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Abstract
Werner Syndrome (WS) is a rare autosomal recessive disorder caused by mutations in the WRN
gene. WRN helicase, a member of the RecQ helicase family, is involved in various DNA
metabolic pathways including DNA replication, recombination, DNA repair and telomere
maintenance. In this study, we have characterized the G574R missense mutation, which was
recently identified in a WS patient. Our biochemical experiments with purified mutant
recombinant WRN protein showed that the G574R mutation inhibits ATP binding, and thereby
leads to significant decrease in helicase activity. Exonuclease activity of the mutant protein was
not significantly affected, whereas its single strand DNA annealing activity was higher than that of
wild type. Deficiency in the helicase activity of the mutant may cause defects in replication and
other DNA metabolic processes, which in turn could be responsible for the Werner syndrome
phenotype in the patient. In contrast to the usual appearance of WS, the G574R patient has normal
stature. Thus the short stature normally associated with WS may not be due to helicase deficiency.
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1. Introduction
Werner Syndrome (WS) is a rare autosomal recessive disorder characterized by accelerated
aging [1–4]. The clinical phenotype of WS has been well summarized as a “caricature of
aging” [1, 2]. Typically, WS patients are normal at birth and begin to exhibit accelerated
aging in the late teens with short stature (lack of growth spurt), atrophic skin, loss of
subcutaneous fat, and premature graying or loss of the hair [5, 6]. Subsequently, the patients
often develop common age-related disorders including bilateral ocular cataracts, type 2
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diabetes mellitus, hypogonadism, osteoporosis, atherosclerosis and cancers. Cancer is the
most common cause of death, and multiple cancers and sarcomas are not uncommon in WS
[7–11]. Persistent leg ulcers associated with soft tissue calcification around Achilles tendons
are highly characteristic to WS [3]. Cells derived from WS patients show increased DNA
deletions, translocations, chromosomal breaks, and display replicative defects, including an
elongated S-phase and premature senescence [12–14]. The WRN gene, encoding Werner
protein (WRN), has been identified as a cause of WS. WRN belongs to the RecQ helicase
family, members of which are ubiquitously conserved from bacteria to humans [15], and has
been implicated in various DNA metabolic pathways, including DNA replication,
recombination, DNA repair, transcription and telomere maintenance [15–17]. It should be
noted that in addition to WS, other diseases caused by mutations in RecQ helicases, such as
Bloom syndrome (BS) (BLM-mutations) and Rothmund-Thomson syndrome (RTS)
(RECQL4-mutations), share a marked propensity for developing specific neoplasms.

To date, over 80 WRN disease mutations have been reported from around the world [5, 18–
20]. These mutations were found across the entire WRN gene, and include: (a) nonsense
mutations that change an amino acid codon to a stop codon and cause the termination of
protein translation; (b) insertions and/or deletions (indels), which lead to reading frameshifts
and subsequent termination of protein translation; (c) substitutions at splice junctions that
cause the skipping of exons and a subsequent frameshift; (d) missense mutations that cause
amino acid changes in the protein; (e) genomic rearrangements spanning multiple exons and
introns [18]. Most of the patient mutations result in truncations of the WRN protein,
eliminating the C-terminal nuclear localization signal (NLS) [21]. This renders the protein
unable to enter the nucleus, making it functionally null. In addition, most of the small indels
and splicing mutations identified in WS are expected to trigger rapid nonsense mediated
decay of mutant mRNAs [22]. This explanation is likely sufficient for why these truncation
mutations lead to the loss of enzymatic activities at the cellular level, and why WS patients
exhibit similar phenotypes regardless of the location of the truncation mutations. However,
this hypothesis cannot account for the WS patients who have missense mutations. These
amino acid substitutions could have an effect on one of the enzymatic activities, on protein
stability and/or on the sub-cellular distribution of the WRN protein. Indeed, the studies of
WRN single nucleotide polymorphisms (SNPs) have demonstrated a connection with cancer
susceptibility [10, 23]. Thus, it is particularly important to analyze the missense mutations
found in WS patients.

WRN protein (1,432 amino acids) contains multiple domains, including helicase (ATPase),
exonuclease, RecQ C-terminal (RQC), and helicase-and-RNaseD-like-C-terminal (HRDC)
domains (Fig. 1A). WRN exhibits DNA-dependent ATPase, ATP dependent 3′ → 5′ DNA
helicase, single strand DNA annealing and exonuclease activities. The enzyme is able to
resolve a variety of DNA substrates, including forks, flaps, displacement loops (D-loops),
bubbles, Holliday junctions and G-quadruplexes (G4), all of which represent intermediates
in DNA replication and repair (recently reviewed in [15]). Post-translational modifications
of WRN modulate its enzymatic activity, thereby regulating its roles in multiple DNA
metabolic processes [24].

Recent genetic studies have reported new missense mutations, such as a c.1720G>A,
p.Gly574Arg, along with small insertions/deletions, a deep intronic mutation that creates a
new exon, a splice consensus mutation, and genomic rearrangements [18]. Here, we have
characterized the biochemical properties of a missense change, c.1720G>A, p.Gly574Arg,
identified in a patient with a clinical diagnosis of Werner syndrome. This amino acid is
highly conserved and lies just upstream of the nucleotide binding Walker A motif in the
ATPase domain. We report that recombinant WRN G574R exhibits significantly decreased
helicase and slightly decreased exonuclease activity, as compared to the wild type WRN.
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The mutant protein displays more efficient strand annealing activity. ATP binding analysis
clearly demonstrates that the loss of the helicase activity is due to the lack of ATP binding.
Based on our biochemical findings, we discuss possible cellular defects caused by the
G574R mutation in relation to the clinical features seen in the patient.

2. Materials and methods
2.1. Plasmid construction and protein purification

6xHis-WRN-FLAG/pFastBac1-InteinCBDAla construct was used for generation of
baculovirus expressing WRN wild type, as described previously [25]. Using this plasmid as
a template, glycine 574 was substituted with arginine by site-directed mutagenesis methods.
The mutagenic primers were designed such that the codon for Gly (GGA) is changed to that
for Arg (AGA). The following primers are used for the mutagenesis: 5′-
AGATATGGAAAGAGTTTGTGCTTC-3′, in which the mutation site are underlined, and
5′-AGTTGCCATGACAGCAACATTATC-3′. The nucleotide sequences were confirmed
by sequencing. Mutagenic primers were purchased form Integrated DNA Technologies
(Coralville, IA).

Recombinant baculoviruses were generated using Bac-to-Bac® Baculovirus Expression
System (Invitrogen), as described previously [25]. Overexpression and purification of WRN
wild type and mutant protein were performed as described previously [25]. Protein
concentration was determined using Bradford reagent (Bio-Rad), and protein purity was
analyzed on SDS-PAGE.

2.2. Helicase assay
Helicase unwinding assay was performed as described previously [26]. Reactions (20 μl)
contained 0.5 nM substrate, 2.5 mM ATP and the indicated concentrations of WRN wild
type and mutant protein in 40 mM Tris-HCl, pH 8.0, 50 mM NaCl, 5 mM MgCl2, 100 μg/
ml BSA, 2 mM ATP, 1 mM DTT. Reactions were carried out at 37°C for 30 min, and
terminated by the addition of 10 μl of SDS stop solution (2% SDS, 50 mM EDTA, 30%
glycerol, 0.1% bromophenol blue, 0.1% xylene cyanol). Products were separated on 8%
non-denaturing polyacrylamide gel. Radiolabeled DNA was visualized using Typhoon
phosphorimager, (Typhoon 9400, GE Healthcare) and quantified using ImageQuant
software (Molecular Dynamics). For normal forked duplex substrates, following
oligonucleotides were used: 5′-
TTTTTTTTTTTTTTTGAGTGTGGTGTACATGCACTAC-3′, and 5′-
GTAGTGCATGTACACCACACTCTTTTTTTTTTTTTTT-3′. Following oligonucleotides
were used for blocked substrate: 5′-
T^TTTTTTTTTTTTTTGAGTGTGGTGTACATGCACTA^C-3′, and 5′-
G^TAGTGCATGTACACCACACTCTTTTTTTTTTTTTT^T-3′, which contain
phosphorothioate likage (^) to avoid the degradation by exonuclease. Radiolabeled
substrates were prepared as described previously [27].

2.3. Exonuclease assay
Exonuclease assays were performed as described previously with modifications [28, 29].
Reactions (10 μl) were performed in buffer (40 mM Tris-HCl, pH 8.0, 4 mM MgCl2, 5 mM
DTT, 2 mM ATP, 10% glycerol and 0.1 mg/ml BSA) containing 5′ overhang DNA
substrate (0.5 nM) and WRN. Samples were incubated at 37°C for 15 min. Reactions were
terminated by addition of equal volume of formamide stop dye (98% formamide, 10 mM
EDTA, and 0.1% bromophenol blue). Products were heat-denatured for 5 min at 95 °C,
loaded on 14% denaturing polyacrylamide gels, visualized using Typhoon phosphorimager
(GE Healthcare), and quantified using ImageQuant software (Molecular Dynamics).
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2.4. Single strand DNA annealing assay
DNA strand annealing assays were performed as described previously [6, 30]. C80 and G80
oligonucleotides were used. Reactions (20 μL) were carried out in 20 mM Tris-HCl, pH 7.5,
2 mM MgCl2, 40 μg/mL BSA and 1 mM DTT at 37°C for 15 min with 0.5 nM of each
oligonucleotide, one of which was 5′-32P-end-labeled. Protein concentrations used in the
reactions were indicated in figure legends. Reactions were stopped by the addition of stop
buffer (50 mM EDTA, 1% SDS and 50% glycerol) and immediately loaded onto 8% non-
denaturing polyacrylamide gel. Radiolabeled DNA was detected using Typhoon Imager (GE
Healthcare), and percentage of annealed oligonucleotide was quantified using ImageQuant
software (Molecular Dynamics).

2.5. ATPase assay
ATPase assays were performed as described previously [27]. Buffers for standard ATPase
reactions contained 20 mM HEPES-NaOH, pH 8.0, 0.05 mM ATP, 40 μg/ml BSA, 1 mM
DTT. ATPase reactions employed WRN and 12.5 μCi of [γ-32P]-ATP. Reactions were
incubated for 1 h at 30°C with 150 ng of nucleic acid (M13 ssDNA), and stopped by the
addition of 5 μl of 0.5 M EDTA. ATP hydrolysis was analyzed by polyethyleneimine thin-
layer chromatography using 1 M formic acid, 0.8 M LiCl mobile phase. The results were
analyzed using Typhoon phosphorimager (GE Healthcare) and ImageQuant software
(Molecular Dynamics).

2.6. ATP photo-crosslinking assay
1 μg of purified protein was incubated in 10 ul of reaction containing helicase buffer (40
mM Tris-HCl, pH 8.0, 50 mM NaCl, 5 mM MgCl2, 100 μg/ml BSA, 1 mM DTT) with 25
μM ATP and 2 μCi of [γ-32P]-ATP (3000 Ci/mmol) for 10 min at 37°C. Reactions were
spotted onto parafilm, placed on ice and irradiated for 5 min using a UV-Stratalinker 2400
(Stratagene). The covalent protein-ATP complex was separated from free ATP by
electrophoresis in a 4–15 % SDS-polyacrylamide gel (Bio-rad). Radiolabeled species were
detected using Typhoon imager (GE Healthcare) and quantified using ImageQuant software
(Molecular Dynamics). The gel was subsequently stained with Coomassie brilliant blue to
determine the size of the protein.

2.7. Homology modeling
A model structure of WRN helicase and RQC domain (533–1052 a.a.) was built using
sequence alignment and the structure of human RECQL1 Mg-ADP bound form (PDB code:
2V1X) as a template. Briefly, sequence alignment of helicase domains of RecQ helicases
was established using CLUSTALW [31] and combined with the structure-based alignment
of RECQL1 (PDB code: 2V1X) and E. coli RecQ (PDB code: 1OYY) using CE [32, 33] to
improve the alignment. Based on this alignment, WRN helicase model was built and
evaluated using SWISS-MODEL (Swiss Institute of Bioinfomatics) [34, 35].

3. Results
3.1. Werner syndrome patient

The patient was a 40 year-old German female with no known consanguinity. She was born
with normal height (50 cm) and weight (2.88 kg). A physical examination revealed bilateral
ocular cataracts, tight atrophic skin, premature graying and loss of hair, a hoarse voice, flat
feet, thin limbs and overall appearance of accelerated aging. She also had a thyroid
enlargement due to epithelial hyperplasia. Her height was normal,167 cm (Z score 0.0), and
weight was 50 kg (BMI 17.9). She had a history of meningioma and adenoma of the liver.
Sequencing of WRN exons revealed a heterozygous change, c.1720G>A (p.G574R) in exon
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14 and another heterozygous change, c.1982-1G>A, in intron 17. The latter is expected to
cause skipping of exon 18 (r.1982_2088del107) followed by a frameshift (p.I662fs) [18].

3.2. WRN activity is affected by the mutation
To analyze the biochemical properties of the G574R mutant derived from this WS patient,
we have successfully purified the mutant protein employing a purification scheme recently
developed for the wild type protein (Fig. 1B) [25]. Helicase assays were performed using a
forked duplex DNA substrate, and as shown in Fig. 2A and 2B, the DNA unwinding activity
of G574R was significantly lower than that of the wild type. Since the degradation products
(smear) appeared on the gel with increased concentration of mutant protein (Fig. 2A, lane
10, 12), indicating that the mutant protein may contain exonuclease activity, we could not
quantify the 20 nM concentration point of mutant. To analyze the helicase activity more
quantitatively, we used specific substrates containing phosphorothioate linkages at both ends
of the oligomer DNA, which prevent exonuclease degradation. As expected, the degradation
products observed in Fig. 2A were not present on this gel (Fig. 2C). The quantitative results
clearly demonstrated that the helicase activity of G574R was significantly deficient (Fig. 2C
and 2D). Collectively, our results imply that the helicase defect in the mutant protein
potentially could underlie the WS disease.

Next, we examined the exonuclease activity of the purified WRN mutant protein. The results
indicated that WRN G574R exhibited significantly weaker exonuclease activity (especially
when 5 and 10 nM WRN concentrations were used), but comparable to the wild type at
lower and higher protein concentrations (Fig. 3A and 3B). This finding suggests that the
mutation has a significant but modest effect on WRN exonuclease.

We then examined the DNA strand annealing activity of the WRN mutant. Interestingly,
G574R exhibited more efficient strand annealing activity than wild type WRN, and the
differences were significant except at the highest concentration of WRN (20 nM) (Fig. 3C
and 3D). This may be due to the lack of helicase activity, which counteracts strand annealing
by binding and unwinding the intermediate products, such as partial DNA duplex.

3.3. ATP binding deficiency leads to loss of ATP hydrolysis
Among the RecQ helicases, ATP binding is thought to be an important regulatory factor
underlying both helicase and strand annealing activities [30, 36, 37]. Therefore, we
hypothesized that the substitution of Gly574 to Arg would affect ATP-Mg binding. To
explore this hypothesis, we tested the ATPase and ATP binding activity of the wild type and
mutant protein. The results showed that the ATPase activity of G574R was significantly
lower than that of the wild type under all conditions tested (Fig. 4A and 4B), and that its
ATP binding affinity was decreased to approximately 20% of the wild type (Fig. 4C and
4D). These results clearly suggest that the decrease in helicase activity of the mutant is due
to the loss of ATP binding, and lack of ATP hydrolysis.

To further understand the impact of the mutation, we used a bioinformatic approach to
compare the amino acid sequences of the helicase (ATPase) domains among the RecQ
helicases. When the amino acid sequence of the WRN helicase domain was compared with
those of other RecQ helicases, Gly574 could be identified as a conserved amino acid just
upstream of the Walker A ATPase motif (GSK) of the RecQ helicase domain (Fig. 5A).
Thus, the Gly at this position may be quite important for its function at the molecular level.
To further identify the molecular mechanism of this mutation, we created a model structure
of the WRN helicase and RQC domains using the sequence alignment of the helicase
domains from several RecQ helicases (Fig. 5A). As shown in Fig. 5B, the overall structure
of the WRN model fits well into the RECQL1 structure (PDB ID; 2V1X). When focusing on
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the local conformation around the Mg-ADP complex (Fig. 5C), most of the amino acid
residues contacting Mg-ADP, except His546 (Leu89 in RECQL1) appear to be spatially well
conserved. These amino acid residues are also well conserved at the primary sequence level
(Fig. 5A, indicated by red arrow), suggesting a conservative binding mode for Mg-ATP in
RecQ helicases.

4. Discussion
4.1. Defect of WRN protein function in G574R

Our results demonstrate that the G574R mutation strongly inhibits ATP binding, which leads
to the abolishment of ATPase and ATPase-dependent helicase activity of WRN.
Consistently, a previous biochemical study has demonstrated that the ATPase activity is
essential for WRN helicase activity, and WRN protein with a K577M substitution within the
ATPase domain, which eliminates ATP hydrolysis, lacks helicase activity [38]. We also
found that the exonuclease activity is slightly lower in the G574R mutant protein. Although
the isolated WRN exonuclease fragment can function independently as an exonuclease [39],
it evidently requires another domain, such as the helicase domain, as shown in the present
study, for optimal function. We showed recently that mutations in the WRN RQC domain,
R993A and F1037A, abolished WRN exonuclease activity, suggesting that the RQC
domain, via its DNA binding properties, is critical for WRN exonuclease activity [25]. Thus,
the results of our study support the importance of other WRN functional domains for
optimal exonuclease activity. Further, ATP hydrolysis may play a role in the exonuclease
activity of WRN since WRN exonuclease activity on duplex DNA substrates containing
recessed 3′ ends can be stimulated by ATP [40].

4.2. Enhanced DNA strand annealing activity in G574R
Interestingly, WRN G574R was found to exhibit higher strand annealing activity than wild
type. For WRN and BLM, the strand annealing activity is inhibited in the presence of ATP,
suggesting that ATP binding modulates their helicase and annealing activities [41].
Biochemical studies on RECQL1 and RECQL5 have also shown that ATP binding is a
switch that converts the protein from annealing to helicase function [36, 37]. Although the in
vivo relevance of WRN’s strand annealing activity still remains unclear, several studies have
indicated the significance of single strand annealing in recombination and double strand
break (DSB) repair [42–44]. WRN is significantly involved in the DSB repair pathway [28,
29]. Thus, excessive strand annealing activity of G574R may lead to the accumulation of
recombination intermediates in that pathway.

4.3. Possible structural property of Gly574
To address the role of Gly574 in WRN protein, we built a model structure of WRN ATPase
(helicase) with RQC domain, and superimposed it with the RECQL1 Mg-ADP bound
structure (PDB ID: 2V1X) (Fig. 5B). According to this model, Gly574 is located in the
glycine-rich loop, which supports ADP and Mg binding. The local conformation around the
glycine-rich loop is well conserved between RECQL1 and the WRN model structure (Fig.
5C). Since the change in size of the amino acid side chain is quite drastic following the
mutation from Gly to Arg, it is likely that the G574R substitution inhibits the stable binding
of Mg-ATP due to steric hindrance. Our ATP binding analysis (Fig. 4B and 4C) clearly
supports this hypothesis. It has been reported that an infrequent WRN polymorphism,
R834C, occurring close to the ATP contacting residue, Asn829 (Fig. 5C), reduces WRN
helicase and exonuclease activity due to decreased ATP hydrolysis [45]. The authors of the
study used WRN-containing immune precipitates for the assays rather than purified
recombinant protein. They concluded that the helicase and exonuclease activities of the
WRN R834C mutant protein were significantly reduced [45]. Thus the conclusions from the
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studies on R834C resemble our findings with G574R. However, we additionally showed
enhancement of strand annealing activity in G574R, suggesting that the accumulation of
unusual recombination intermediates may be a cause of WS as proposed above. Based on
the biochemical assay results and from our modeling, it appears that both G574R and R834C
mutations may impact the binding pocket for Mg-ATP, and therefore G574R and R837C
mutations both lead to a ATP hydrolysis defects.

4.4. Possible cellular and organismal defects in G574R
A pathogenic missense mutation, c.1720G>A, p.Gly574Arg, has been identified in a
compound heterozygous patient of German origin [18]. Except for an absence of short
stature, the clinical phenotype of the patient carrying G574R as a compound heterozygous
mutation was similar to that of other WS patients with truncation mutations. Short stature is
one of the cardinal signs of WS and has been seen in 94.7% of the molecularly confirmed
WS cases [5]. Our biochemical studies clearly demonstrate that the G574R mutation results
in severely decreased ATP binding, and thereby causes a significant decrease in DNA
unwinding activity of the WRN mutant protein. The biochemical properties of WRN G574R
found in this study were quite similar to those of K577M, which has been well characterized
as a helicase dead mutant [38, 46]. A study on the K577M mutation in the mouse model
reported that the tail fibroblasts from K577M-WRN mice showed hypersensitivity to 4-
nitroquinoline-1-oxide (4NQO), and reduced replicative potential [47]. Another research
group also demonstrated that the lagging strand synthesis during telomere replication was
affected when the WRN helicase activity was abolished by the K577M mutation [48, 49]. It
has been shown using a yeast system that the WRN helicase, but not its exonuclease activity,
is genetically required for the restoration of top3 slow growth phenotype [50]. On the other
hand, WRN helicase activity is not required for WRN recruitment to the DSBs [51]. Based
on these studies, it is likely that WRN helicase activity is particularly important for the
replicative processes.

It is possible that the absence of short stature in the patient carrying the G574R mutation is
related to the residual activities of WRN. WRN plays an important role in replication and
interacts with major proteins in this pathway, including POLδ, PCNA and FEN1 [52–54]. In
this individual, G574R, full length WRN protein is still present in the nucleus whereas most
WS patients lack WRN expression in the nucleus. Thus, the G574R patient might be able to
sustain normal growth by retaining enough WRN associated activity and/or protein:protein
interactions. Further, WRN interacts with other RecQ helicases [55, 56], and thus other
RecQ helicases could play roles in the growth pathway as a backup to WRN helicase, and
might promote normal growth in this patient. Kamath-Loeb et al. previously reported on the
biochemical characteristics of the R834C polymorphism [45], and some of their results were
similar to what we report here with G574R. Unfortunately, there is no information about the
clinical phenotype of the R837C individual. The defect in helicase activity in G574R does
not hinder growth in this individual, and thus the helicase defect may not be the major cause
of growth arrest in WS. It may rather be caused by incomplete protein interactions of WRN.
WRN is involved in many protein interactions that are not only critical for replication and
growth (PCNA, RPA, POLδ, FEN1), but also critical for various DNA repair pathways,
such as DSB repair. A critical protein interaction may be deficient in G574R and thus the
clinical phenotype of G574R individual may partially resemble the WRN null phenotype.
We hypothesize that the G574R missense mutation leads to helicase deficiency which
impacts DNA replication and repair, and that these functional defect are responsible for the
WS phenotype. However, our proposal above is made based on only one individual, and
should therefore be considered speculative.
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Additional case studies and biochemical studies are needed to fully characterize the
phenotypes of WS due to the missense mutations, and to understand how they differ from
WS caused by the truncation mutations.
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Highlights

• WRN G574R exhibits significantly decreased helicase activity.

• G574R displays decreased exonuclease and increased strand annealing
activities.

• The loss of the helicase activity of G574R is due to the lack of ATP binding.

• The Werner syndrome patient carrying G574R has normal stature, and this is
unusual.

• The short stature normally associated with WS may not be due to helicase
deficiency.
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Figure 1.
WS missense mutation, G574R. (A) Domain structure of WRN protein. Position of the
G574R is indicated by arrow. Functional domains are indicated below the structure. The
position of G574R is indicated by arrow. (B) SDS-PAGE of purified WRN variants. Lane 1,
molecular marker; lane 2, WRN wild type; lane 3, WRN G574R.
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Figure 2.
Helicase activity of WRN mutant protein is defected. (A) G574R exhibits lower helicase
activity on forked duplex. 1, 2, 5, 10, 20 nM WRN wild type (lane 2 to 6) or WRN G574R
(lane 7 to 11) were mixed with 0.5 nM substrate, and reactions were carried out as described
Materials and methods. (B) Quantitative analysis of (A). (C) G574R exhibits lower helicase
activity on forked duplex. 1, 2, 5, 10, 20 nM WRN wild type (lane 2 to 6) or WRN G574R
(lane 7 to 11) were mixed with 0.5 nM blocked substrate, and reactions were carried out as
described Materials and methods. (D) Quantitative analysis of (C). Experiments were
repeated at least three times, error bars represent ± SD. * represents P value (P<0.001)
analyzed with the Student’s t-test.
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Figure 3.
Exonuclease and strand annealing activities are affected by the mutation. (A) G574R
exhibits slightly lower exonuclease activity. 1, 2, 5, 10, 20 nM WRN wild type (lane 2 to 6)
or WRN G574R (lane 7 to 11) were mixed with 0.5 nM substrate, and reactions were carried
out as described Materials and methods. (B) Quantitative analysis of (A). (C) G574R
exhibits more efficient single strand DNA annealing activity. 1, 2, 5, 10, 20 nM WRN wild
type (lane 2 to 6) or WRN G574R (lane 7 to 11) were mixed with 0.5 nM substrate, and
reactions were carried out as described Materials and methods. (D) Quantitative analysis of
(C). All experiments were repeated at least three times, error bars represent ± SD. * and **
represent P value (P<0.001 and P<0.05) analyzed with the Student’s t-test.
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Figure 4.
The ATP binding and hydrolysis of WRN G574R. (A) G574R exhibits significantly lower
ATPase activity than the wild type. 0.5, 1, 2 nM WRN wild type (lane 3 to 5) or WRN
G574R (lane 6 to 8) were used for the reaction. (B) Quantitative analysis of (A).
Experiments were repeated at least three times, error bars represent ± SD. * and ** represent
P value (P<0.001, P<0.05) analyzed with the Student’s t-test. (C) G574R has decreased the
ATP binding ability. ATP binding was measured using the ATP photo-crosslinking assay
described in Materials and methods. The reaction products were loaded on SDS-PAGE,
subjected to autoradiography (top) and stained with Coomassie brilliant blue (bottom). (D)
Quantitative analysis of (C). Experiments were repeated at least three times, error bars
represent ± SD. * represents P value (P<0.001) analyzed with the Student’s t-test.
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Figure 5.
Structural insights on the G574R mutation. (A) Alignment of the amino acid sequence of the
ATPase domain of RecQ helicases. EcRecQ; E. coli RecQ helicase. While blue arrow
indicates the position of G574R, red arrows indicate the amino acid residues in contact with
Mg-ADP in RECQL1 structure. * represents the conserved Lys in Walker A motif.
Secondary structures of RECQL1 (PDB ID: 2V1X) and E. coli RecQ (PDB ID: 1OYY) are
indicated below the sequences in blue and red, respectively. (B) Modeled structure of the
WRN helicase domain. WRN model (light green) and RECQL1 (gray) structures are
superimposed. (C) Local conformation around ATP (ADP) binding sites. Corresponding
amino acid residues involved in Mg-ADP binding in RECQL1 structure are indicated with
stick and ball.
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