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ABSTRACT

The RecQL4 helicase is involved in the maintenance
of genome integrity and DNA replication. Mutations
in the human RecQL4 gene cause the Rothmund–
Thomson, RAPADILINO and Baller–Gerold syn-
dromes. Mouse models and experiments in human
and Xenopus have proven the N-terminal part of
RecQL4 to be vital for cell growth. We have identified
the first 54 amino acids of RecQL4 (RecQL4_N54) as
the minimum interaction region with human TopBP1.
The solution structure of RecQL4_N54 was deter-
mined by heteronuclear liquid–state nuclear
magnetic resonance (NMR) spectroscopy (PDB
2KMU; backbone root-mean-square deviation
0.73 Å). Despite low-sequence homology, the well-
defined structure carries an overall helical fold
similar to homeodomain DNA-binding proteins but
lacks their archetypical, minor groove-binding
N-terminal extension. Sequence comparison indi-
cates that this N-terminal homeodomain-like fold is
a common hallmark of metazoan RecQL4 and yeast
Sld2 DNA replication initiation factors. RecQL4_N54
binds DNA without noticeable sequence specificity
yet with apparent preference for branched over
double-stranded (ds) or single-stranded (ss) DNA.
NMR chemical shift perturbation observed upon
titration with Y-shaped, ssDNA and dsDNA shows a
major contribution of helix a3 to DNA binding, and

additional arginine side chain interactions for the ss
and Y-shaped DNA.

INTRODUCTION

RecQ-like DNA helicases form a ubiquitous protein family
that plays a pivotal role in the maintenance of genome sta-
bility from bacteria to man (1). Five RecQ-like DNA
helicases have been identified in the human cell, mutations
of three of which are associated with autosomal, recessive
human disorders that display various symptoms of
genomic instability and premature ageing. Mutations in
the RecQL2/BLM gene cause the Bloom’s syndrome,
characterized by genomic instability and an increased risk
of lymphomas and certain other types of cancer.Mutations
in the RecQL3/WRN gene are implicated in the Werner
syndrome, and individuals with this disease show
symptoms of premature ageing including a high incidence
of cancer. Mutations in the RecQL4 gene are associated
with the Rothmund–Thomson (RTS), RAPADILINO
and Baller–Gerold syndromes (1,2). RTS patients exhibit
a heterogeneous clinical profile that includes physical and
mental abnormalities, some features of premature ageing
and an increased incidence of cancer, in particular osteo-
sarcomas (2). RAPADILINO and Baller–Gerold patients
also display developmental defects but less frequently
cancer (3).
Numerous studies have indicated a role for Bloom

protein (BLM), Werner Protein (WRN) and RecQL4
helicase at the crossroads of DNA replication,
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recombination and DNA damage response (1).
The human RecQL4 gene contains 21 exons coding for a
protein of 1208 amino acids (a.a.) (4). The corresponding
protein lacks the RecQ carboxy-terminal and the helicase
and RNaseD C-terminal domains present in other human
RecQ helicases. Although initial studies suggested that
RecQL4 lacks helicase activity, recent findings have un-
equivocally demonstrated a helicase activity for RecQL4
that is apparently masked by the strong annealing activity
of the enzyme (5–8). Xu and Liu (6) proposed that the 400
amino-terminal a.a. may harbour a second helicase
activity despite the absence of known nucleotide binding
and helicase motifs.
Mouse models demonstrate that disruption of the

RECQ4 gene at exons 5–8, encoding the amino-terminal
region, results in early embryonic lethality (9). Conversely,
mice with a disruption of the gene further downstream,
leading to the deletion of the helicase domain are viable
(10,11). This suggests that the amino-terminal region of
RecQL4 executes an essential function in the cell.
However, although the helicase domain is not required
for viability, its loss causes a severe phenotype reminiscent
of RTS (11).
The amino-terminus of RecQL4 possesses limited

homology to the essential yeast replication factor Sld2
(12,13). In yeast, the binding of Sld2 to Dpb11 constitutes
a critical regulatory step during initiation of DNA replica-
tion, and Xenopus laevis RecQL4 (XRecQL4) has also been
reported to bind to XCut5, the frog orthologue of Dpb11
(13,14). The amino-terminal region of RecQL4 has
also been reported to mediate interactions with several rep-
lication initiation factors (13,15). Importantly, it has been
demonstrated that the corresponding region of the
XRecQL4 is actively involved in replication initiation.
Here, it is required for the loading of replicative DNA poly-
merases during the initiation of DNA replication (12,13).
Approximately 55 amino-terminal a.a. of human

RecQL4 display the highest sequence homology to the
N-terminus of Sld2 (12,13), and this region is conserved
in metazoans. This led us to speculate that this part of the
protein constitutes an autonomous subdomain of the
RecQL4 N-terminal region. To address this assumption,
we assessed binding of the human Dbp11 homologue
TopBP1 and of DNA to the 54 residues of N-terminal
RecQL4 (RecQL4_N54). In addition, we determined its
solution structure via nuclear magnetic resonance
(NMR) spectroscopy. In essence, RecQL4_N54 represents
the minimal region for the interaction with TopBP1, binds
Y-shaped, single-stranded (ss) and double-stranded (ds)
DNA with no apparent sequence specificity and adopts
a fold highly similar to homeodomains.

MATERIALS AND METHODS

Cloning, expression and purification of RecQL4_N54

A DNA insert corresponding to a.a. 1–54 of human
RecQL4 was amplified by conventional polymerase chain
reaction (PCR) with primers 50-AACGGATCCATGGAG
CGGCTGCGGGA-30 and 50-GACGAATTCTCACTGG
CCCGTGGTACGCTTCA-30, and a plasmid harbouring

human RecQL4 cDNA as the template. The PCR product
was inserted into the BamHI and EcoRI sites of vector
pGEX1�T (GE Healthcare). The resulting vector pGEX-
RecQL4_N54 encodes a glutathione S-transferase (GST)
affinity purification tag followed by a thrombin digestion
site and the 54 amino-terminal residues of human RecQL4
(Swiss-Prot entry O94761). Escherichia coli (BL21[DE3])
cells carrying the plasmid described above were grown at
37�C in 2 l Luria Bertani (LB) medium supplemented with
100 mg/ml of ampicillin for 3 h, after which the bacteria
were collected by centrifugation. The cells were resus-
pended into 2 l of M9 labelling medium containing 4.0 g/l
of 13C D-glucose and 1.0 g/l of 15N-NH4Cl (labelled com-
pounds were purchased from EURISOTOP at 99% grade).
The temperature was decreased to 20�C, and protein ex-
pression was induced by adding 1mM isopropyl-b-D-
thiogalactopyranoside. Cells were harvested 16 h after in-
duction by centrifugation (5000g, 4�C, 10min), washed
with phosphate-buffered saline (PBS) and stored at
�80�C after snap freezing. After thawing, bacterial cells
were resuspended in 80ml PBS, lysed by addition of
0.2mg/ml lysozyme for 30min on ice followed by
40� 10 s pulses of ultrasound at 30% amplitude inter-
rupted by 45 s incubations on ice utilizing a Branson W-
450D Digital Sonifier. Triton X-100 was added to 3%, and
after incubation at 4�C for 30min followed by centrifuga-
tion at 30 000g at 4�C for 30min, the supernatant was
added to 0.7ml/l culture glutathione Sepharose (GE
Healthcare), and GST fusion proteins were allowed to
bind for 30min in the cold. The Sepharose was then
washed with 3� 5ml cold PBS followed by release of
RecQL4_N54 via digestion with 48 units of thrombin in
900 ml PBS for 16 h at 4�C. The supernatant of the
thrombin digestion and 3� 3ml PBS washes were
combined and incubated at 4�C for 30min with 900ml
benzamidine Sepharose (GE Healthcare) to remove the
thrombin and after separation of the Sepharose, applied
to a 1ml MonoS column (GE Healthcare) equilibrated
with buffer A (20mM potassium phosphate, pH 7.4,
1mM EDTA and 1mM DTT) using the ÄKTA purifica-
tion system (GE Healthcare). RecQL4_N54 eluted from
the column at �400mM NaCl in a linear gradient of 0–
2M NaCl in buffer A. The fractions containing
RecQL4_N54 were dialysed against 10mM potassium
phosphate. The protein was stable for several weeks at
4�C. For long-term storage, RecQL4 was snap frozen
followed by lyophilization and storage at �20�C.
Unlabelled protein samples were prepared as above,
except that M9 medium was substituted with standard
LB medium supplemented with ampicillin. As estimated
by sodium dodecyl sulfate–polyacrylamide gel electrophor-
esis (SDS–PAGE), the purity of the protein was typically
>90% with no prominent contaminants. Absorbance at
280 nm of guanidine hydrochloride denatured protein
(eM=8480/M/cm), and the Bradford assay was used for
determining and adjusting protein concentration.

NMR spectroscopy

Samples were exchanged into in NMR buffer (20mM
d-Tris/HCl, pH7.4, 100mM NaCl, 10% D2O) using
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NAP25 columns and concentrated to 1.2mM [U-15N]-
RecQL4_N54 and 1.0mM [U-13C,15N]-RecQL4_N54,
respectively. Measurements in D2O were performed on
lyophilized samples re-dissolved in D2O. NMR spectra
were acquired at 20�C on Bruker Avance III spectrom-
eters operated at 600MHz with a cryoprobe and at
750MHz. Data were processed with Topspin (Bruker
Biospin) or NMRPipe (16) and analyzed with XEASY
(17). The assignment of the 1H, 13C and 15N resonances
was performed as described previously (18,19). Nuclear
overhauser effect (NOE) constraints were taken from 3D
1H-1H-13C NOESY-heteronuclear single quantum
coherence (HSQC) and 3D 1H-1H-15N NOESY-HSQC
spectra (120ms mixing time). For initial NOE peak
picking, the program UNIO (20) was used. Upper limit
distance constraints were classified according to their in-
tensity in the NOESY spectra corresponding to distance
limits of 2.8, 3.4, 4.6 and 5.6 Å. NOE intensities corres-
ponding to fixed Hb2-Hb3, and aromatic ring distances
were used for calibration.

Structure determination

The experimental distances of 1251 derived from NOE
cross-peaks were used as upper limit constraints in
CYANA (21). 52 JHNHa coupling constants extracted
from a 3D HNHA experiment (22) and the NOE-
derived distance constraints were subjected to a local con-
formational analysis using the FOUND module (23) and
yielded 310 torsion angle restraints constraining 146
angles for the structure calculation. For secondary struc-
ture elements forming consistently in initial calculations,
additionally 60 upper and lower limit H-bond constraints
were introduced. The 20% of structures with the lowest
CYANA target functions were subjected to energy
minimization with OPAL (24). Figures were produced
using MOLMOL (25). The quality of the structures was
assessed by PROCHECK (26). The atomic coordinates
and resonance assignments have been deposited in the
Protein Data Bank (PDB code: 2KMU) and
BioMagResBank (BMRB code: 16544), respectively.

DNA purification

The complementary 24-mer DNA oligonucleotides, LB2
and LB2-24R (Supplementary Table S2), were purchased
from Eurofins and Purimex, dissolved in 10mM Tris/HCl
pH 8.0 and separately purified by high-performance li-
quid chromatography on a SP125/10 NUCLEOGEN
DEAE 60–7 column (Macherey–Nagel) using a linear
gradient of buffer A (20mM sodium acetate, 20% aceto-
nitrile, pH 5.5) to buffer B (20mM sodium acetate,
20% acetonitrile, 1.5M KCl, pH 5.5) within 60min. The
eluted oligonucleotides were precipitated by ethanol,
redissolved in annealing buffer (10mM Tris/HCl pH 7.5,
50mM NaCl and 1mM EDTA), heated up to 95�C for
5min, cooled down to room temperature within 90min
using a PCR cycler and again precipitated by ethanol.
After dialysis against water at 4�C overnight, the DNA
was lyophilized and dissolved in an appropriate volume of
NMR buffer.

DNA-binding analysis

DNA fragments derived from defined human origins
of DNA replication were amplified from HeLa cell
genomic DNA with the respective primer pairs as
indicated in Supplementary Table S1. For electrophoretic
mobility shift assay (EMSA) experiments, the fragments
were re-amplified by preparative PCR followed by phenol/
chloroform extraction. DNA fragments of various sizes
were amplified as indicated above employing the primers
detailed in Supplementary Table S2. LB2-24 dsDNA and
LB2-24Y were prepared by hybridization of oligonucleo-
tide LB24-F with LB2-24R and LB2-24RY, respectively.
Binding of the indicated amounts of protein and DNA
was performed for 10min in binding buffer (20mM
HEPES–KOH, pH7.5, 0.5mM EDTA, 0.05% NP-40,
10% glycerol and 60 mg/ml BSA) on ice. The samples
were resolved in a 15% native acrylamide gel in
0.5�TBE buffer in the cold, and gels were stained with
SYBR green EMSA gel stain (Invitrogen) and scanned
with a Storm 860 Molecular Imager (GE Healthcare).
For the detection of ssDNA, 50-fluorescein-conjugated
LB2-F was used.
DNA fragments for DNA bead-binding assays were

prepared by preparative PCR using 50-biotinylated
primer bio-LB2 instead of LB2. The short fragment
LB2_1-24 was prepared by hybridization of primers
bio-LB2 and LB2-R24 as described. Two micrograms of
RecQL4_N54 and 200 ng biotinylated DNA in 25 ml
binding buffer were preincubated for 30min on ice.
Twenty-five microlitres of mMACSTM Streptavidin
MicroBeads (Miltenyi Biotec) were immobilized in the
magnetic column, equilibrated with 100 ml equilibration
buffer for protein applications provided by the supplier
followed by equilibration with 100 ml binding buffer.
Then, the DNA-RecQL4_N54 binding reactions were
passed through the column. The column was washed
four times with 50 ml binding buffer, the column was
removed from the magnet and the magnetic beads were
recovered by rinsing three times with 50 ml binding buffer.
Samples were supplemented with SDS loading buffer,
denatured and resolved on a 15% SDS–PAGE followed
by staining with SYPRO ruby protein gel stain
(Invitrogen).

Yeast two-hybrid assay

DNA inserts corresponding to a.a. 1–675, 1–388, 1–115
and 1–54 of human RECQL4 were amplified by PCR
using primers , forward: 50-GCGAATTCATGGAGCG
GCTGCGGGACGTG-30 and corresponding reversed
primers: (1–675) 50-GCCGTCGACGTGCAGGTTGGT
GGGAACTGG-3 0, (1–388) 50-GCCGTCGACCTCCCC
TTTCTTCCGCCACTT-3 0, (1–115) 50-GCCGTCGACG
CCTTTCAGATTGGCCTTGAG-3 0, (1–54) 50-GCCGT
CGACCTGGCCCGTGGTACGCTTCAG-30 and a
plasmid harbouring human RECQL4 cDNA as the
template. DNA insert corresponding to a.a. 54–675 was
prepared using forward primer 50-GCGAATTCGCCGG
CGGCGGGCTCCGCAGCT-30 and the reversed primer
(1–675) (see above). The PCR fragments were digested
with EcoRI–SalI and transferred into the GAL4-binding
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domain (BD) destination vector pGBKT7 (CLONTECH).
A DNA insert corresponding to a.a. 1–780 of
human TopBP1 (containing BRCT domains 0–5) was
amplified by PCR with the primers BRCT0-2for: 50-GAA
CTTCCATATGTCCAGAAATGACAAAGAACCG-30

and BRCT0-5rev: 50-GCGGTCGACTGCAGTATCTGA
ATTTAGATT-30 using full-length TopBP1 cDNA con-
struct KIAA 0259 (kindly provided by T. Nagase,
Department of Human Gene Research, Kazusa
DNA Research Institute, Chiba, Japan) as the template.
The PCR fragment was digested with NdeI-SalI and
transferred into the GAL4 activation domain (AD)
vector pGADT7 (CLONTECH). The AD-TopBP1 (a.a.
793–1522) construct (containing BRCT domains 6–8) was
described previously (27). For semiquantitative two-hybrid
assays. Saccharomyces cerevisiaeY190 (CLONTECH) was
transformed with corresponding pGBKT7- and pGADT7-
constructs and b-galactosidase liquid culture assays
using O-nitrophenyl b-D-galactopyranoside as substrate
were performed as described previously (28). The
b-galactosidase values represent the mean and standard
deviations, respectively, of three independent experiments.

Purification of GST fusion proteins, IVT, GST pull-down

GST-tagged TopBP1 (a.a. 1–1522) and TopBP1 (a.a.
793–1522) were described previously (29), for
GST-tagged TopBP1 (a.a. 1233–1264), ss oligonucleotides
were annealed and inserted into the EcoRI/SalI digested
expression vector pGEX-4T-1 (GE Healthcare). GST
fusion proteins were purified as described previously
(28). [35S]-methionine-labelled RECQL4 (a.a. 1–675) and
[35S]-cysteine-labelled TopBP1 proteins were synthesized
in vitro by coupled T7 RNA polymerase-mediated tran-
scription and translation (IVT) in a reticulocyte lysate
system as described by the manufacturer (Promega).
DNA inserts corresponding to the a.a. 1233–1522 and
1264–1493 of TopBP1 were amplified by PCR with the
following primers : topbp78forw: 50-GCGAATTCCAAG
CCCCCAGTATTGCCTTTCCA-30 and topbp78rev:
50-GCCGTCGACTTAGTGTACTCTAGGTCGTTTGA
T-30; topbp78neuforw: 50-GCGAATTCTTAAAAAAAC
AGTACATATTTCAG-30 and topbp78neurev: 50-GCCG
TCGACAATAAATGAAATAGCTTCTGG-30, and the
full-length TopBP1 cDNA construct KIAA 0259 as
template. PCR products were digested with EcoRI/XhoI
and transferred into the GAL4 AD vector pGADT7
(CLONTECH).
L-[35S]-methionine (specific activity: 1175Ci/mmol)

and [35S]-cysteine (specific activity: 1075Ci/mmol) were
obtained from Hartmann Analytic (Braunschweig,
Germany). Glutathione–Sepharose beads (50ml) bound
by either GST-tagged TopBP1 and RECQL4 protein frag-
ments or GST alone were washed with HB buffer (20mM
HEPES, 100mM KCl, 5mM MgCl2, 0.5mM dithio-
threitol and pH7.4) and then resuspended in 50 ml HB
buffer containing 0.5% Igepal CA–630. To each sample,
10 ml [35S]-methionine- or [35S]-cysteine-labelled inter-
action partner proteins were added. After incubation at
4�C under constant rotation for 2 h, the beads were exten-
sively washed with HB buffer. Washed beads were boiled

in SDS sample buffer. Bound proteins were separated
by 10% SDS–PAGE and visualized by exposure on
KODAK X-OMAT AR film.

Cell culture, co-immunoprecipitation and immunoblotting

HEK293T (ATCC-CRL-11268) cells were grown as
monolayers in Roswell Park Memorial Institute medium
supplemented with L-glutamine (PAA/GE Healthcare)
and 10% heat-inactivated foetal calf serum at 37�C in
an atmosphere of 5% CO2. Cells were co-transfected
with a full-length expression construct of TopBP1 (a gift
from J. Chen, University of Texas, Houston, USA) and
pcDNA3-RecQL4 using FUGENE� HD transfection
reagent (Roche) according to the manufacturer’s instruc-
tions. Co-transfected cells were harvested and lysed with a
solution containing 50mM Tris/HCl (pH8.0), 150mM
NaCl, 1% Triton X-100 and a mixture of protease inhibi-
tors (10mg/ml leupeptin and aprotinin, 5 mg/ml pepstatin
and 1mM phenyl methyl sulphonyl fluorid (PMSF)).
Lysates were cleared by centrifugation at 11 000 g at
4�C. TopBP1 polyclonal antibody (4 mg, Novus
Biologicals), and anti-RecQL4 (a rabbit polyclonal
antibody raised against recombinant a.a. 1–115 of
human RecQL4) or pre-immune serum were incubated
with 20 ml (bed volume) of protein G-Sepharose (GE
Healthcare) and 1% BSA in lysis buffer overnight at
4�C. Beads were incubated with the same buffer contain-
ing 1.5mg of precleared lysate for 2 h at 4�C and with a
constant rotation speed. After extensive washing, co-
immunoprecipitated proteins were eluted by boiling in
SDS sample buffer at 95�C for 5min from the beads.

Co-immunoprecipitated proteins were resolved by 10%
SDS–PAGE and transferred to a nitrocellulose membrane
(Whatman). Membranes were blocked in 5% skim milk
for 45min, washed thrice with Tris-buffered saline with
Tween 20 (TBST) (10mM Tris–HCl, pH7.5, 150mM
NaCl and 0.5% Tween 20) and incubated with the
primary antibodies: rabbit anti-TopBP1 (1:200; Novus
Biologicals) and rabbit anti-RecQL4 (1:200) overnight at
4�C. After washing three times with TBST, the mem-
branes were incubated with horseradish peroxidase–
conjugated goat anti-(rabbit-IgG) secondary antibody
(Dianova) for 1 h at room temperature. Protein bands
were detected with ECL Prime Western Blotting
Detection Reagent (GE Healthcare) as described by the
manufacturer.

Surface plasmon resonance binding assay

Real-time analysis of the interaction between
RecQL4_N54 and TopBP1 (a.a. 1233–1522) was per-
formed on a Biacore 2000 system at 25�C, and data
were processed with the evaluation software version
4.1.1 (GE Healthcare). Goat anti-GST antibody of 5100
response units (RU) were immobilized on flow cells 1 and
2 of a CM4 sensor chip by using the GST capture and
amine coupling kits (GE Healthcare). GST-TopBP1 (a.a.
1233–1522) was injected on flow cell 2 at a flow rate of
10 ml/min until 830 RU had been bound. An equimolar
amount of recombinant GST was captured on flow cell
1 (370RU) for referencing. RecQL4_N54 was injected in
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running buffer (10mM HEPES, pH7.4, 150mM NaCl,
3mM EDTA and 0.005% (v/v) surfactant P20) at concen-
trations from 3.13 to 200 mM. Sample injection and dis-
sociation times were set to 60 s at a flow rate of 30 ml/min.
Each injection was performed three times. Refractive
index errors due to bulk effects were corrected with re-
sponses from reference flow cell 1 and by subtracting
blank injections. Dissociation constants were calculated
from the kinetic rate constants for GST-TopBP1 (a.a.
1233–1522)/RecQL4_N54 complex formation and dissoci-
ation derived from a 1:1 interaction model and from
concentration-dependent steady-state binding of
RecQL4_N54.

Quantitative real-time RecQL4_N54 DNA-binding assays

Surface plasmon resonance (SPR) binding experiments
using 10mM HEPES pH7.4, 150mM NaCl, 3mM
EDTA and 0.005% (v/v) surfactant P20 (HBS-EP150) as
running and sample buffer were carried out on a Biacore
T200 system at 25�C. DNA duplexes were produced by
annealing complementary oligonucleotides using a 5-fold
molar excess of the non-biotinylated oligonucleotide.
The dsDNA (LB2-24Y and LB2-24 ds) as well as the
50-biotinylated LB2 24 ss oligonucleotide were injected
on flow cells 2, 3 and 4 of a Neutravidin (Pierce)-coated
CM3 sensor chip at a flow rate of 10 ml/min until about 44
or 22 RU had been bound, respectively (Supplementary
Table S3). RecQL4_N54 samples triplicates were injected
in HBS-EP150 at concentrations from 3.13 to 100mM.
Sample injection and dissociation times were set to 60 s
at a flow rate of 30 ml/min. Refractive index errors due
to bulk solvent effects were corrected with responses
from non-coated flow cell 1 as well as subtracting blank
injections. Dissociation constants were calculated from
concentration-dependent steady-state responses of
RecQL4_N54 binding.

Due to strong bulk effects and excessive non-specific
binding of RecQL4_N54 to non-coated flow cell 1, dissoci-
ation constants could not be determined from SPR
sensorgrams using a HEPES buffer that contained
50mM NaCl (data not shown). Therefore, the experi-
ments in 10mM HEPES, pH7.4, 50mM NaCl, 3mM
EDTA and 0.005% (v/v) surfactant P20 (HBS-EP50)
were conducted on an Octet RED96 bio-layer interferom-
etry instrument (forteBio), operating at 25�C. Streptavidin
(SA) dip and read biosensor tips with immobilized
Y-shaped, dsDNA and ssDNA were exposed for 120 s to
different concentrations of RecQL4_N54 (3.13–200mM),
respectively. Non-coated SA sensor tips were used
for referencing. Dissociation constants were calculated
from concentration-dependent steady-state binding of
RecQL4_N54 (Figure 7D).

RESULTS

The N-terminus of human RecQL4 interacts with TopBP1

To assess the potential interaction between human
RecQL4 and TopBP1 and to delineate the protein
domains involved, we employed yeast two-hybrid
analysis. An amino-terminal fragment corresponding to

the first 675 a.a. of human RecQL4 was fused to the
GAL4-BD. TopBP1 constructs covering BRCT domains
0–5 (a.a. 1–780) or BRCT domains 6–8 (a.a. 793–1522),
respectively, were fused to the GAL4 AD (Figure 1A).
After transformation of the constructs into S. cerevisiae
reporter strain Y190, a b-galactosidase assay was per-
formed. Significant transactivation was observed
(Figure 1B) when the RecQL4 a.a. 1–675 construct was
expressed in the presence of TopBP1-BRCT6-8, but not
for TopBP1-BRCT0-5, suggesting a physical interaction
between the N-terminus of the human RecQL4 and the
BRCT6-8 domains of TopBP1. We then performed
deletional mutagenesis to identify the TopBP1-interacting
region of human RecQL4. This analysis indicated that a
construct comprising the first 54 a.a. of human RecQL4
led to only moderately reduced b-galactosidase activity,
similar to N388 and N115 fragments when compared
with RecQL4 (a.a. 1–675). A RecQL4 construct lacking
the first 54 a.a. supported b-galactosidase activation
less significantly. This indicates that the 54N-terminal
residues of RecQL4 are important for the interaction
with TopBP1-BRCT6-8, albeit contributions of more
C-terminal positions are also apparent.
In GST-pull-down assays, in vitro translated human

RecQL4_1–675 bound to GST-TopBP1 full length and
to GST-TopBP1-BRCT6-8 with comparable efficiencies,
but not to GST alone (Figure 1C). Similarly, in vitro
translated full-length TopBP1 bound to GST-RecQL4
a.a. 1–54 (RecQL4_N54, Figure 1D). TopBP1 did not
bind to GST alone, confirming the specificity of the
binding to the RecQL4 fragment. We next investigated
whether an interaction between RecQL4 and TopBP1
can also be detected in cell extracts. Indeed, we were
able to detect this interaction by reciprocal
co-immunoprecipitations from HEK293T cell extracts ex-
pressing RecQL4 and TopBP1, using antibodies against
RecQL4 and TopBP1 (Figure 1E).
Subsequently, we used GST pull-down to further

narrow down the RecQL4_N54-binding site of TopBP1
(Figure 2). A fragment comprising a.a. 1233–1522 (end)
of human TopBP1 was efficiently bound by RecQL4_N54
(Figure 2A). In contrast, a construct limited to BRCT7/8
(a.a. 1264–1493) (30) was not bound. Similarly, the
proline-rich region of TopBP1 preceding BRCT7/8 (a.a.
1233–1264) only pulled down minor amounts of
RecQL4_1-675. Therefore, TopBP1 (a.a. 1233–1522)
comprising BRCT7/8 together with the proline-rich
region are required for the binding of RecQL4_N54.
SPR was used to estimate the binding affinity of
RecQL4_N54 to TopBP1 (a.a. 1233–1522). Using
GST-TopBP1 (a.a. 1233-1522) immobilized via its GST
moiety as bait, or GST alone as a control, and the
RecQL4_N54 fragment as analyte, we observed specific
binding (Figure 2B). A dissociation constant of �70 mM
was determined from both the kinetic rates and the con-
centration-dependent steady-state binding. No binding of
RecQL4_N54 to GST alone was observed.
Taken together, a region comprising a.a. 1–54 of human

RecQL4 appears to be both necessary and sufficient to
bind the carboxy-terminal portion of TopBP1 including
a.a. 1233–1522 of the latter. The results from yeast
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Figure 1. The Sld2-homologous N-terminal domain of RecQL4 interacts directly with TopBP1. (A) Schematic depiction of human RecQL4 and
TopBP1. (B) Specific interaction of the N-terminal domain of RecQL4 fused to the GAL4 DNA-BD with C-terminal part (a.a. 793–1522) of TopBP1
fused to the GAL4-AD in yeast. Interaction was semi-quantitatively assessed by b-galactosidase liquid culture activity assays. b-galactosidase values
represent the mean and standard deviations of three independent experiments. (C) GST pull-down experiments performed with purified GST, GST–
TopBP1 and GST–TopBP1 (a.a. 793–1522) and [35S]–methionine–labelled RecQL4 (a.a. 1–675) (lower panel). Coomassie brilliant blue R250-stained
SDS–PAGE gels of the purified GST constructs are presented (upper panel). (D) GST pull-down experiments performed with purified GST and
GST–RecQL4 (a.a. 1–54) and [35S]-cysteine-labelled full-length TopBP1. Coomassie brilliant blue R250-stained SDS–PAGE gels of the purified
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two-hybrid analysis and the moderate-binding constant
further suggest additional contributions of regions
proximal to RecQL4_N54 to the RecQL4-TopBP1
interaction.

The amino-terminal domain of human RecQL4

An in silico analysis (see Supplementary Information) of
the minimal TopBP1-interacting region of human
RecQL4 predicted a predominantly a-helical fold.
This region was found (12,13) to align well with the
yeast Sld2 homologues (Supplementary Figure S1A).
Extensive homology searches show that this element is
generally conserved in fungal Sld2 proteins and in the
metazoan line where it fused N-terminal to a RecQ
domain. Related sequences can also be sporadically
found in other phylogenetic groups such as green algae,

oomycetes or dinoflagellates. Interestingly, also the
choanoflagellateMonosiga brevicollis possesses a predicted
homologue containing an amino-terminal Sld2 homology
region fused to a RecQ domain (Supplementary
Figure S1), indicating that this arrangement may have
been conserved even before diversion of the metazoan
lineage. Extension of the alignment beyond this
N-terminal homology region requires introduction of sig-
nificant gaps into the alignment. The corresponding
regions are predicted by the DISMETA server to be
largely disordered in metazoan RecQL4 and fungal Sld2
sequences (data not shown). This suggested that the
amino-terminus represents an autonomous structural
element of the RecQL4/Sld2 family.
RecQL4_N54 could be expressed with high yields, both

in complete and minimal medium as a GST fusion protein

Figure 1. Continued
GST constructs are presented (upper panel). Input IVT: 10 ml of the in vitro translation product. (E) Reciprocal immunoprecipitation of RecQL4 and
TopBP1. Cell extracts from human Hek293 cells transiently co-transfected with expression vectors for RecQL4 and ToPBP1 were subjected to
immunoprecipitation using antibodies against RecQL4 and TopBP1 as described in ‘Material and Methods’. The precipitates were then analysed by
SDS–PAGE and Western blot against the cognate proteins. Controls without antibody or with non-specific rabbit IgG served as negative control and
10% of the input served as an indicator for the (co-)immunoprecipitation efficiency.

Figure 2. Characterization of the TopBP1 interaction with RecQL4. (A) Identification of the RecQL4_N54 BD of TopBP1 by GST pull-down.
Pull-down experiments were performed as in Figure 1C–D with GST-fusion constructs as bait for in vitro translated proteins as indicated. Only
TopBP1 (a.a. 1233–1522) shows efficient binding to GST-RecQL4_N54. Purified GST and GST-TopBP1 (a.a. 1233–1264) stained with Coomassie
brilliant blue R250 are shown on the right. (B) Real-time in vitro SPR binding analysis of RecQL4_N54 to anti-GST antibody captured
GST-TopBP1 (a.a. 1233–1522). Sensorgrams of 200, 100, 50, 25, 12.5, 6.25 and 3.13mM RecQL4_N54 binding injected in triplicate (black lines)
are shown overlaid with the best fit derived from a 1:1 interaction model (red lines) (left). Fit of the equilibrium data for TopBP1 (a.a. 1233–1522)
binding (middle). The purified GST-TopBP1 (a.a. 1233–1593) used for the experiment stained with Coomassie brilliant blue R250 is shown on the
right.
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in E. coli, and purified to near homogeneity by a combin-
ation of affinity and ion exchange chromatography
(Supplementary Figures S2A and B). The purified
protein was analysed by CD spectroscopy (Supplementary
Figure S2D). The far-UV CD spectrum of RecQL4_N54
exhibited double minima at 208 and 222 nm characteristic
for significant a-helical content. The melting point Tm was
found to be 331K (58�C), based on the first-derivative
analysis and the van’t Hoff plot of the CD signals
at 192, 208 and 222 nm (Supplementary Figure S2E).
We found that the temperature-induced melting was
largely reversible (Supplementary Figure S2D). The CD
analysis supports the view that RecQL4_N54 represents
a stably folded domain. Gel filtration suggested that
RecQL4_N54 exists as monomer in solution
(Supplementary Figure S2C).

The NMR structure of RecQL4_N54

We determined the solution structure of RecQL4_N54
by heteronuclear NMR spectroscopy. The [1H,15N]-
HSQC spectrum of RecQL4_N54 exhibited good
spectral dispersion (Supplementary Figure S3) indicating
a well-folded protein under NMR conditions. Resonance
assignment was carried out by means of heteronuclear 3D
experiments (e.g. HNCACB, CC(CO)NH, H(CCCO)NH
and HCCH-COSY). The extent of proton assignment
amounts to 99%. In addition, with the exception of the
N0 and C0 resonances of residues Gly1 and Ser2, all
heteroatoms accessible via standard heteronuclear NMR
experiments including the aromatic resonances of proton-
bearing carbons and nitrogen were assigned. The chemical
shift assignments were used to predict the secondary struc-
ture composition of RecQL4_N54. The program CSI (31)
predicted three a-helical elements. The RecQL4_N54
solution structure was calculated on the basis of 1251
nuclear Overhauser enhancement (NOE) constraints and
146 constrained torsion angles. Superimposition of the
ensemble of 20 structures with the lowest CYANA
target function is shown in Figure 3 together with a
ribbon model of the lowest energy structure
of RecQL4_N54. The refinement statistics is given in
Table 1. RecQL4_N54 is composed of three a-helices con-
nected by short loop elements. The first helix of
RecQL4_N54 consists of 5.5 turns between residues
Glu4 and Gln23. A six-residue loop connects the helix
a1 to the short helix a2 comprising four residues
(Gln30–Val33) and forming only one helical turn. The
helix a2 connects to the last helical element via a four
residue turn sterically not restricted owing to a central
alanine dipeptide. The carboxy-terminal helix a3 starts
after the Pro37. It comprises 4.5 turns formed by 17 a.a.
(Glu38–Thr54). The aromatic side chains of Trp16, Phe20
and Tyr44 form a stacked arrangement as central element
of the hydrophobic core (Figure 3C).

RecQL4_N54 resembles a homeodomain

The overall topology of RecQL4_N54 is reminiscent of a
helix-turn-helix motif. A search on the DALI server (32)
using the lowest energy structure of RecQL4_N54
revealed a high structural similarity to homeodomains.

The best-scoring hits represented predominantly homeo-
domains such as the ones of transcription factor Engrailed
(PDB code: 1ENH) and of Mata1/Mata2 (1YRN).
Furthermore, the structural alignment covered essentially
the complete target domains in contrast to other sporadic
DALI hits such as helix-turn-helix motifs of the chromo-
some partition protein MukB (3EUK) or the site-specific
recombinase XerD (1AOP), where only a small fraction
of the target sequence could be superimposed onto
RecQL4_N54. A detailed comparison of RecQL4_N54
with representative homeodomains of Antennapedia
[1AHD; backbone root-mean-square deviation (r.m.s.d.)
1.87 Å (33)], Engrailed [1ENH; 1.86 Å (34)], Mat a1/Mat
a2 [1YRN; 1.76 Å (35)] and Scr/Exd [2R5Z; 1.79 Å (36)]
yielded consistently an r.m.s.d. of �1.8 Å for the superim-
position of the respective backbones (Figure 4A–D).
Position and relative orientation of the three a-helices
are conserved, but compared with classical homeo-
domains, the helix a2 is shortened by six residues. More
importantly, the RecQL4_N54 helix a1 is extended by
seven residues and thus lacks the amino-terminal non-
helical extension typical for homeodomains, which is dis-
ordered in the absence of DNA. Upon DNA complex
formation, this extension contributes to DNA-binding
affinity and sequence specific contacts via minor groove
interactions (37). The structure-based sequence alignment
(Figure 4E) yields (only) two sequence identities (F20 and
R52) and two conservative exchanges (Y47 and K51)
between RecQL4_N54 and homeodomains (37,38). The
remainder of RecQL4_N54, however, shares a high
content of basic residues with homeodomains (Figure 4E).

RecQL4_N54 binds double-stranded DNA

The structural homology to homeodomains led us to
assess the DNA binding of RecQL4_N54. To this end,
we performed EMSAs. Since RecQL4 has been implicated
in the initiation of DNA replication and has been recently
found to associate with several human origins of DNA
replication (39), we initially tested the binding to
dsDNA sequences derived from the human LB2, MCM4
and Topo1 origins of replication (40–42). RecQL4_N54
binds not only to the dsDNA fragment derived from the
three well-defined origins but also to the sequences that
are proximal to the respective origins (Figure 5A). This
DNA binding appeared to be rather sensitive to salt,
because the electrophoretic mobility shift was largely
absent in the presence of 100mM KCl. Also various
other dsDNAs were shifted with similar efficiency (data
not shown) indicating that RecQL4_N54 may bind
dsDNA without apparent sequence specificity. To
analyse this further, we performed EMSAs with different
fragments derived from our original 232 bp fragment of
the LB2 origin (Supplementary Figure S4). RecQL4_N54
bound all these fragments with similar efficiencies despite
the absence of common recognisable conserved sequence
elements. In conclusion, RecQL4_N54 exhibits no
apparent sequence specificity.

In general, various short dsDNA fragments (<50 bp)
were shifted in EMSA experiments, albeit only poorly.
However, an arbitrary shortening of the original 232 bp
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fragment from the LB2 origin down to 24 bp did not
abolish DNA binding as detected by magnetic bead
binding assays (Figure 5B). Collectively, the two binding
assays suggest that RecQL4_N54 has also affinity to short
dsDNA fragments, which is difficult to characterize under
EMSA conditions. To confirm this and to narrow
down the DNA-interaction region on RecQL_N54, an
NMR-based mapping experiment (43) was carried out ex-
emplary with the LB2-derived 24mer dsDNA. The
dsDNA oligomer was added to the protein at a concen-
tration of 170 mM in a stepwise manner so as to achieve a
RecQL4_N54:DNA ratio of 1:0.5, 1:1, 1:2 and 1:3.
Complex formation was monitored by acquisition of
[1H,15N]- and [1H,13C]-HSQC spectra (Figure 6A and
data not shown). An increasing DNA concentration led
to incremental changes of the resonance positions for a
defined subset of amide groups, and no significant
spectral changes were observed above a 2-fold excess of

DNA indicating the endpoint of titration (Figure 6A). The
incremental chemical shift perturbation indicates binding
in the fast exchange regime on the NMR time scale.
Chemical shift perturbations were considered as signifi-
cant when exceeding the 0.05 ppm average value for the
combined proton/nitrogen chemical shift changes (44).
Chemical shift perturbations for backbone amide reson-
ances were observed for a number of residues throughout
RecQL4_N54, but a cluster of C-terminal residues (Thr49,
Lys51, Thr53 and Thr54) exhibited the most pronounced
shift perturbation (Figure 6B), pointing towards a major
contribution of helix a3 to DNA binding.

RecQL4_N54 prefers Y-shaped DNA over single- and
double-stranded DNA

We next addressed whether RecQL4_N54 binds other
forms of DNA. The LB2-derived 24-mer dsDNA used
for the NMR titration was only weakly shifted in

Figure 3. NMR solution structure of RecQL4_N54. (A) Stereo view (side-by-side) of the structure closest to the mean. Heavy atom colouring: C
(grey), N (blue), O (red) and S (yellow). Helices are indicated by an orange/yellow ribbon. Amino acid type and residue numbers for the start and
end residue of the helical elements are annotated. (B) Superimposition of the 20 calculated structures with the lowest target function, backbone in
magenta, heavy atom colouring as in A. (C) Aromatic core, the side chains of W16, F20, Y44 and Y47 are emphasized in red, aspect rotated with
respect to (B) to display the core.
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EMSA experiments (Figure 7A), as also seen for other
short DNA fragments. The upper strand of LB2-24
DNA, i.e. ssDNA, was shifted very poorly (Figure 7A,
middle panel). This was also the case for ssDNAs of
unrelated sequence (data not shown), indicating that
RecQL4_N54 does not show a preference for ssDNA.
Instead, a LB2-24-based, Y-shaped DNA consisting of
16 bp dsDNA with 8 nt ss overhangs (Supplementary
Table S2; LB2_1-24Y) was more efficiently shifted in
EMSA experiments when compared with ssDNA
and dsDNA (Figure 7A). Similarly, efficient binding was
also found for other branched DNA structures such as
Y-shaped DNAs of unrelated sequence, a DNA
‘bubble’, D- and R-loops and Holiday junctions

(Supplementary Figure S5), suggesting that DNA
binding is modulated by the presence of ds/ss junctions.
Therefore, Y-shaped DNA was added to RecQL4_N54
(200 mM) in a stepwise fashion resulting in a molar ratio
of 1:0.3, 1:0.7, 1:1, 1:1.5, 1:2 and 1:3.5 between protein and
DNA, respectively. The perturbation of the amide group
chemical shifts upon the addition of DNA was followed in
[1H,15N]-HSQC experiments. Saturation of binding was
achieved at 2-fold DNA excess (data not shown).
Chemical shift changes upon addition of Y-shaped DNA
were observed for the same subset of amide group reson-
ances as for the dsDNA above. Interestingly, in the
presence of Y-shaped DNA an additional set of reson-
ances around 85 ppm (15N) becomes detectable
(Figure 7B). This chemical shift range is indicative of
Arg side chain guanidino groups, the protons of which
become protected against exchange with the solvent
upon DNA binding. These resonances are detectable
neither for the free RecQL4_N54 nor for the
dsDNA:RecQL4_N54 complex. Unfortunately, attempts
to assign these resonances, using scalar coupling- and
NOE-based experiments, turned out unsuccessful. We
also performed comparable titrations with the upper
strand of the 24-mer (Figure 7C). ssDNA protects the
same two Arg side chain guanidino groups from solvent
exchange as observed for Y-DNA, indicating that these
are involved the interaction with ssDNA regions. In
addition, chemical shift perturbation was observed for
amide groups partly overlapping with those observed in
the dsDNA titration experiment. Thus, the Y-DNA titra-
tion yields combined features of the ssDNA and dsDNA
titration.

We also determined the apparent DNA-binding con-
stants for ss-, ds- and Y-shaped DNA using biolayer inter-
ferometry. At conditions similar to those of the NMR

Figure 4. Superimposition of the NMR solution structure of RecQL4_N54 (orange ribbon) with homeodomains (blue ribbon). (A) Antennapedia
homeodomain (PDB code 1AHD; backbone r.m.s.d. 1.87 Å), (B) Engrailed homeodomain (1ENH; 1.86 Å). (C) MATa1/MATa2 homeodomain
(1YRN; 1.76 Å). (D) Homeodomain from the SCR/EXD complex (2R5Z; 1.79 Å). Homeodomains in (A), (C) and (D) are in the DNA-bound form,
DNA not shown. (E) Structure-based sequence alignment of RecQL4_N54 against the depicted homeodomains. The RecQL4_N54 construct used for
structure determination starts with two non-native residues derived from the GST tag after thrombin digest. Numbering of the a.a. positions refers to
the construct and not the native RecQL4 sequence to maintain consistency with the related PDB (2KMU) and BMRB (16544) database entries.
Therefore, the numbering of the residues is shifted by two compared to the native protein.

Table 1. Structural statistics of RecQL4_N54

NMR distance and dihedral constraints
Distance constraints 1251
Hydrogen bond constraints 60
Total dihedral angle restraints 310

Structure statistics
Violations, mean (SD)

Target function (Å2) 0.73 (0.14)
Distance constraints (Å) 0.01 (0.0007)
Max. distance constraint violation (Å) 0.21 (0.03)
Dihedral angle constraints (�) 0.21 (0.0337)
Max. dihedral angle violation (�) 2.14 (0.46)
AMBER physical energies (kcal/mol)

after energy minimization
�831.30 (72.24)

Deviations from idealized geometry
Bond lengths (Å) 0.00562 (0.00019)
Bond angles (�) 1.55700 (0.06497)

Mean global r.m.s.d. (Å)
Backbone atoms (residues 3–56) 0.73 (0.23)
Heavy atoms (residues 3–56) 1.84 (0.28)
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experiments, we obtained comparable binding constants
of 30–40 mM for all three DNA forms (Figure 7C and
Supplementary Table S4). The repetition of the measure-
ments by SPR at 150mM NaCl also yielded similar
binding constants of 130–160mM for the three DNA
species (Supplementary Figure S6 and Table S4). Yet,
comparison of the calculated maximum binding capacities
(Rmax calc.) and the experimentally determined maximum
responses (Rmax) strongly suggests a different binding
stoichiometry for Y-shaped DNA when compared with
ss and ds DNA. Although for the former a 2:1 ratio for
RecQL4_N54 binding was evident, an 1:1 binding was
calculated for ds and ss DNA (Supplementary Table
S4). Therefore, although the quantitative methods
do not provide evidence for a higher affinity for
Y-DNA, the EMSAs presented in Figure 7A and
Supplementary Figure S5 together with the results from
the NMR titrations, and the SPR experiments suggest that
branched DNA structures may represent the preferred
substrates.

DISCUSSION

Many DNA-binding proteins (e.g. repressor and homeotic
proteins) exhibit helix-turn-helix-like motifs (45). Among
these, homeodomains represent mainly eukaryotic
sequence-specific DNA binding motifs and can also
mediate protein–protein interactions [reviewed in (46)].
In metazoans, they play a fundamental role in develop-
ment and evolution. Prominent representatives for this
motif are the proteins encoded by the homeotic genes
(37,47,48). Initially, the homeodomain was identified in
Drosophila homeotic and segmentation proteins, and it
was recognized that those proteins efficiently bind DNA
through this structural motif (49,50). The homeodomain
proteins elicit their function, e.g. by complex formation
and specificity enhancer in promoter regions of their
targets. Interestingly, a number of homeodomain contain-
ing proteins of the Hox family have been reported to be
involved in several aspects of replication (51–56).
Homeodomains have highly conserved sequences of �60

Figure 5. RecQL4_N54 binds dsDNA without apparent sequence preference. (A) Electrophoretic mobility gel shift assay were performed with
RecQL4_N54 (2mg/30 mM) and DNA fragments (200 ng) covering the sites of DNA replication initiation of three well-characterized human
origins as well as three control fragments from proximal sites. Details on the DNA fragments are provided in Supplementary Table S1. The
DNA binding buffer was supplemented with 100mM KCl where indicated. (B) Binding of DNA fragments derived from the LB2 origin of repli-
cation (42) by RecQL4 was evaluated by a DNA bead binding assay. Biotinylated dsDNA was pre-incubated with RecQL4 following binding to
magnetic SA beads immobilized to magnetic columns. The flow through (FT), the first wash (W) and the elution (E) fractions were analysed by SDS–
PAGE. RecQL4_N54 is detected in the elution fractions of all samples containing DNA indicative for DNA binding irrespective of fragment length.
The protein band corresponding to RecQL4_N54 is indicated by an arrow. The additional band in the elution (denoted by an asterisk) is SA released
from the magnetic bead during sample preparation for SDS–PAGE. Input represents purified RecQL4_N54. The positions of the molecular weight
markers (in kDa) are indicated on the right.
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a.a. Generally, their structure displays a helix-loop-helix-
turn-helix motif. The detailed protein:DNA interaction
network was initially unravelled by NMR spectroscopy
(57,58): Two a-helices (a1 and a3) mediate specific

protein:DNA contacts and stabilize each other structur-
ally. Interestingly, despite a low-sequence homology
(Figure 4E, Supplementary Figure S1), the structure of
RecQL4_N54 displays a high structural homology to

Figure 6. Interaction of RecQL4_N54 with DNA. (A) [1H,15N]–HSQC spectrum (15N chemical shifts in F1 and 1H chemical shifts in F2) of
RecQL4_N54 (170 mM) without (black contours) and with 3-fold excess (red contours) of dsDNA. The inset (upper left) depicts an overlay for
selected cross-peaks (boxed in spectra) of spectra recorded with protein:DNA ratios of 1:0 (green contours), 1:0.5 (red), 1:1 (magenta), 1:2 (blue) and
1:3 (coral). Residue assignments for the inset are indicated, a fully assigned [1H,15N]–HSQC is given in the Supporting Information. (B) Chemical
shift changes for each backbone amide group of RecQL4_N54 at 3-fold molar excess of the 24 mer dsDNA. The chemical shift change was
determined for the 15N/1H cross-peak of the backbone amide group of each residue in the spectrum of free RecQL4_N54 to the nearest 15N/1H
cross-peak in the spectrum of the RecQL4_N54:DNA complex using the relationship j�d(1H)j+j�d(15N)j/7 (45). Values above the average chemical
shift perturbation of �0.05 ppm are depicted in red. The X for Ala15 indicates that the corresponding cross-peak was broadened beyond detection at
3-fold molar excess of dsDNA. The cyan bars on the top indicate the positions of the a-helices in RecQL4_N54. Note that the first native RecQL4
residue is M3. The numbering of the a.a. positions in RecQL4_N54 starts with two non-native residues derived from the expression construct to
maintain consistency with the related PDB (2KMU) and BMRB (16544) database entries. Therefore, the numbering of the residues is shifted by two
compared to the native protein. (C) Left panel: Cyan balls at the position of the nitrogen atom highlight the residues in RecQL4_N54 for which
chemical shift perturbation above average was observed. Centre panel: For comparison, the Antennapedia homeodomain–DNA complex [PDB code
1AHD; (35)] is presented. Right panel: Sequence comparison between RecQL4_N54 and Antennapedia. Orange: Residues interacting with the
phosphate/sugar backbone of the DNA (p) or contributing in base recognition interactions (b) in the Antennapedia homeodomain–DNA
complex. Cyan: Residues experiencing significant chemical shift perturbation in RecQL4_N54.
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homeodomain proteins, presented by superimpositions of
various homeodomains with RecQL4_N54 (Figure 4). As
in homeodomains, the RecQL4_N54 structure remains
stable upon its removal from the remainder of the
protein. We also observed strong fluorescence quenching
of the invariant tryptophan residue buried in the native
core of RecQL_N54 (data not shown), which is reminis-
cent of similar observations for homeodomains (59). The
structure of RecQL4_N54 also resembles the canonical
three helices, albeit helix a2 is considerably shortened
down to one helical turn. This allows to accommodate
the slightly elongated helix a3 in a position, which coin-
cides with the helical arrangement of hitherto known
homeodomains and to locate two sequence identities
(T40 and R52) and three conservative exchanges (R45,

Y47 and K51) in homologous positions. The chemical
shift changes of several of these C-terminal residues
(Figure 6B) suggest a dsDNA-binding mode similar to
homeodomains, where essential sequence-specific major
groove contacts are made by the C-terminal helix a3
(38). Despite the structural similarities, RecQL4_N54
displays also several features that distinguish it from ca-
nonical homeodomains. Most importantly, RecQL4_N54
lacks the disordered N-terminal extension archetypal for
homeodomains in the free form. Instead of a flexible arm
that establishes contacts to the minor groove upon DNA
binding, helix a1 of RecQL4_N54 extends to the
N-terminus. The moderate magnitude of chemical shift
perturbation observed in the [1H,15N]- and [1H,13C]-
HSQC spectra in the presence of the LB2 24mer dsDNA

Figure 7. RecQL4_N54 binding to Y-shaped DNA. (A) RecQL4_N54 prefers binding to Y-shaped DNA over ssDNA and dsDNA. Left panel:
30 mM RecQL4_N54 was preincubated in the presence of 2 mM of the indicated DNA and the DNA–protein complexes resolved by electrophoretic
mobility gel shift assay. Middle panel: ssDNA binding—indicated amounts of RecQL4_N54 were preincubated with 1.3 mM oligomer LB2-F carrying
a 50-fluorescein, and the DNA–protein complexes resolved by electrophoretic mobility gel shift assay. Right panel: Binding to Y-shaped DNA—
indicated amounts of RecQL4_N54 were preincubated with 2 mM LB2-derived Y-shaped DNA, and the DNA–protein complexes resolved by
electrophoretic mobility gel shift assay. The DNA binding buffer was supplemented with KCl as indicated. Details for the DNA fragments are
provided in Supplementary Table S1. (B) [1H,15N]–HSQC spectra (15N chemical shifts in F1 and 1H chemical shifts in F2) of RecQL4_N54 (200 mM)
without (black contours) and with 3.5-fold excess (red contours) of Y-shaped DNA. (C) [1H,15N]-HSQC spectra of RecQL4_N54 (200 mM) without
(black contours) and with 2-fold excess (red contours) of ssDNA. (D) Real-time binding analysis of RecQL4_N54 to Y-shaped, dsDNA and ssDNA.
Fits of the biolayer interferometry steady-state binding of RecQL4_N54 using a HEPES buffer containing 50mM NaCl.
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and Y-shaped DNA indicates negligible, if any, conform-
ational changes in the structure of RecQL4_N54
upon DNA binding, suggesting that the N-terminus
RecQL4_N54 constitutes a preformed DNA-binding
module mediating interaction with DNA without
sequence specificity as observed here. The significant
structural homology to the DNA-bound form of the
homeodomain homologues in 1AHD, 2R5Z and 1YRN
(Figure 4) is consistent with this interpretation.
Most commonly, homeodomains bind to specific aTtA/

tAaT DNA duplex motifs via a set of conserved a.a. (R3,
R5, I47, Q50, N51 and M54) (37,60). Here, the arginines
contact the minor groove via hydrogen bonds, while the
uncharged residues in the helix a3 form hydrophobic
interactions with, e.g. the thymine methyl groups of the
major groove side. Taking into account the DNA-bound
conformation of other homeodomains, the C-terminal
threonines in RecQL4_N54 could act correspondingly
to, e.g. the serine-45:adenine interaction in Antennapedia.
For comparison (Figure 6C), a model of RecQL4_N54
bound to DNA is complemented by a backbone represen-
tation of the Antennapedia homeodomain–DNA complex
(1AHD; 33). However, until now no sequence-specific
DNA binding of RecQL4_N54 could be observed.
Moreover, complex formation in the fast exchange
regime on the NMR time scale suggested an affinity of
10 mM or above for the ds and Y-shaped DNA substrates.
Consistent with this, a moderate binding affinity was
determined by SPR and interferometry measurements.
This is consistent with the function of RecQL4/Sld2 as
general replication initiation and genome stability factor
that has to act transiently and in a sequence-independent
manner (1,12,13). It should be noted that homeodomains
of several classes such as the Rhox, Lass or Satb proteins
also appear to bind DNA without apparent sequence spe-
cificity (61). It is likely that other parts of the RecQL4
protein and interactions with other replication initiation
factors are essential for the recruitment to origins of
replication.
The RecQL4-TopBP1-interaction described here was

not detected in a proteomic approach aimed to identify
interaction partners after immunoprecipitation of a tagged
full-length RecQL4 (15) but is in line with studies in
Xenopus, where an (although larger) amino-terminal
fragment was shown to interact with XCut5, the frog
homologue of TopBP1. As for the Xenopus homologues
(13), the interaction here did not depend on phosphoryl-
ation of the proteins. On the other hand, both human and
Xenopus RecQL4 appear to be phosphorylated by S phase
Cdks (13,15), and therefore, during replication, the inter-
actions of RecQL4 are likely to be regulated by phosphor-
ylation in vivo. Thangavel et al. (39) demonstrated that
RecQL4 shows cell cycle-dependent association with
origins of DNA replication, consistent with its reported
role during the assembly of the replication initiation
complex (12,13,62). This DNA association is likely to be
modulated by interactions with MCM10, MCM2-7
(15,62) as well as with TopBP1 (Figure 1) or its Xenopus
homologue xCut5 (13). As in Xenopus, there seems to be
more than one interaction site between human RecQL4
and TopBP1. Although the DNA-binding constants of

RecQL4 determined here appear to be in a similar range
for ss, ds, and Y-shaped DNA, our EMSA and NMR
analyses indicate a different binding mode for branched-
type DNA. This suggests another role for RecQL4: the
N-terminal domain could stabilize the emerging DNA
‘bubble’ during the initiation of DNA replication by
binding at the ss–ds junction. A similar role was
proposed for the budding yeast Sld2 (63) that contains
an N-terminal domain homologous to RecQL4_N54.
There, Sld2 was found to bind ss origin DNA and to
stimulate DNA annealing. Although dsDNA was not
bound by Sld2, the binding to, e.g. Y-shaped DNA was
not tested. Conserved residues found in the N-termini of
Sld2 and RecQL4 argue in favour of a similar function of
both proteins. In Sld2, K44 and K50 are essential for yeast
origin sequence binding (64). These residues correspond
to R43 and K49 in human RecQL4 (Supplementary
Figure S1). These positions are generally conserved in
homeodomains and are located on helix a3 found import-
ant for DNA binding by our NMR experiments. Our pre-
liminary mutational analysis indicates that K49N and
R8Q/R43Q mutants do not bind dsDNA, but still
interact with TopBP1 (data not shown). No annealing
activity for RecQL4_N54 was detected here (data not
shown), whereas a strong annealing activity for full-length
human RecQL4 has been demonstrated (5,6). This indi-
cates that additional DNA-binding sites of RecQL4 are
important for its annealing activity. The role of structural
transitions of DNA during initiation of replication
probably needs more attention. It seems that the
complex interaction framework of RecQL4 with other ini-
tiation factors and with the DNA at the initiation site may
be required to spark origin firing.

Taken together, we demonstrate that the N-terminus of
RecQL4 adopts a fold very similar to that of homeo-
domains and that this domain represents a DNA-
binding module that is also involved in the interaction
with human replication factor TopBP1. This study
provides the first structural information for the Sld2/
RecQL4 protein family. It should be highly rewarding to
investigate the mechanistic interplay of the RecQL4_N54
domain and the remainder of the molecule and its inter-
acting biomolecules to unravel a more complete under-
standing of the structure–function relationship for
RecQL4. This should lead to a more in depth understand-
ing of how DNA binding and annealing activities of
RecQL4/Sld2 contribute to replication fork formation or
to prevent a premature movement of the fork.
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