
was loaded onto Ni- NTA column equilibrated with Buffer
A containing 5 mM Imidazole. The resin was washed

with Buffer A containing 30 mM Imidazole. The histidine-
tagged RECQ1F was finally eluted using Buffer A contain-
ing 150 mM Imidazole. The mutant RECQ1FMhelix4A g
eluted with buffer A containing 200 mM Imidazole. The
fractions containing the RECQI protein or its mutant was
analysed on a 12% SDS PAGE. The proteins were buffer
exchanged to buffer A, concentrated using Amicon Ultra
centrifugal filters (Merck, Millipore), flash-frozen in liquid
nitrogen and stored at -80°C for further use.

Escherichia coli Rosetta (DE3) expressing C-terminal
deletion mutant of RPA70 (RPA704C) were grown in Luria
Bertani broth containing 50 pwg/ml of Kanamycin and 34
pwg/ml Chloramphenicol. The cells were grown up to ODgqo
corresponding to 0.6 and induced with 0.5 mM IPTG at
37°C for 4 h at 150 rpm. The construct was purified using
the following protocol. The cell pellets obtained after in-
duction were resuspended in Buffer A containing 10 mM
Imidazole and 1 mM PMSEF. The cells were subjected to
ultrasonicaton followed by centrifugation at 15 000g for
40 min. Nucleic acids and DNA-protein complexes were
precipitated by adding 0.15% polyethyleneimine (pH 7.5)
followed by centrifugation at 15 000g for 30 min at 4°C.
The supernatant was loaded on to HisTrap FF Crude Ni-
NTA column (GE healthcare). The column was washed
with Buffer A containing 40 mM imidazole, and the pro-
tein was eluted with Buffer A containing 100 mM imida-
zole. The eluted fractions were collected and further sub-
jected to size exclusion chromatography using S-200 col-
umn (16/600 HiLoadpg, GE Healthcare) equilibrated with
Buffer A. All purification steps were carried out at 4°C using
AKTA-Prime Plus FPLC system (GE healthcare). The frac-
tions containing the protein were analysed on a 12% SDS
PAGE and were concentrated using Amicon Ultra centrifu-
gal filters (Merck, Millipore), flash-frozen in liquid nitrogen
and stored at —80°C for further use.

Protein crystallization, structure determination and refine-
ment

D2-Zn-WH??Y3%A was purified using Ni-NTA (HisTrap
FF Crude Ni-NTA column) and size exclusion chromatog-
raphy (S-200 HiLoad 16/600 pg column) as described previ-
ously. The protein was buffer exchanged using Amicon Ul-
tra centrifugal filter (MWCO 10 kDa) in 10 mM Tris-HCl
(pH 7.5), 50 mM NaCl and 2 mM DTT and used for crys-
tallization on the same day without freezing. Initial crys-
tallization hits were obtained by sitting drop vapour dif-
fusion method at 25°C from the Index screen (Hampton
Research, USA). The protein was concentrated to 12 mg
ml 'and was mixed 1:1 (v/v) with reservoir solution con-
taining 60% (v/v) Tacsimate (1.8305 M malonic acid, 0.25
M ammonium citrate tribasic, 0.12 M succinic acid, 0.3
M DL-malic acid, 0.4 M sodium acetate trihydrate, 0.5 M
sodium formate, and 0.16 M ammonium tartrate dibasic) at
pH 7.0. Diffraction quality crystals were grown using hang-
ing drop vapour diffusion method at 25°C, by mixing 1 pl
of protein solution with 1 pl of reservoir solution contain-
ing 65% v/v Tacsimate pH 7.0. Plate like crystals appeared
after 48 h of incubation. The crystals were cryoprotected
with 10% (v/v) glycerol in mother solution and flash-cooled



in a nitrogen stream at 100 K. Diffraction data were col-
lected on Rigaku Micromax HF007 Microfocus rotating-
anode X-ray generator (Cu Ka X rays, A = 1.5418 A) op-
erated at 40 kV and 30 mA equipped with a Rigaku R-
AXIS IV++ detector and a Varimax mirror system. A to-
tal of 180 frames of data were collected with an oscillation
range of 1°, an exposure time of 2 min per frame and a
crystal-to-detector distance of 200 mm. Crystals diffracted
to a maximum resolution of 2.8 A. The data were processed
with XDS (21). Space group was determined using POINT-
LESS (22), and scaling was done with SCALA (22). D2-
Zn-WHA2Y3%4A crystallized in P2; space group, with two
molecules per asymmetric unit. The structure was solved by
molecular replacement using PHASER (23), with the struc-
ture of RECQI1T! (PDB accession code: 2V1X) as the search
model. Further refinement and chain fitting were done in
PHENIX (24) and COOT (25). Data collection and refine-
ment statistics are summarized in Table 1. The atomic co-
ordinates and structure factors of D2-Zn-WH?A2Y564A have
been deposited in the Protein Data Bank with a PDB ID of
6JTZ.

Interface analysis

The interface between the Zn-binding domain (ZND) and
WH domain was identified by comparing the solvent-
accessible surface area (SASA) of the complex and the iso-
lated domains. From the RECQ1 crystal structure (2V1X),
we reconstructed the isolated chain A corresponding to D1—
D2-Zn (residues 63-480) and chain B corresponding to
WH domain (residues 481-592) and estimated the buried
surface area (BSA) using Equation (1).

BSA = SASA (A) + SASA (B) — SASA (AB) (1)

where AB is the bound structure containing both the chains.
We used Lee and Richard algorithm (26), implemented in
the Naccess (27), to calculate the SASA. After identifying
the interface residues from both the domains, we calculated
the frequency of interactions within a cut-off distance of 4.5
A to estimate the key binding residues at the interface.

Preparation of the DNA substrates

The oligonucleotides used for the strand annealing and
DNA binding assays (11,15,16) were obtained from In-
tegrated DNA Technologies, USA (listed in Supplemen-
tary Table S2). For radioactivity based assays, oligonu-
cleotides (Rec20 and Fork30T_R) were labelled at the 5
end with y3?P-ATP using T4 polynucleotide kinase (NEB)
at 37°C for 1 h. The unincorporated y3*P-ATP was re-
moved using nucleotide removal kit (QIAquick, QIAGEN,
Germany). For DNA unwinding assays, fork duplex DNA
was prepared by annealing 5 end labelled Fork30T_R
with 3-fold molar excess of an unlabelled complementary
strand in a buffer containing 20 mM Tris-HCI, pH 7.5
and 50 mM NaCl. For the fluorescence anisotropy titra-
tions, HPLC purified oligonucleotides labelled at 5’ end
with 6-FAM (Rec20_FL or Fork30T_R_FL) were used. For
the preparation of the double-stranded DNA substrates
used in anisotropy titrations, unlabelled fully or partially
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Table 1. Data collection, phasing and refinement statistics

Data collection and processing
Wavelength(A) 1.5418

Space group . P2

Cell dimensions (A,°) a=>5295,b=101.83, c=73.43,

3 =99.07

19.6-2.8 (2.9-2.8)

71 344 (10 221)

Resolution range (A)
Total number of

observations®
Number of unique 18 892 (2709)
reflections
Multiplicity 3.8(3.8)
Completeness (%) 99.0 (98.0)
Rsym (%)b 9
Rp.im.© 0.051 (0.218)
Average /o (1) 12.2 (3.9)
Vm (A3/Da) 2.44
Vsolvent (%0) 49.51
Refinement statistics _
Resolution range (A) 19.6-2.8
Rwork/Rfreed 0-227/0-280
Number of residues
Protein 604
Solvent (waters) 139
Metal ion(Zn) 2
Ramachandran plot
Favoured (%) 94.5
Allowed (%) 5
Outliers (%) 0.5
R.m.s.d., bonds (A) 0.005
R.m.s.d., angles (?) 0.98
Average B factor (A2)
Protein 39.08
Metal ion (Zn) 47.76
Solvent 33.09

4Numbers in parentheses refer to statistics for the outer resolution shell.
bRSym =100-2 h Z,’|I[(/1)7<I(h)>|/2h ):,-Ii(h),whereli(h)is
the i -th measurement of reflection /1 and < 7 (1 )> is the average value of
the reflection intensity.

°Rpim. = Rmerge [1/(N - l)]l/z, where N is the data multiplicity.

9 Ryork = Tl Fops | = Fear |/ E1 Fopg |, where Fops and Fyy are the structure
factor amplitudes from the data and the model, respectively; Ry is same
as Ryork except that a 5% subset of all reflections was held aside throughout
the refinement.

complementary oligonucleotides (Rec20R, Rec20R _3o0h or
Fork30T_F) were added to the 6-FAM labelled oligonu-
cleotides in equimolar concentrations and heated to 95°C
for 5 min and then cooled slowly to room temperature.
Forked substrate used in ATP hydrolysis experiments was
prepared using equimolar concentrations of unlabelled
Fork30T_F and Fork30T_R and annealed using the same
protocol as above.

Strand annealing assays

Strand annealing assays of all the RECQ]1 constructs were
carried out using fully or partially complementary oligonu-
cleotides. The reaction was carried out at 25°C in the ab-
sence of ATP in a buffer containing 20 mM Tris—HCI pH
7.5, 10 mM NaCl, | mM B-ME, 10% glycerol and 80 p.g/ml
bovine serum albumin. >*P-labelled single-stranded DNA
(1.5 nM of Rec20 or Fork30T_R) was added to the reac-
tion mix, followed by addition of the protein. Where speci-
fied, strand annealing reactions were carried out in the pres-
ence of different nucleotides such as ATP, ATPyS, ADP
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and ADPNP at indicated concentrations. Reactions were
started by addition of the complementary strand (2.5 nM of
Rec20R or Fork30T_F). In reactions containing RPA704€,
both the labelled strand and the unlabelled complementary
strand were pre-incubated with RPA70 A€ at indicated con-
centration for 5 min at 25°C in the reaction mixture. The
reaction was initiated upon addition of RECQ1 constructs
at specified concentrations (17). All the reactions were car-
ried out at 25°C for 20 min and terminated using stop
buffer (0.5% SDS and 10% Glycerol and 0.1% bromophe-
nol blue). Reaction products containing 20 bp fully com-
plementary blunt substrates were resolved on a 20% non-
denaturing polyacrylamide gel. Reaction products contain-
ing the partially complementary fork substrates were re-
solved on a 12% non-denaturing polyacrylamide gel. The
gel was run at 4°C and was visualised using phosphorimag-
ing in Typhoon FLA 7000. Time course annealing assays
were carried out for D2-Zn-WH, D2-Zn-WHA2Y5644A 1o
Zn-WHAMX gnd D2-Zn-WHPex4A For all the constructs,
the concentration of the protein used in each reaction was
100 nM. Reaction mixtures were incubated for different
time points at 25°C and then terminated using stop buffer.
Reaction products were resolved on a 20% non-denaturing
polyacrylamide gel at 4°C and were visualised using phos-
phorimaging in Typhoon FLA 7000. The gels were analysed
using image processing and analysis software Image J 1.46r
and the percentage of DNA annealed was calculated for
each lane (28). The percentage of spontaneous annealing in
the enzyme-free control was calculated and subtracted from
each lane. The data shown represent the mean of three in-
dependent experiments, with error bars indicating standard
deviation. The concentration of enzyme required for 50%
annealing was calculated from the plots.

DNA unwinding assays

DNA unwinding assays were carried out in the presence
of 1 nM 5-¥P labelled forked duplex DNA in a reaction
buffer containing 20 mM Tris—HCI pH 7.5, 25 mM NacCl,
5 mM MgCl,, 1 mM B-ME, 10% glycerol and 80 pwg/mL
bovine serum albumin. The enzyme was added at indicated
concentrations, and the reactions were initiated by adding
ATP at a specified concentration. The unwinding reaction
was carried out at 37°C for 30 min and then terminated us-
ing stop buffer (0.5% SDS, 0.1M EDTA, 5% glycerol and
0.1% bromophenol blue). The products were resolved on a
12% non-denaturing PAGE run at 4°C and visualized using
phosphorimaging in Typhoon FLA 7000.

Steady-state ATPase assay

ATP hydrolysis activity was studied using a coupled AT-
Pase assay and measured as a decrease in A34y correspond-
ing to oxidation of NADH to NAD™ (29). The reaction
was carried out in presence of saturating concentration of
forked duplex DNA in a buffer containing 50 mM Tris—HCI
pH 7.5, 10 mM MgCl,, 0.1 mM B-ME, 0.4 mM phospho-
enolpyruvate, 0.2 mM NADH, 23 mg.ml ! lactate dehydro-
genase, 37 mg.ml™! pyruvate kinase, 20 mM NaCl and in-
creasing ATP concentrations. The reaction was initiated by
adding the enzyme at specified concentrations. The initial

velocities (inmM ATP s '), were calculated from the change
in absorbance AA34/t with €350 nNapH = 6220 M lem ™,
and were converted to k.. The values obtained were fitted
to Michaelis-Menten equation, and Ky for ATP was deter-
mined. All experiments were repeated at least three times,
and the data represent the mean of three independent ex-
periments with error bars indicating the standard deviation.

Measurement of DNA binding using fluorescence anisotropy
titrations

Binding of different DNA substrates to RECQI1 trun-
cated constructs and full-length RECQIl was studied
by equilibrium fluorescence anisotropy titrations (29,30).
Anisotropy titration experiments with D2-Zn-WH, D2-
Zn-WHAZYSMA - D)_7n WHeXA  were carried out at
25°C in a reaction buffer containing 50 mM Tris—HCI (pH
7.5), 20 mM NaCl, 5 mM MgCl,, and 0.1 mM B-ME.
10 nM of 5 6-FAM labelled substrates (a 20-mer single-
stranded DNA, a 20 bp blunt ended duplex DNA, and
a 20/10-mer duplex having a 3’ tail) were titrated using
varying enzyme concentrations in a Fluoromax-4 fluorime-
ter (Horiba). Anisotropy titrations for RECQ1F™ were also
performed in the presence of all the above-mentioned sub-
strates under same reaction conditions.

Anisotropy titration experiments with RECQI1™! and
RECQITIelix4A were carried out in the same buffer in the
presence of 5 mM ADPNP, and 10 nM of 5 6-FAM la-
belled fork duplex DNA substrate at 37°C. The excitation
and emission wavelengths were fixed at 490 and 517 nm,
respectively. All fluorescence anisotropy values were con-
verted to fraction of DNA bound (fg). For constructs D2—
ZIl*WHhelixélA, RECQlTl, RECQlTl,helix4A and RECQlFL,
the data obtained were fitted to a quadratic function de-
scribing 1:1 binding (Equation 2) using Origin 8.5 and dis-
sociation constants (K4) of the enzyme / DNA complex
were determined.

- 1
/B = [ONAL

ot +H[DNAJ + K, ot -HIDNAJ o+ Kg | 2 (2)
<[E]1 fRal > Jiot K4 _\/{([E]l Rl > Jiot+ d) _[E]tot[DNA]tot}>

In the above equation, fp is the fraction of DNA bound,
which is calculated from the equation, fg = (r — r0)/(Fmax —
ro), where ‘7’ is the observed anisotropy, ry is the initial
anisotropy of the free dye, and ry. is the anisotropy at
saturation. [E]i is the total enzyme concentration, and
[DNAJo is the total DNA concentration. For constructs
exhibiting cooperative binding (D2-Zn-WH and D2-Zn-
WHA2Y3%44) data was fitted to Hill equation and the dissoci-
ation constants (Ky) of the enzyme/DNA complex were de-
termined using Origin 8.5. All experiments were performed
at least three times, and the data shown represent the mean
of three independent experiments, with error bars indicating
standard deviation.

Limited proteolytic digestion

Limited proteolysis experiments were carried out as de-
scribed earlier (11,17). 5 wg of purified RECQI™! or
RECQI1THbelix4A wag incubated with chymotrypsin (0.05
wg) at 25°C for 1 h in presence of 5 mM MgCl, and in



the presence or absence of ATP or ATPyS (5 mM). The re-
action was terminated by the addition of 5x SDS sample
buffer and boiling for 5 min. The digested products were
resolved on a 12% denaturing polyacrylamide gel and visu-
alised by staining with Coomassie Blue.

RESULTS

Mutations on the B-hairpin restore strand annealing activity
of annealing deficient construct D2-Zn-WH

As reported previously, the mutant RECQIT! retains the

ability to unwind forked duplex, whereas it completely lacks
the strand annealing activity. Mutation at the tip of the -
hairpin in RECQI1T! leads to the restoration of the anneal-
ing activity (15,16). These earlier findings can easily argue
for the hypothesis that lack of unwinding might have led
to gain of annealing, and the two functions are mutually
exclusive. Moreover, it was also reported that the isolated
WH domain can efficiently perform strand annealing simi-
lar to the wild type enzyme while a larger fragment encom-
passing the D2-Zn-WH (amino acid 282-616) completely
lacks annealing activity. We, therefore, created the deletion
construct encompassing D2-Zn-WH domains of RECQI,
harbouring the Y564A mutation at the tip of B-hairpin
and two residues deleted from either side of the tyrosine
564 (D2-Zn-WHA?Y5%4A shown in Figure 1A). In this con-
struct, residues F561, T562, A565 and T566 were deleted,
and Y 564 was mutated to alanine, keeping A563 intact. The
same mutations on RECQ1T! (RECQI1T!AZY564A) were re-
ported to restore strand annealing activity in the anneal-
ing deficient RECQ1T™! (15,16). The mutants were purified
to homogeneity (Figure 1B) as described in materials and
methods and both eluted as monomers. We tested the strand
annealing activity of the mutants (Figure 1C-E) using a
3P Jabeled 20-mer DNA substrate (1.5 nM) as described
in materials and methods. The mutant D2—-Zn-WHA2Y364A
exhibits improved strand annealing activity compared to
the fragment encompassing D2-Zn—-WH (Figure 1C and
D). While D2-Zn-WH exhibits negligible strand anneal-
ing activity (11%) at 200 nM, the B-hairpin mutant D2-Zn—
WHA2Y3%4A exhibits 50% strand annealing at 70 nM (Fig-
ure 1F). This indicates that, strand annealing is restored due
to the B-hairpin mutation on D2-Zn-WH fragment. Since
the isolated WH domain is reported to perform strand an-
nealing similar to the full-length enzyme, we compared the
annealing activity of D2-Zn-WH?A?Y364A with that of the
isolated WH domain. The isolated WH domain can indeed
efficiently anneal complementary strands (Figure 1E), with
50% annealing being observed at 27 nM (Figure 1F). Al-
though the B-hairpin mutant D2-Zn-WH?A?Y3%A was not
as efficient as the isolated WH domain, its annealing ac-
tivity clearly improved several folds compared to D2-Zn—
WH. We also created a truncated RECQ]1 fragment encom-
passing residues 282-649 (D2-Zn-CT) and its B-hairpin mu-
tant (D2-Zn-CTA2Y>%A) D2-Zn-CT exhibited no strand
annealing while D2-Zn-CT22Y5#A exhibited strand anneal-
ing activity similar to D2-Zn-WH?22Y3%#A (Supplementary
Figure S1). 50% annealing was observed at 50 nM con-
centration of D2-Zn-CTA2Y3%4A  These results clearly indi-
cate that the mutations on the B-hairpin can restore strand
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annealing activity of a shorter RECQI1 fragment (D2-Zn—
WH) lacking both unwinding and annealing. It, therefore,
nullifies the hypothesis that lack of unwinding results in a
gain of annealing activity. In order to test whether muta-
tions on B-hairpin directly affect strand annealing, we also
tested the annealing activity of isolated WH domain and
WHA2Y344A  The isolated WH and WHA2Y3%4A show simi-
lar strand annealing activity (Supplementary Figure S1), in-
dicating that the B-hairpin is not directly involved in strand
annealing. Our results clearly argue in favour of the hypoth-
esis that these mutations must have induced some confor-
mational change in RECQ-CTD that helps the WH domain
to achieve a more favourable orientation for strand anneal-
ing.

Crystal structure of D2-Zn-WHA2Y564A reveals weakening
of significant interactions between Zn and WH domain

In an attempt to understand the conformational changes
that might have been induced due to the A2Y564A mu-
tation, we crystallized the D2-Zn-WH fragment of hu-
man RECQI harbouring the mutation A2Y564A on the
B-hairpin. The protein D2-Zn-WH22Y>%A was purified to
95% homogeneity as a monomer in solution and was crys-
tallized as described in materials and methods. Data col-
lection and refinement statistics are summarized in Table
1 (PDB ID. 6JTZ). The structure consists of 2 protein
chains, 2 zinc ions and 139 water molecules, with a work-
ing R-factor of 22.7% and Ry value of 28%. Both D2-
Zn-WH and the mutant D2-Zn-WHA?Y3%A eluted as a
monomer from S200 column. Although the protein crys-
tallized as a dimer under crystallization conditions, we as-
sume at low concentrations used in annealing assays, it ex-
ists as a monomer. The structure clearly exhibits the pres-
ence of RecA like domain 2 (D2), the Zinc binding domain
and the WH domain with a shortened B-hairpin (Figure
2A). Superimposition of the mutant structure with that of
RECQI1™ reveals that the domains align perfectly with that
of RECQI1T™! (backbone RMSD of 0.4 A) except for the B-
hairpin structure. The mutations not only lead to shorten-
ing of the B-hairpin, but also a clear distortion of the hair-
pin structure is observed (Figure 2B). The 2F, — F, electron
density map for the mutated B-hairpin is shown in Figure
2B (inset).

A careful investigation into the interface of Zn bind-
ing and WH domains indicate that several significant
interactions are disrupted due to the mutations. In
RECQI1 structure (2V1X), 1567 and S568 on the B-hairpin
can potentially interact with F424 and S428 on an a-helix
located in the Zn binding domain (Figure 2C) as evident
from the interatomic distances (well below 4A). In the crys-
tal structure of the mutant protein D2-Zn-WHA2Y364A,
F424 and S428 moved apart from 1567 and S568, thereby
weakening or disrupting these interactions (Figure 2D).The
side-chain hydroxyl of S428 in the mutant structure assumes
arotamer conformation different from that in the RECQ171!
structure (the 2Fo-Fc electron density map is shown in Sup-
plementary Figure S2). As a result, its interactions with 1567
and S568 are weakened, as evident from the increased in-
teratomic distances (Figure 2D).Weakening of these inter-
actions might have contributed to the destabilization of the
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Figure 1. Analysis of strand annealing activity of RECQI1 truncated constructs and mutants. (A) Schematic representation of the domains of human
RECQI and truncated constructs. The domain boundaries are marked with corresponding amino acid residue numbers. The B-hairpin mutation in the con-
struct D2-Zn-WHA2Y364A js shown in the box. (B) SDS-PAGE analysis of purified RECQI constructs. The purified D2-Zn-WH and D2-Zn-WHA2Y364A
were analysed by 12% SDS-PAGE. The molecular mass standard (M) is indicated on the left. (C) Strand annealing assay using increasing concentrations
(10200 nM) of D2-Zn-WH. (D) Strand annealing assay using increasing concentrations (10-200 nM) of D2-Zn-WH?22Y364A (E) Strand annealing assay
using increasing concentrations (10-200 nM) of isolated WH. All annealing assays in C, D and E were performed using 1.5 nM of 32P-labelled 20-mer
sense strand and 2.5 nM of unlabelled 20-mer anti-sense strands. Lanes indicating ‘ssDNA’ contain 1.5 nM of 32P-labelled sense strand only. Lanes indi-
cating ‘self-anneal’ contain spontaneous annealing in the absence of enzyme. Reactions were carried out at 25°C for 20 min and products were resolved on
20% non-denaturing PAGE, and visualised using phosphorimaging in Typhoon FLA 7000. (F) Plot showing a comparison of the percentage of annealing
by D2-Zn-WH (0), D2-Zn-WHA2Y5%4A (B and isolated WH (o). The percentage of DNA annealed was plotted against protein concentration. Data
represent the mean of three independent experiments, with standard deviation shown as error bars.
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Figure 2. Overview of the structure of human RECQI truncated mutant D2-Zn-WH 22Y3%4A (A) Cartoon representation of a single monomer of D2-Zn—
WHAZY34A (Jight pink). Different subdomains are indicated: Core Helicase Domain2 (D2), Zn Binding Domain (ZND) and the Winged Helix Domain
(WH) containing the mutated shortened B-hairpin motif. Zn metal ion in the zinc-binding domain is shown in sphere (grey) representation (generated in
PyMOL v1.7) (PDB accession code: 6JTZ). (B) Structural superimposition of D2-Zn-WHA2Y564A (Jight pink) and RECQ1T! (pale green). The structure
of RECQIT! was taken from Pike et al. 2009 (PDB ID code: 2V1X). The shortened B-hairpin in the D2-Zn-WH2A2Y364A structure does not align with
the B-hairpin of RECQIT!. The sigma-A weighted 2F, — F, electron density map is shown for the mutated B-hairpin. The map is contoured at 1o (C)
A closer view of the ZND-WH interface in RECQ1™! showing the major interatomic distances between residues on B-hairpin and the a-helix on the
ZND. All interatomic distances shown are well below 4.5A. The side chain of S568 is shown with hydroxyl groups modelled in two different rotamers
(occupancy = 0.5). (D) A closer view of the ZND-WH interface in D2-Zn-WHA2ZY564A showing increased interatomic distances between residues on
B-hairpin on WH domain and the a-helix on the ZND. All interatomic distances are measured in A.
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interface, thereby allowing the WH domain to orient in an
annealing competent conformation. From the crystal struc-
ture, it is also evident that other significant interactions like
S427:5568 and V431:Y559 are weakened in the B-hairpin
mutant, thereby further contributing to the destabilization
of the interface. It is, therefore, logical to hypothesize that
weakening of interactions between the Zn binding residues
and WH domain might have resulted in a conformational

change favourable for efficient strand annealing by D2-Zn-—
WHA2YS64A

Analysis of the interface between Zn and WH domains re-
veals significant interactions of WH domain with an «a-helix
on Zn domain

The crystal structure of D2-Zn-WH?2Y3%A clearly indi-
cated a weakening of interactions at the interface between
Zn and WH domains which might have a contributory role
in the restoration of strand annealing. We, therefore, specu-
late that interaction between Zn and WH domain residues
stabilizes the inter-domain interface and attenuates strand
annealing by restricting the WH domain in a closed confor-
mation. Mutations on B-hairpin destabilize the interface by
weakening the interactions and, in turn, allow the WH do-
main to assume an open conformation more favourable for
strand annealing. To gain further insight into the domain-
domain interactions, we analyzed their interface by calcu-
lating buried surface area (BSA) as indicated in materi-
als and methods. From the crystal structure of RECQ1™!
(2VIX), we reconstructed the isolated chains correspond-
ing to DI-D2-Zn (63-480) and the WH (481-592) do-
mains. We calculated the solvent-accessible surface area
(SASA) of the isolated chains (D1-D2-Zn and WH sep-
arately), as well as the complete structure containing all
domains using Naccess tool (27), which implements Lee
and Richard algorithm (26). Our results indicate that the
solvent-accessible surface area (SASA) for the entire com-
plex (63-592) is 23987.9 A2, while that of the isolated chains
are 18831 A2 (D1-D2— Zn) and 6994.3 A2 (WH). The cal-
culated BSA between the two domains is 1837.5 A2. This
is more than 1.5 times higher than the average monomeric
domain-domain interfaces (31,32), indicating a well defined
and stable interface between the two domains (Figure 3A).
Upon identifying the interface, we selected the key interact-
ing residues by setting a cut-off distance of 4.5 A. A sum-
mary of potential key interacting residues is listed in Ta-
ble 2. Our results indicate that F420, F424, S427 and S428
have maximum number of interactions with the residues in
the WH domain. F420 is likely to make significant con-
tacts with E543, 1546 and A547 (Figure 3B), while F424
has extensive contacts with ES57, S568 and L570 (Figure
3B). The residues S427 and S428 make significant contacts
with Y559 and S568 on the B-hairpin (Figure 3B). All these
four residues are located on an a-helix (420—430) in the Zn
domain facing the WH domain. Interestingly, our crystal
structure data also demonstrate that three of these inter-
acting residues (F424, S427 and S428) moved away from
the WH domain residues (I567 and S568) in case of the
D2-Zn-WHA2Y3%4A mutant, thereby weakening the inter-
actions. Therefore, findings from our interface analysis are
in line with the crystal structure data and strongly establish

the significance of these interactions in stabilizing the inter-
face.

Deletion of the «-helix in Zn-domain restores strand anneal-
ing activity of annealing deficient construct D2-Zn-WH

From our crystal structure data, we hypothesized that desta-
bilization of the interface due to A2Y564A mutation in D2—
Zn—WH might have resulted in a conformation of the WH
domain more favourable for performing strand annealing.
Further analysis of the interface region between the Zn-
binding and WH domains revealed potential interactions
that might have a significant role in stabilizing the inter-
face. We identified 4 major residues (F420, F424, S427 and
S428) located on the a-helix in Zn-domain that can po-
tentially interact with residues in the WH domain (listed
in Table 2) and help in stabilizing the interface. To estab-
lish our hypothesis, we constructed a mutant of D2-Zn-
WH lacking the entire a-helix encompassing residues 420
430 in the Zn domain (D2-Zn-WH?2X) We also created
a mutant of D2-Zn-WH protein harbouring four muta-
tions on the a-helix (F420A, F424A, S427A and S428A).
The latter mutant harbouring the four mutations is named
D2-Zn-WH"!X4A Tn both the mutants D2-Zn-WHAhelix
and D2-Zn-WHP!*4A ' the B-hairpin was kept intact (Fig-
ure 4A). The proteins were purified to homogeneity (Fig-
ure 4B) as described in materials and methods and both
proteins eluted as monomers. We tested the ability of both
mutants in strand annealing assay as described (Figure 4C
and D). Interestingly both the mutants were found to be
efficient in strand annealing. 50% strand annealing was ob-
served at 12 nM concentration of D2-Zn-WH?A2"!X and al-
most 75% substrate was annealed at 30 nM enzyme concen-
tration (Figure 4C and E). The mutant D2-Zn-WH?belix4A
also exhibits efficient strand annealing activity starting from
10 nM, and 50% annealing was observed at 25 nM en-
zyme concentration (Figure 4D and 4E). Interestingly, com-
pared to the isolated WH domain, both the mutants (D2—
Zn-WHA2MX and D2-Zn-WH"X4A) exhibit more efficient
strand annealing activity. While D2-Zn-WH"!*A has an-
nealing activity similar to the WH domain, the mutant D2—
Zn-WHAP!X exhibits 50% annealing only at 12 nM con-
centration. These results clearly depict that deletion of or
mutations on the a-helix not only restores strand anneal-
ing activity of D2-Zn—WH but also results in more efficient
strand annealing by the mutants.

RECQI is known to physically and functionally inter-
act with human replication protein A (RPA), leading to
stimulation of unwinding and inhibition of annealing ac-
tivities (17). In order to assess whether the increased level
of strand annealing observed for the mutants (D2-Zn-
WHAMIX and D2-Zn-WH"X4A) was actually due to in-
creased enzyme activity, we tested the inhibitory effect of
human RPA. In assays with RPA, we used a soluble dele-
tion construct of RPA70 lacking 175 amino acids from the
C-terminus (RPA702). It was shown that RPA70 lacking
175 amino acids from the C-terminus is soluble and is suffi-
cient to stimulate the unwinding activity of WRN helicase
(33,34). Moreover, it has also been reported that the DNA
binding activity of RPA70 resides on the first 441 amino
acids, and hence the construct RPA704€ is sufficient to in-
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Figure 3. Analysis of the interface between Zn-binding domain and WH domain of RECQ1. (A) The interface between the Zn-binding domain and WH
domain was analysed from the RECQI crystal structure (2V1X, Pike et al., 2009) by calculating the buried surface area (BSA) using Naccess tool (27).
The residues contributing to the interface are indicated by spheres (Green spheres for Zn-domain residues and cyan spheres for WH residues). For better
visualisation, the D1, D2 and Zn-domain are represented in pale green colour, while WH is represented in teal (blue-green) colour. (B) A closer view of
the identified interface residues between the Zn binding domain and WH domain falling within a cut-off distance of 4.5 A. Interface residues constituting
F420, F424, S427, S428 in the a-helix of Zn-binding residues (residues 420-430) and E543, 1546, ES57, Y559, T566, S568, L570 in the B-hairpin of the
winged-helix domain (residues 554-573) are shown in stick representation (Figure generated in PyMOL V1.7. The side chain of S568 is shown with hydroxyl

groups modelled in two different rotamers (occupancy = 0.5).

hibit strand annealing activity (33). Strand annealing was
indeed inhibited by the addition of RPA70€ in annealing
reactions, and complete inhibition was achieved at 100 nM
of RPA702€ in case of both the mutants (Figure 4F and
G). In an attempt to understand the contribution of these
mutations in strand annealing kinetics, we performed time-
course annealing experiments with D2-Zn-WH, D2-Zn-
WHA2Y564A, DZon7WHAh°“Xand szzanHheliX“A (Flg-
ure SA-D). D2-Zn—WH is inefficient in strand annealing
and can only anneal up to 20% of the substrate even after
60 min of reaction, while D2-Zn-WH22Y3%#A can anneal
60% within the first 15 min of reaction. The mutants D2-
Zn-WH2X and D2-Zn-WH"™A are highly efficient in
strand annealing, and both the mutants can anneal 90% of

the substrate within the first 10 min of reaction (Figure 5E).
These results clearly indicate that mutations on the a-helix
render the enzyme more efficient in strand annealing that
might be attributed to the destabilization of the interface.
The results strongly argue in favour of our hypothesis that
disruption of the interface by introducing mutations on the
a-helix or deletion of the a-helix allows the WH domain to
orient in a preferred conformation that favours strand an-
nealing.

Mutations on the a-helix in Zn-domain affect DNA binding

In order to understand the correlation between DNA
binding and strand annealing activity of the mutants, we
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Table 2. List of major interface residues

Residues on the Zn-binding
domain

Residues on the winged helix
domain

Phe 420 Glu 543
Tle 546

Ala 547
Ser 568
Glu 557
Leu 570
Tyr 559
Glu 557
Ser 568
Tyr 559
Ser 568
Thr 566
Tle 567

Tyr 559
Phe 561
Thr 566
Ile 551

Glu 557
Gln 553
Leu 550
Lys 554
Ile 551

Ala 547
His 548
Met 588
Phe 484
Gln 589
Lys 544
Val 490
Thr 591

Phe 424

Ser 427

Ser 428

Val 431

Tyr 441

Gln 448

Ile 450

assessed DNA binding affinities of the annealing deficient
and annealing competent mutants of RECQI1 using fluo-
rescence anisotropy (Figure 6). 5'-6-FAM labelled ssDNA,
dsDNA (blunt duplex) and 3’ tailed duplex substrates were
used in the assay. The sequences of the oligonucleotides
used are listed in Supplementary Table S2. The results of
fluorescence titrations are summarized in Table 3. There
was no significant difference observed in ssDNA affinity
of D2-Zn-WH and D2-Zn-WHA2Y3%A 45 evident from
the dissociation constants (Table 3, Figure 6A). This was
expected; since mutations on B-hairpin is not likely to af-
fect ssDNA binding. A 1.5-fold decrease in dsSDNA bind-
ing (Kq = 1.78 wM) and 3'-tailed duplex binding (Kg = 2.75
wM) was observed (Figure 6B and C, Table 3) for D2-Zn—
WHA2Y3%4A a5 compared to D2-Zn-WH (1.17 uM and 1.97
.M respectively). Since the B-hairpin is known to be a ma-
jor structural element in DNA recognition and unwind-
ing, a 1.5-fold decrease in substrate binding due to muta-
tions at the B-hairpin tip seems reasonable. On the other
hand, we observed a significant loss in DNA binding for
the a-helix mutant (D2-Zn-WH*44) a5 compared to D2
Zn-WH or D2-Zn-WH?22Y>%A There was almost 1.8-fold
(2.08 £ 0.15 wM compared to 1.17 £ 0.12 wM for D2-Zn-—
WH) loss in dsDNA binding and 3-fold loss (5.7 £ 1.1 puM
compared to 1.97 +0.3) in 3’ tailed duplex binding in case of
D2-Zn-WH"X*A a5 compared to D2-Zn-WH (Figure 6D
and E). Single-stranded DNA (ssDNA) binding for the «-
helix mutant could not be determined in the concentration
range used for the anisotropy titrations. This significant loss
in DNA binding and its correlation to DNA strand anneal-

ing needs careful interpretation and further investigations.
It is possible that mutation of residues on the a-helix in-
duces a severe conformational change in the WH domain,
thereby restricting it to a conformation not favourable for
substrate binding but favourable for strand annealing. In-
terestingly, D2-Zn-WH and D2-Zn-WH?A?Y364A exhibit
co-operativity in DNA binding (Figure 6A and B) for ss-
DNA and blunt dsDNA substrates while the mutant D2—
Zn-WHPX4A exhibits 1:1 binding. It is possible that the
mutants D2-Zn-WH and D2-Zn-WH?22Y364A oligomerize
in the presence of ssDNA and blunt duplex and hence ex-
hibit co-operative binding. The mutant D2-Zn-WH?belix4A
undergoes severe conformational change due to destabiliza-
tion of the interface between Zn and WH domain and at-
tains a conformation that is unfavourable for DNA binding
and oligomerization.

We also assessed the DNA binding affinities of the full-
length RECQI (RECQI1'Y) with all the DNA substrates
used in the study (Supplementary Figure S3) and compared
with that of the D2-Zn-WH fragments. As expected, the
full-length RECQI1 can bind all the DNA substrates (ss-
DNA, blunt duplex and 3’ tail DNA) with much higher
affinities (see Table 3) compared to the shorter fragments.
The differences in DNA binding observed for the mutants
D2-Zn-WHA2Y3%A and D2-Zn-WH#A with respect to
D2-Zn—WH remain significant when compared to that of
full-length RECQ1. While D2-Zn-WH exhibits 8.5-fold
lesser affinity for 3’ tailed DNA with respect to RECQI1FL
(1.97 uM compared to 0.23 pM for RECQI1FL), the mu-
tant D2—-Zn-WH" !4 exhibits 25-fold loss in binding com-
pared to RECQIFL (5.17 uM compared to 0.23 wM for
RECQI1F1). Similarly, for the blunt dsDNA substrate, D2—
Zn—-WH fragment exhibits a 4-fold lesser binding (1.17 .M
compared to 0.28 wM) while a 7.5-fold loss in binding was
observed for the mutant D2-Zn-WH"!*44 (2,08 wM com-
pared to 0.28 pM) as compared to full-length RECQI.
These results further confirm that the observed differences
in DNA binding among the RECQI shorter fragments are
highly significant and may be attributed to conformational
changes within the Zn and WH domains. Moreover, the
full-length enzyme exhibits DNA stimulated ATPase ac-
tivity (Supplementary Figure S3B) while the shorter frag-
ments completely lack the ATPase activity in presence of
DNA. This indicates that the conformational change in the
shorter fragments is independent of ATP binding and is
more likely due to the destabilization of the interface result-
ing in a weaker DNA binding. The DNA binding results
and their possible implications in strand annealing have
been discussed more in the discussion section. Results from
our DNA binding experiments indicate that mutations on
the a-helix (420-430) affect substrate binding significantly
even if the B-hairpin remains intact. The observed results
strongly argue in favour of the hypothesis that a major con-
formational change in the RQC domain is responsible for
the reduced DNA binding.

Mutations on the «-helix in Zn-domain restores strand an-
nealing activity of annealing deficient RECQ1™!

Our experimental evidence so far strongly argue in favour
of the hypothesis that interaction of residues in the WH
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Figure 4. Analysis of strand annealing activity of truncated RECQ1 constructs harbouring mutations in the zinc binding domain. (A) Schematic represen-
tation of the domains of human RECQ!1 and truncated constructs. The domain boundaries are marked with corresponding amino acid residue numbers.
The deletion of the a-helix in the construct D2-Zn-WHAheliX in the Zn- binding domain is represented by a small gap within the domain. The mutation
of four amino acids in the Zn- binding domain is shown in the box. The upper line in the box shows the original (wild type) sequence, while the lower line
shows the sequence of the a-helix containing the mutations. (B) SDS- PAGE analysis of purified RECQI constructs. The S-200 purified D2—Zn—WH Ahelix
and D2-Zn-WHIX4A were analysed by 12% SDS-PAGE. The molecular mass standard (M) is denoted on the left. (C) Strand annealing assay using
increasing concentrations of D2-Zn-WHAPIX (5_50 nM). (D) Strand annealing assay using increasing concentrations of D2-Zn-WH"!*4A (5-100 nM).
Annealing assays were performed using 1.5 nM of 32P-labelled 20-mer sense strand and 2.5 nM of unlabelled anti-sense strands containing increasing
enzyme concentrations as indicated on the lanes. Lanes indicating ‘ssDNA’ contain 1.5 nM of 32P-labelled sense strand. Lanes indicating ‘self-anneal’
indicates spontaneous annealing in the absence of enzyme. All reactions were carried out at 25°C for 20 min, and products were resolved on 20% non-
denaturing PAGE and visualised using phosphorimaging in Typhoon FLA 7000. (E) Plot showing the percentage of annealing by D2-Zn-WH?2helix ()
and D2-Zn-WHP"elX4A (A) a5 compared to that of isolated WH () and D2-Zn-WH (O). The percentage of DNA annealed has been plotted against in-
creasing protein concentration. Data represent the mean of three independent experiments, with error bars indicating standard deviation. F. Inhibition of
strand annealing activitg of D2-Zn-WHAMIX i the presence of increasing concentrations of RPA704€ (20-300 nM). (G) Inhibition of strand annealing
activity of D2-Zn-WHPIX4A in the presence of increasing concentrations of RPA704€ (10-300 nM). Both the labelled and unlabelled complementary
oligonucleotides were incubated with increasing concentrations of RPA704€ at 25°C for 5 min. Annealing reactions were initiated by the addition of D2—
Zn-WHAMIX (50 nM) or D2-Zn-WHPelx4A (75 nM) and was carried out at 25°C for 20 min. The products were resolved on 20% non-denaturing PAGE
and visualised by phosphorimaging in Typhoon FLA 7000.
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Figure 5. Time kinetics of the strand annealing activity to form a 20mer blunt duplex by different RECQI1 constructs. (A) D2-Zn-WH, (B) D2-Zn—
WHA2Y364A ' (C) D2-Zn-WH2heX and (D) D2-Zn-WH"X4A Time course annealing assays were performed using 1.5 nM 32P-labelled sense strand and
2.5 nM of unlabelled anti-sense strand in the presence of 100 nM of truncated RECQI constructs. Lanes indicating ‘ssDNA’ contains only 1.5 nM of
32P-labelled sense strand. Lanes indicating ‘self-anneal’ contains both sense and antisense strands but without enzyme. The reaction was initiated by the
addition of anti-sense strand and terminated using a stop buffer at time points indicated on the respective lanes. (E) Quantitative analysis of the kinetics
of formation of blunt duplex mediated by RECQ1 constructs. The percentage of strand annealing was plotted against respective time points.

domain with the a-helix in the Zn domain attenuates
strand annealing activity of D2-Zn-WH fragment of hu-
man RECQI. Our data also depicts that disruption of
these interactions and subsequent destabilization of the
domain-domain interface restores strand annealing and
compromises DNA binding in these constructs. We, there-
fore, tried to extrapolate the same findings on the near
full-length RECQI fragment RECQIT!. We created a
mutant of RECQI1 lacking 48 amino acids in the N-
terminus and 33 amino acids in the C-terminal region
(RECQI1T!, demonstrated in ref 11) and harboring 4 mu-
tations (F420A, F424A, S427A, S428A) on the «-helix in
the Zn domain (RECQ1T!-relix4A) (Figure 7A). The mutant
RECQI1TIhelix4A wwag purified as described (Figure 7B), and
it eluted as a monomer (data not shown) in contrast to
RECQI1T!, which elutes as a dimer. We assessed the strand
annealing activity of the mutant RECQ1TLbelix4A and com-
pared its activity with respect to RECQ1™! using 20 mer
DNA as well as fork DNA substrates (Figure 7C-F). While

RECQI1™ can anneal only 10% of the substrate at 200
nM concentration (Figure 7C), the mutant RECQ1T1helix4A
can efficiently anneal the 20 mer DNA substrate starting
from 40 nM concentration (Figure 7D). In annealing reac-
tions containing forked substrate, 50% annealing was ob-
served at 6.5 nM RECQIT!helix4A (Figyre 7F and G) and
almost 80% annealing was observed at 10 nM concentra-
tion of RECQ1THbelix4A while no annealing was observed
in RECQI1™! even at 200 nM (Figure 7E and G). The en-
zyme RECQITeX4A tyrned out to be more efficient in
strand annealing compared to the isolated WH domain and
other annealing competent constructs lacking the D1 do-
main discussed earlier. These data suggest that disruption
of the interface between Zn and WH domains can restore
strand annealing activity of annealing deficient RECQI1T!
and hence confirms that our hypothesis can be extrapo-
lated for the near full-length RECQ1 mutant. We also as-
sessed the effect of RPA704€ on strand annealing activity of
RECQI1T! helix4A R PA70AC inhibited strand annealing ac-



Nucleic Acids Research, 2021, Vol. 49, No. 20 11847

>
w

101 1.0-
2 %% T 081
3 ] 5
-g *®] ——D2-Zn-WH -g 0.6
2 . ——D2-Zn-WH?A2Y584A o
g S 0.4
£ - £ ——D2-Zn-WH
" 0.2+ — D2-Zn-WH?A2Y564A
0.0-
0.0 : . . | |
0 1 2 3 4 5 00 06 12 18 24 30
[enzyme] uM [enzynie] bt
¢ D
1.24
1.0- i .
2 58l g
S 0.8 2
3 ] 9
- 0.6 .
% 0 . ——D2-Zn-WH ._%
o ] — D2-Zn-WHA2Y564A 3
N 1 i
0.2
0.0
voE s e a0 01 3 3 35 8 7 5 81
[enzyme] uM D2-Z0-WHPEIXAA] 41y
E
7-. %7 D2-Zn-WH -
6 553 D2-Zn-WHA2Y564A
5' ESYD2-zn-WHMex4A N
= N\
3 47
=
X 3
2- !
4 . ::0:0:03
K .
0- s

Figure 6. Measurement of DNA binding using fluorescence anisotropy titrations for D2-Zn-WH, D2-Zn-WHA2Y5#4A and D2-Zn-WHeliMA (A

Anisotropy titrations were performed in the presence of 10 nM, 5’ 6-FAM labelled single stranded DNA with D2-Zn-WH (red, A) and D2-Zn-WHA2Y304A
(blue, A). (B) Anisotropy titrations performed in the presence of 10 nM 5’ 6-FAM labelled blunt duplex DNA with D2-Zn-WH (red, A) and D2-Zn—
WHAZYS%4A (plye, A). For both A and B, the anisotropy values were converted to fraction of DNA bound as described in materials and methods, and
data were fitted to Hill equation, and dissociation constants (Kgy) were calculated. (C) Anisotropy titrations performed in the presence of 10 nM 5 6-FAM
labelled 20/10 mer 3’ tailed duplex DNA with D2-Zn-WH (red, A) and D2-Zn-WHA2Y>%A (blue, A). (D) Anisotropy titrations with D2-Zn—WHPelix4A
performed in the presence of 10 nM 5 6-FAM labelled 20/10 mer 3’ tailed duplex (M) and 20 base paired blunt duplex DNA (O). For both C and D, the
anisotropy values were converted to fraction of DNA bound and the data were fitted using Equation (2) as mentioned in Materials and Methods, and
dissociation constants (K4) were calculated. For all titrations, data shown here are the mean of at least three independent experiments, and the error bars
represent the standard deviation. (E) Histogram showing the comparison of dissociation constants (Ky) for different DNA substrates as obtained from
experimental sets (A-D). The Ky values indicated here are the mean values obtained from three independent experiments. Error bars indicate SEM. The
Ky values are also listed in Table 3.
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Table 3. Dissociation Constants measured from fluorescence anisotropy
titrations

K4 (kM)
Blunt-duplex

Constructs ssDNA DNA 3’tailed DNA
D2-Zn-WH 1.48 £0.11 1.17 £0.12 1.97 £0.3

n=3.1 n=27
D2-Zn-WHAZY364A 1.534+0.1 1.78 +0.27 2.75+0.4

n=22 n=2.5
D2-Zn-WHbelix4A ND 2.08+0.15 57+ 1.1
RECQIFL 0.14 £ 0.03 0.28 & 0.04 0.23 4+ 0.05

tivity of RECQ1Tlheli4A starting from 50 nM concentration
similar to that observed for the shorter mutants encompass-
ing D2-Zn-WH domains (Figure 7H). This result indicates
that the increased annealing observed for the mutant is in-
deed due to the increased enzymatic activity.

The strand annealing activity of RECQI1 is known
to be inhibited in the presence of ATP. The mutant
RECQI1TIhelix3A retains the D1 domain and hence is ex-
pected to bind and hydrolyse ATP. In order to assess
the effect of nucleotides on strand annealing activity of
RECQITlelix4A " we performed the annealing reaction in
the presence of ATP, ADP, ADPNP and ATPyS (Fig-
ure 71). Similar to wild type RECQI1, the presence of nu-
cleotides (5 mM ATP or non-hydrolysable analogues) inhib-
ited strand annealing activity, although complete inhibition
was not achieved at 2 mM ATP or ADPNP. In contrast to
earlier findings with RECQ1*" (17), where 2 mM ATP or
ATP~yS was sufficient to inhibit annealing activity, very lit-
tle inhibition was observed at 2 mM ATP, ADP or ADPNP
in case of RECQ1TIelix4A Strikingly, 2 mM ATPy S signif-
icantly inhibited strand annealing of RECQ1Tl-helix4A g
ilar to wild type RECQI1FL. It is possible that mutations
on the a-helix leads to significant conformational change
in the RQC domain rendering the enzyme less responsive
to ATP induced conformational change, and therefore re-
quires higher ATP concentration (5 mM) to achieve a con-
formation that disfavours strand annealing. To validate this
hypothesis, we performed limited proteolysis experiments
with RECQ1™! and RECQI1T!helix4A in the presence or ab-
sence of ATP and non-hydrolysable ATP analogue ATP+S.
Limited proteolysis of both the mutants was performed us-
ing chymotrypsin for I h as described in materials and meth-
ods. There was a clear difference in proteolysis patterns for
RECQIT™ and RECQITlhelx4A Hoth in the absence and
presence of ATP and ATPyS (Supplementary Figure S4).
In the case of RECQI™!, two proteolysis resistant bands
were observed near 40kDa and one near 30 kDa. A similar
pattern was also reported for RECQI1T! by Pike et al. (11).
In case of RECQITHelix4A "o prominent bands were ob-
served near 40 kDa or 30 kDa in the absence or presence
of nucleotides indicating that the latter assumes a differ-
ent conformation altogether. The results strongly argue in
favour of the hypothesis that, mutations in the a-helix led
to destabilization of the interface and resulted in an altered
conformation of the RQC.

We also validated our findings in the full-length RECQI
by introducing the same mutations in the full-length en-

zyme. The full-length RECQI1 and the mutant harboring
the four mutations in a-helix (RECQ1FLhelix4A) were ex-
pressed and purified using baculovirus expression system as
described in materials and methods. Annealing experiments
were performed using forked substrate in the presence of
RECQIFL and RECQI1FLelix4A " The mutant enzyme ex-
hibits improved strand annealing activity compared to the
wild type RECQ1FL (Supplementary Figure S5). Fifty per-
cent annealing was achieved at 50 nM RECQI1FL, and the
level of annealing remained the same even at higher con-
centration. Pike et al., 2015 also reported a similar degree
of strand annealing of fork substrate by RECQ1'L, where
50% annealing was achieved at 50 nM concentration (15).
On the other hand, the mutant RECQIFLhelix4A " exhibits
50% annealing starting from 10 nM concentration, and the
degree of annealing remains constant even at higher con-
centrations similar to the wild type. These results further
confirm that the effects of mutation observed in near full-
length mutant RECQ17! are also reflected in the full-length
RECQI, although 100% annealing was not achieved in the
latter case. This difference in the highest level of anneal-
ing for RECQITlhelixdA apnd RECQIFLeX4A may be at-
tributed to their different oligomeric states. Moreover, un-
like RECQ1™!, the wild type RECQI1F! is already an an-
nealing competent enzyme, and hence improvement rather
than restoration of annealing activity is sufficient to indi-
cate a functional difference between the two enzymes. Our
results strengthen the notion that interactions at the inter-
face between Zn and WH domains attenuate strand anneal-
ing activity. Weakening of these interface interactions in-
duces a conformational change that restores annealing ac-
tivity of RECQI1T! and improves strand annealing activity
of RECQI1'L.

Mutations on the a-helix in Zn domain affect DNA stimu-
lated ATP hydrolysis and weakens the unwinding activity of
RECQ1™

Results from the annealing experiments and partial prote-
olysis with RECQ1T!belix3A clearly indicated that the mu-
tations in the a-helix on Zn domain induces major confor-
mational change in the RQC domain, which is responsi-
ble for increased strand annealing activity of the mutant.
Moreover, reduced sensitivity towards ATP mediated in-
hibition of annealing activity also indicates that the en-
zyme might have become less responsive to ATP induced
conformational change. We, therefore, tested the ability of
RECQ1Tbelix4A 3nd RECQIT! (Figure 8A and B) to un-
wind a forked duplex substrate in the presence of 5 mM
ATP. Interestingly, our data shows that RECQ1ThhelixA jg
unable to unwind the forked substrate up to 30 nM en-
zyme concentrations in the presence of 5 mM ATP (Fig-
ure 8B, left panel), while RECQIT! can completely unwind
the substrate at 20 nM in the presence of same ATP con-
centration (Figure 8A). A very feeble unwinding in case
of RECQITelix4A \wag detectable when compared to the
no ATP control (Figure 8B, lane next to ssDNA control).
This was surprising since both the mutants have their B-
hairpins intact. We next tried to assess the DNA stimu-
lated ATP hydrolysis activity of RECQ1T!belix4A iy the pres-
ence of forked substrate and compared it with the ATPase
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Figure 7. Analysis of strand annealing activity of RECQI1T! and its mutant RECQIT!-helix4A " (A) Schematic representation of the domains of human
RECQI and truncated constructs used. The domain boundaries are marked with corresponding amino acid residue numbers. The mutation of four
amino acids in the Zn- binding domain is shown in the box. (B) SDS- PAGE analysis of purified RECQI constructs. The S-200 purified RECQ1T! and
RECQITLhelix4A were analysed by 12% SDS-PAGE. The molecular mass standard (M) is denoted on the left. (C) Strand annealing assay in the presence
of increasing concentrations of RECQ1T! (10200 nM) using 20 mer fully complementary oligonucleotides. (D) Strand annealing assay in the presence of
increasing concentrations of RECQ1T1helix4A (20150 nM). Annealing assay was performed using 1.5 nM of 32P-labelled 20-mer sense strand and 2.5 nM
of fully complementary unlabelled anti-sense strand. Reactions were carried out at 25°C for 20 min, and products were resolved on 20% non-denaturing
PAGE, and visualised using phosphorimaging in Typhoon FLA 7000. (E) Strand annealing assay using increasing concentrations of RECQ1™! (5-200
nM) using partially complementary 50 mer oligonucleotides. (F) Strand annealing assay in the presence of increasing concentrations of RECQ1T!helix4A
(2-20 nM). Annealing assay was performed using 1.5 nM of 3>P-labelled 50-mer sense strand and 2.5 nM of partially complementary unlabelled anti-sense
strands (forming a forked duplex upon annealing). Lanes indicating ‘ssDNA’ contain 1.5 nM of 3*P-labelled sense strand. Lanes indicating ‘self-anneal’ in-
dicates spontaneous annealing in absence of enzyme. All reactions were carried out at 25°C for 20 min, and products were resolved on 12% non-denaturing
PAGE and visualised using phosphorimaging in Typhoon FLA 7000. (G) Plot showing the strand annealing activity of RECQ1T! () and RECQ1T!-helix4A
(M) as a function of the concentration of protein using partially complementary strands which form fork duplex substrate. The percentage of DNA an-
nealed has been plotted against increasing protein concentration. Data represent the mean of three independent experiments, with error bars shown as
standard deviation. (H) Inhibition of strand annealing activity of RECQ1T1:helix4A iy the presence of increasing concentrations of RPA70AC (5-500 nM).
Both the labelled and unlabelled partially complementary oligonucleotides were incubated with increasing concentrations of RPA704C at 25°C for 5 min.
The annealing reactions were initiated by addition of RECQ1T1elx4A (10 nM) and was carried out at 25°C for 20 min. The products were resolved on 12%
non-denaturing PAGE and visualised by phosphorimaging in Typhoon FLA 7000. (I) Effect of nucleotides and nucleotide analogues on strand annealing
activity of RECQ1TLhelix4A (10 nM). Annealing of partially complementary oligonucleotides was assessed in the presence of 2 mM or 5 mM ATP, ADP,
ATPyS and ADPNP at concentrations of 2mM and 5 mM each. Concentrations of respective nucleotides are indicated on the lanes.

activity of RECQ1™! (Figure 8C). Interestingly, our data
reveals that the a-helix mutant RECQ1THhel4A exhibits a
much slower ATP hydrolysis rate in the presence of fork
substrate with a kg of 5.2 min~!, which is 16-fold lesser
than that of RECQ1"! (84 min!). There was an ~6-fold in-
crease in Ky atp in case of RECQ1THRel4A (g, p = 0.22
mM) as compared to that of RECQIT' (Kyatp = 0.038
mM), indicating a decrease in affinity towards ATP. The
ATP hydrolysis data strongly corroborates with the car-
lier findings and explains the weakening of unwinding ac-

tivity in the presence of 5 mM ATP. Taking a hint from
the ATPase assay data, we repeated unwinding experiments
at higher ATP concentrations (10 mM). The enzyme in-
deed efficiently unwinds the forked substrate in the pres-
ence of 10 mM ATP and complete unwinding was ob-
served at 15 nM RECQ1THbelixA (Figyre 8B, right panel).
In an attempt to better understand the enzyme functioning
with respect to ATP and DNA binding, we measured DNA
binding affinities of RECQ1T! and RECQI1T!Hhelix4A yging
fluorescence anisotropy titrations in the presence of non-
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Figure 8. Unwinding and ATPase assays of RECQ1T! and its mutant. (A) DNA unwinding assays using increasing concentrations of RECQ1T! (10-200
nM) in the presence of 1 nM of 32P-labelled forked duplex DNA. (B) DNA unwinding assays using varying concentrations of RECQ1T!-helix4A (5_30 nM)
in the presence of 1 nM of 32P-labelled forked duplex DNA. Reactions were carried out at 37°C for 30 min in the presence of 5 mM or 10 mM ATP.
Reaction carried out in the absence of ATP containing the highest concentration of enzyme (200 nM RECQI1T! or 30 nM RECQI1TLhelix4Ay) did not show
any unwinding (lane adjacent to ssDNA). Products were resolved on a 12% non-denaturing PAGE and visualised using phorphorimaging. (C) Steady-
state ATP hydrolysis assay was performed for RECQ1T! (e) and RECQ1TLhelix4A (5) a5 a function of ATP concentration in the presence of forked duplex
DNA. ATPase assays were performed in presence of 0.25 uM (for RECQI1™"), and 0.4 wM (for RECQ1Thelix4Ay forked duplex DNA. Initial velocities
were calculated from the decrease in absorbance of NADH with time and were converted to kca values. Data were fitted using Michaelis—-Menten equation
and Kv,aTp values were calculated. Data shown here are the mean of at least three independent experiments, and error bars indicate standard deviation.
(D) Measurement of DNA binding using fluorescence anisotropy titrations for RECQ1T! (M) and RECQ1T!-helix4A () were carried out with 10 nM forked
duplex substrate labelled with 5" 6-FAM in the presence of 5 mM ADPNP. The anisotropy values were converted to fraction of DNA bound, and the data
were fitted using Equation (2) as mentioned in Materials and Methods and dissociation constants (Ky) were calculated. For all titrations, the data shown
here are the mean of at least three independent experiments and error bars represent standard deviation.

hydrolyzable ATP analogue ADPNP (Figure 8D). The mu- full-length mutant RECQ1FLhelx4A with that of wild type
tant (RECQ1T"#A) exhibits >2-fold reduction of DNA  RECQIF™ (Supplementary Figure S5). The same mutations
binding (K4 = 193 & 27 nM) as compared to RECQI1™ on the full-length enzyme also resulted in a weakening of
(Kq = 87 £ 16 nM), thereby supporting the findings from  ynwinding activity in the presence of 5 mM ATP. While the

ATPase assays. Summing up the results of ATP hydroly- wild type RECQIFL exhibits almost 90% unwinding start-
sis and DNA binding experiments, it can be inferred that ing from 5 nM enzyme, the mutant RECQ1FLhelix4A cap yn-

mutations on the a-helix have severely affected the cou-  wind only 50% substrate at 5 nM concentration and 80% at
pling of DNA binding to ATP blf}dH}g leading to slower 50 nM concentration. This clearly indicates that the muta-
ATP hydrolysis and reduced unwinding. Overall, the re-  tions on a-helix also affects the unwinding activity of the

sults from annealing, unwinding and ATPase experiments  fyll-length RECQI, although it still retains unwinding in
strongly support the hypothesis that mutations on the a- the presence of 5 mM ATP, unlike RECQ1Thhelix4A - Thig
helix in the Zn domain might have led to the weakening of  difference in the observed effects for the full-length and

the interface resulting in impaired inter-domain communi- near full-length RECQI mutants can be attributed to the
cation and subsequent weakening of ATP and DNA bind-  differences in the oligomeric state of the enzymes. Since
ing. the full-length RECQI exists in different oligomeric forms,

To validate our findings in the context of the full-  a linear extrapolation of the findings from RECQI1T! and

length RECQ1, we compared the unwinding activity of the RECQ1TIhelix4A mijoht not be reasonable.
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Table 4. Summary of the strand annealing activity of human RECQ]1 constructs

Strand
Name of construct Description annealing
RECQI1FL Full-length human RECQL1 Yes?
RECQI™ Truncated RECQ1 lacking 48 aa from N-terminal and 33 aa from C-terminal No?
RECQIT1A2Y564A B-hairpin mutant of RECQI1T! Yes?
WH Winged helix domain of RECQ1 Yes?
WHAZYS64A B-hairpin mutant of Winged helix domain of RECQ1 Yes
D2-Zn-WH Truncated mutant of RECQ1 encompassing D2, Zn binding domain and WH No?
domain
D2-Zn-CT Truncated mutant of RECQ1 encompassing D2, Zn binding domain and WH No
domain till C-terminus
D2-Zn-WHA2Y364A B-hairpin mutant of D2-Zn-WH Yes
D2-Zn-CTA2Y5°f‘A B-hairpin mutant of D2-Zn-CT Yes
D2-Zn-WHAbelix Mutant of D2-Zn-WH lacking the a-helix (aa 420-430) in the Zn- binding Yes
domain
D2-Zn-WHbelix4A Mutant of D2-Zn-WH harboring the mutation F420A, F424A, S427A, Yes
. S428A on the a-helix.
RECQ] Thhelix4A Mutant of RECQI1 T harboring the mutation F420A, F424A, S427A, S428A Yes
on the a-helix.
RECQ]FLhelix4A Mutant of full-length human RECQI harboring the mutation F420A, F424A, Yes

S427A, S428A on the a-helix

4Taken from Pike ez al. and Pike et al. (11,15).

DISCUSSION

RECQI is the shortest of the five RecQ helicases identi-
fied in human comprising the conserved RecA domains (D1
and D2) and the signature RecQ C-terminal domain. Un-
like other RecQ helicases, RECQI1 lacks the extended N or
C terminal domains or the HRDC domain, thus making
it a suitable model for studying unwinding and annealing
mechanisms of RecQ family proteins. Although the mech-
anisms and substrate requirement for DNA unwinding by
RECQI has been extensively studied, there is still some lack
of understanding in the strand annealing mechanism. The
crystal structure of a near full-length functional RECQI1
(RECQI1™) in the presence of ATPyS revealed the pres-
ence of a B-hairpin containing a tyrosine at the tip (Y564)
in the WH domain that functions as a strand separation
pin. Although the mutant RECQI1™! retains the unwinding
activity, it completely lacks the annealing activity. Muta-
tions on the B-hairpin led to a loss of unwinding, but the
same mutations restored strand annealing activity of the
near full-length RECQ17!(15,16). Apparently, this restora-
tion of annealing might have resulted as a consequence of
the defect in strand separation. It was proposed that protein
oligomerization might play a role in orienting the tip of -
hairpin (Y 564) to create a conformation suitable for strand
annealing. Pike and co-workers (2015) reported that the iso-
lated WH domain of RECQI1 can perform strand anneal-
ing similar to the full-length enzyme, while a bigger frag-
ment comprising D2-Zn and WH domains lacks annealing
activity completely (15). The strand annealing activities of
all RECQ1 mutants reported by Pike ez al. as well as those
studied by us are listed in Table 4. A careful analysis of these
earlier findings prompted us to speculate that the conforma-
tion of the WH domain with respect to the rest of the pro-
tein plays a crucial role in strand annealing activity. It is pos-
sible that the restoration of strand annealing of RECQ1™!
upon B-hairpin mutation observed by Pike et al. was actu-
ally due to a conformational change in the RQC domain

leading to an altered WH domain orientation that favoured
strand annealing. We, therefore, chose to dissect the mech-
anism of strand annealing by introducing the same muta-
tions (A2Y564A on B-hairpin) in the smallest fragment of
RECQI that lacks annealing activity (D2-Zn-WH). Mu-
tations on B-hairpin indeed restored strand annealing ac-
tivity of D2-Zn—WH, indicating that restoration of strand
annealing is not just a consequence of a defect in strand sep-
aration. This notion was further strengthened by the find-
ing that the same B-hairpin mutations, when introduced in
the isolated WH domain, the mutant WHA2Y364A  exhib-
ited a similar degree of strand annealing activity. These data
clearly nullifies two possibilities; firstly, a gain of annealing
is a consequence of loss in unwinding and secondly, the -
hairpin is directly contributing to the strand annealing ac-
tivity. This further strengthens the speculation that the ori-
entation of the WH domain is important for strand anneal-
ing activity.

The immediate questions that needed to be addressed
were; what restricts the WH domain to achieve the
favourable conformation in D2-Zn-WH or RECQ1"!, and
how such conformational changes are actually favoured
in case of the B-hairpin mutants. We crystallized the
D2-7Zn—WH harbouring mutations in B-hairpin (D2-Zn—
WHA2Y3644) " Our crystal structure data revealed a short-
ened B-hairpin with significant distortions, leading to dis-
ruption or weakening of some interactions that proved to be
vital for explaining the observations from strand annealing
experiments. Comparing the wild type and mutant struc-
tures, we identified that the WH domain residues Y559, 1567
and S568 moved away from the Zn domain, thereby weak-
ening their interactions with F424, S427, S428 and V431 on
the Zn domain. Further analysis of the interface between Zn
and WH domains revealed that residues F420, F424, S427
and S428 located on an a-helix in the Zn domain signifi-
cantly interact with the residues on the WH domain (Table
2). We, therefore, hypothesized that these interactions might
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stabilize the interface and restrict the movement of the WH
domain, thereby attenuating strand annealing activity in the
constructs D2-Zn-WH or RECQIT!. Interestingly, our re-
sults indicate that deletion of the entire a-helix (D2-Zn—
WH2kelX) or mutating the four residues (F420, F424, S427
and S428) to alanine (D2-Zn-WH"!*44) Jed to the restora-
tion of strand annealing. A precise comparison of strand
annealing activities of these mutants with that of isolated
WH domain revealed that D2-Zn—-WH"!*A exhibits simi-
lar annealing efficiency as that of WH while the mutant D2-
Zn-WH2MX can anneal even more efficiently.

In an attempt to understand the contribution of DNA
binding in strand annealing activity, we assessed the bind-
ing affinities of the mutants for ssDNA and dsDNA sub-
strates. A 1.5-fold decrease in dsDNA (blunt) and 3’ tailed
duplex binding was observed for B-hairpin mutant D2-
Zn-WHA2Y3%A compared to the D2-Zn-WH. The ssDNA
binding for both the mutants remains almost similar. In
contrast, a more significant loss in DNA binding was ob-
served in the case of D2-Zn-WH!*44 poth for blunt du-
plex (1.8-fold as compared to D2-Zn-WH) and 3’ tailed
substrates (3-fold as compared to D2-Zn—-WH). The results
from our DNA binding experiments apparently indicate an
inverse relationship between DNA affinities and strand an-
nealing. Crystal structure of RECQI1T! with a 3’ tailed du-
plex (15) demonstrated a trajectory of the DNA extended
across D1, D2 and the WH domains. The double-stranded
region was shown to bind primarily with the WH domain,
while the single-stranded tail makes extensive contacts with
the D2 domain and some contacts with the D1 domain at
the 3’ end. Although a bit speculative, it is possible that mu-
tation on the a-helix in Zn domain leads to destabilization
of the interface, thereby imparting more flexibility to the
WH domain and hence allowing it to orient away from the
Zn domain in a conformation suitable for strand anneal-
ing. It is possible that this orientation of the WH is not al-
lowing the contacts of WH and D2 domains with the DNA
backbone and hence, not favouring the DNA binding tra-
jectory. The reduction in DNA binding can therefore be di-
rectly correlated to the re-orientation of the WH domain,
which in turn is responsible for gain in strand annealing.
Therefore, our DNA binding data indirectly support the hy-
pothesis that disruption of the interactions at the interface
induces conformational changes leading to reorientation of
the WH domain that favours strand annealing.

In order to strengthen our hypothesis and extrapolate our
results in the context of near full-length annealing incom-
petent enzyme RECQIT!, we introduced the same muta-
tions (F420A, F424A, S427A and S428A) on RECQ1™!. In
line with our earlier findings, the mutant RECQ1T1belix4A
also exhibited efficient strand annealing of blunt and forked
DNA substrates. Compared to the isolated WH domain,
the mutant RECQI1TIPelix4A tyrned out to be more effi-
cient in annealing reactions. The increased annealing ac-
tivity of RECQ1THPelix4A mytant was efficiently inhibited in
the presence of human RPA704¢, indicating that the im-
proved annealing observed is indeed due to increased enzy-
matic activity. ATP binding is known to inhibit the strand
annealing activity of RECQ helicases (17). Strand anneal-
ing activity of RECQI1 was reported to be significantly in-
hibited in the presence of 2 mM ATP and ATPyS (17).

In contrast, the annealing activity of RECQ1THhelix4A yag

not significantly affected in the presence of 2 mM ATP,
ADP or ADPNP, but was efficiently inhibited in the pres-
ence of 5 mM ATP or ADPNP. Thus mutations on the
a-helix may have rendered the protein less responsive to
ATP induced conformational change. Limited proteolysis
experiments with RECQ1T! and RECQ1THhelixA indicated
a clear difference in digestion patterns in the presence of nu-
cleotides. Similar to earlier report (11), proteolysis resistant
bands were observed at 40 and 30 kDa for RECQ1™! in the
presence of nucleotides. In contrast, no distinct bands were
observed at the said position in the case of RECQ]T1helix4A
in the presence or absence of nucleotides. Comparison of re-
sults from limited proteolysis clearly indicates that the mu-
tant RECQ1T!helix4A assumes a different conformation al-
together that is more prone to proteolytic digestion. These
results directly support our hypothesis that there is a major
conformational difference in the RQC domain of the an-
nealing incompetent RECQI1T!' and that of the annealing
competent RECQ1T1helix4A

DNA and ATP binding is known to act as the trigger
to switch between unwinding and annealing activities (14).
Surprisingly, the mutant RECQ1T1helix4A exhibits very slow
DNA stimulated ATP hydrolysis kinetics and reduced affin-
ity for ATP as compared to RECQ1T!. This is interesting,
particularly because the residues mutated on the a-helix are
not known to be directly involved in DNA or ATP binding.
Very weak unwinding was observed for RECQ1T!-helix4A jp
the presence of 5 mM ATP and unwinding was restored in
the presence of 10 mM ATP. These findings clearly demon-
strate that the mutant RECQIT!PelixA g Jess responsive
to ATP induced conformational changes and therefore re-
quires higher ATP concentration to achieve a conforma-
tion that favours unwinding. A >2-fold reduction in DNA
binding affinity of RECQ1T!-h¢lix4A (193 nM compared to 87
nM for RECQI1™") in the presence of non-hydrolysable ATP
analogue ADPNP, further confirmed that RECQ]Thbelix4A
is defective in coupling DNA binding to ATP binding and
hydrolysis. Moreover, results from limited proteolysis exper-
iments argue in favour of altered conformation of the RQC
domain that can explain the weakening of inter-domain
communication and subsequent weakening of ATP hydrol-
ysis and unwinding.

Pike et al. reported a loss of unwinding and restora-
tion of strand annealing activities due to mutations on
the tip of the B-hairpin (15). Sami e al. have recently re-
ported that mutation of three out of four conserved cys-
teine residues in the Zn domain leads to loss of ATP hydrol-
ysis and unwinding activities and concomitant improve-
ment of annealing activity of RECQ1 (35). In contrast to
the previously reported mutants (B-hairpin mutant or Zn
binding cysteine mutants), the mutations on the a-helix
restore strand annealing activity of RECQIT!' and at the
same time retain the unwinding activity. Interestingly, in
case of the mutant RECQI1THhexA “the residues (F420,
F424, S427 and S428) are not known to have direct inter-
action with either Zinc or DNA or ATP. Therefore, the ef-
fects observed for the mutant RECQ1T!helix4A may be at-
tributed to impaired inter-domain communication result-
ing from the destabilization of the interface. Results from



the near full-length RECQI1 mutant further enriched our
hypothesis that disruption of the interface between Zn and
WH domain orients the WH domain in a conformation
that disfavours DNA binding, weakens inter-domain co-
ordination and favours strand annealing activity. A crystal
structure reported for Cronobacter sakazakii RecQ helicase
core demonstrated DNA induced conformational change of
WH domain as the key mechanism of unwinding (36). Su-
perimposition of the E.coli RecQ and human RECQ]1 also
shows that the WH domain in E. coli RecQ is positioned
perpendicular to the D1-D2 domains as opposed to hu-
man RECQI1, where the WH domain lies beneath the he-
lical hairpin of ZND (11,12). A similar conformational re-
arrangement of the WH domain might be relevant for the
strand annealing activity of human RECQ].

To validate our findings in the context of full-length
RECQI, we introduced the same mutations (F420A,
F424A, S427A and S428A) in RECQI1'L. The mutant
RECQI1FMhelixdA 3150 exhibits improved strand annealing
and reduced unwinding activities compared to RECQ1FL.
Annealing of the forked substrate was observed at much
lower concentrations of the mutant RECQ1FLhelix4A thapn
that of RECQIFL. Since the full-length RECQI is already
annealing competent, improvement of strand annealing due
to the mutations indicates a clear functional difference of
the mutant from the wild-type. Since the full-length enzyme
exists in higher oligomeric forms, a linear extrapolation of
results obtained for the smaller constructs or RECQI™!
might not be reasonable. However, the clear difference in
annealing and unwinding activities of the full-length mu-
tant further validates our hypothesis that conformational
change in RQC resulting in altered WH orientation is re-
quired for strand annealing. A more careful and detailed
investigation of the full-length mutant would be required
to a get better understanding of how such conformational
change is achieved in the context of full-length enzyme.

Muzollini et al demonstrated that higher-order
oligomers of RECQI are responsible for strand an-
nealing activity, and ATP binding is the key factor that
controls the switch between strand annealing and unwind-
ing activities. Although we do not deviate much from this
hypothesis, the present study significantly adds to our
current understanding of strand annealing mechanism in
the context of RECQI monomers in particular. All the
annealing competent constructs used in our study are
monomeric except for the full-length enzyme. Increased
annealing activity of the monomeric constructs upon
mutations at the interface clearly indicates that the WH
domain conformation in these monomeric mutants mimics
the conformation that favours annealing in higher-order
oligomers. We can speculate that in RECQ1 monomers
and lower-order oligomers, the WH domain contacts the
Zn domain and hence is restricted in a conformation not
suitable for strand annealing. It is possible that in higher-
order oligomers, the WH domain moves away from the Zn
domain and exist in a different conformation stabilized by
intermolecular interfaces formed between the monomer or
the dimer units. The crystal structure data and mutational
studies presented in this paper have improved our overall
understanding of the strand annealing mechanism of
human RECQI.
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The biological function of strand annealing activity of
RecQ helicases, including RECQI1, remains poorly under-
stood. RECQ1 deficiency in human cells has been shown
to result in increased sensitivity to ionizing radiations (IR)
or topoisomerase inhibitor like camptothecin (CPT). This
in turn, leads to spontaneous y-H2AX foci formation and
elevated sister chromatid exchange indicating impairment
in DNA repair (37). Moreover, RECQ1 has been shown to
participate in the restoration of regressed replication forks
following CPT induced DNA damage (10). Evidence from
earlier studies suggests that RecQ helicases like BLM and
WRN co-ordinate their annealing and unwinding activities
to catalyze strand exchange reaction and promote replica-
tion fork regression (38-40). It is possible that co-ordination
of the unwinding and annealing activities of RECQI1 is
required for branch migration on Holliday junctions or
chicken foot structures facilitating the restoration of stalled
forks. A validation of this model in vivo might be possi-
ble using full-length or near full-length RECQ1 mutants
that partly or fully lacks the unwinding but retains the an-
nealing function. In this study, we identified the mutants
RECQ1Thhelix4A and RECQ1FLhelix4A that have reduced un-
winding and improved strand annealing activity. Genetic
complementation with these mutants in RECQI1 depleted
cells and assessing its effects on DNA damage response or
replication stress response following treatment with DNA
damaging agents might provide novel insight into the bio-
logical significance of strand annealing activity of RECQI.
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