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ABSTRACT 
 

The RecQ helicases are conserved from bacteria to humans and play a critical role in 

genome stability. In humans, mutation in RecQ genes is linked with cancer predisposition and 

accelerated aging. The RecQ helicases have a function of a maintenance of genome stability 

by RecQ helicases likely involves their participation in DNA replication, recombination, and 

repair pathways. They share common functions by possessing signature tandem domains, 

referred to as the core helicase domain, RecQ C-terminal (RQC), and helicase-and-

ribonuclease D-C-terminal (HRDC) domains. One of the central questions regarding RecQ 

helicases is the extent to which the homologs have unique or overlapping functions. This 

question originally raised for the human RecQ helicases is of equal importance for other 

organisms, such as nematodes. C. elegans also has 4 homologous of human RecQ helicase gene. 

The C. elegans genome encodes four RecQ-like helicases. The genes recq1, him-6, wrn-1, and 

recq5 are most homologous to the human RecQ helicase genes RecQ1, BLM, WRN, and RecQ5, 

respectively. In this thesis, the functional dynamics of Caenorhabditis elegans RecQ helicases, 

HIM-6 and WRN-1 were studied at a single-molecule level in real time using single-molecule 

FRET technique. 

First, we investigated the unwinding dynamics of C. elegans HIM-6 using single-

molecule FRET. We found that HIM-6 exhibit reiterative DNA unwinding and unwinds fewer 

than 31 bp without auxiliary proteins. Moreover, we determined that HIM-6 utilized the mode 

of “sliding-back” on the translocated strand, without strand-switching for rewinding and C. 

elegans RPA, single-stranded DNA binding protein, suppresses the reiterative behavior.  

Second, we investigated the unwinding dynamics of C. elegans WRN-1 using single-

molecule FRET. WRN-1 also shows reiterative DNA unwinding and unwinds fewer than 31 

bp like HIM-6. We found that WRN-1 uses “sliding-back” mode when DNA is rewound. In 

addition, we determined that WRN-1 uses both of DNA tails during the waiting stage before 

the next unwinding event. 

Third, we constructed the protein fragments of C. elegans HIM-6 and WRN-1 to 

identify a domain which is responsible for fragments. Core helicase, core-RQC, core-RQC-

HRDC domains of HIM-6 and WRN-1 were cloned separately. We expect to identify the 

domain through smFRET measurements.  
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1. The RecQ helicase 
 

1.1 Helicases – classification and mode of action 

Helicases are capable of unwinding DNA or RNA duplex substrates (DNA-DNA, RNA-

DNA, RNA-RNA) using the energy from ATP hydrolysis (Delagoutte and von Hippel, 2002). 

These helicases play important roles in DNA transactions such as DNA replication, 

recombination, and repair, and mRNA translation. Helicases have been divided into six 

superfamilies (SF1-6) based primarily on their shared sequence motifs and directionality of 

translocation (3’-5’ or 5’-3’) (Caruthers and McKay, 2002). 

1.2 RecQ helicases 

The RecQ helicase family includes proteins having motif homologs of the Escherichia 

coli helicase, RecQ and a member of SF2 group. The RecQ is conserved from prokaryotes 

through eukaryotes (Croteau et al., 2014a) and possesses a 3’-5’ DNA helicase activity. Only 

one RecQ homolog has been identified in Escherichia coli and Saccharomyces cerevisiae, but 

multiple RecQ family members have been identified in mammals (Bohr, 2008). In humans, 

five RecQ helicases: RECQ1, BLM, WRN, RECQ4, and RECQ5 (Bohr, 2008). Three human 

RecQ helicases are linked with rare recessive disorders: Wrn defect resulted in Werner 

syndrome (WS), Blm defect resulted in Bloom syndrome (BS) and Recq4 defect resulted in 

Rothmund Thomson syndrome (RTS)defect resulted in Bloom syndrome (BS),  (Ellis et al., 

1995, Yu et al., 1996, Kitao et al., 1999, Kitao et al., 1998). The other two RecQ helicases, 

RECQ1 and RECQ5, have not yet been linked with any human heritable diseases.  

BS is a rare autosomal recessive disorder characterized by abnormal growth, feeding 

difficulties in infancy, skin changes, immune deficiency, insulin resistance, an increased risk 

for diabetes, and an increased risk to develop cancer at a young age (Cunniff et al., 2017, 

Manthei and Keck, 2013, Ellis et al., 2008). Cells from patients with BS feature an elevated 

rate of sister chromatid exchange (SCE) and chromosome breakage (Weksberg et al., 1988, 

Heartlein et al., 1987). SCEs represent Homologous recombination (HR) events between sister 

chromatids during S phase or G2 resulting in crossovers. Mouse models of BS have been 

created to mimic the clinical phenotypes observed in BS patients. Blm-/- mice show growth 

retardation comparing wild type or heterozygous Blm+/- mice and embryonic fibroblasts 

derived from Blm-/- mice display increased SCEs (Bernstein et al., 2010). Also consistent with 

the human disease, Blm mice develop to cancer, an increase of approximately 30% compared 

to wild-type mice (Luo et al., 2000). Together, these mouse models elucidate that the BLM 
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normally functions by repressing SCEs. In the absence of Blm protein providing a mechanism 

to explain why Bloom patients are particularly susceptible to a wide range of cancers. 

WS is known as adult premature aging syndrome, or progeria of adult. WS patients show 

a wide variety of clinical and biological symptoms in the four major self-assembly body 

systems (nervous, immune, connective tissue and endocrine-metabolic systems) similar to 

normal ageing at an early stage of their life, followed by death at an average age of 46 (Goto, 

2000). Primary cultures of somatic cells from WS patients grow poorly in culture, entering a 

senescence phenotype after few population doublings. They also showed an increased 

frequency of chromosomal rearrangements such as translocations, inversions, deletions, and 

high spontaneous mutation rate (Fukuchi et al., 1989, Salk et al., 1981). Knock-out studies of 

the mouse of WRN have shown that living is normal during their first year of life. Wrn-deficient 

embryonic stem (Croteau et al.) cells show a high mutation rate and are more sensitive to 

topoisomerase I inhibitors (especially, camptothecin) but are not sensitive to many DNA 

damaging agents (Lebel and Leder, 1998). However, the phenotype of wrn-/- mice model with 

lacked telomere function is similar with WS patients. In mice null with respect to both Wrn and 

Terc, which encodes the telomerase RNA generations, shown premature death, hair graying, 

alopecia, osteoporosis, type II diabetes and cataracts (Chang et al., 2004). These results 

indicated Wrn’s distinct role in telomere maintenance is likely inter-related to the clinical 

features observed in WS patients. 

Mutations in RECQ4 are associated with three unrelated disorders; Rothmund-Thomson 

syndrome (RTS), RAPADILINO syndrome, and Baller-Gerold syndrome (BGS) (Larizza et al., 

2010). RTS, PRPADILINO syndrome, and BGS share varying degrees of overlap in their 

clinical manifestation with RTS, but RTS is the best characterized of the RECQ4 diseases. 

Similar to WS and BS, RTS is associated with familial cancer predisposition and aging 

syndrome. RTS patients is a genodermatosis presenting with a characteristic facial rash 

associated with short stature, sparse scalp hair, sparse or absent eyelashes and/or eyebrow, 

juvenile cataracts, skeletal abnormalities, radial ray defects, premature aging and 

predisposition to cancer (Kitao et al., 1999). RTS cells have been reported to be genetically 

unstable, displaying a high frequency of chromosomal abnormalities such as translocations 

(Orstavik et al., 1994, Miozzo et al., 1998). Cultured cells from RTS patients show an increased 

sensitivity to ionizing radiation due to a reduced level of DNA repair synthesis and an 

abnormally low rate of the removal of radiation-induced DNA lesions (Smith and Paterson, 

1982). Several mouse models have been created that mimic RTS. The majority of the mice die 
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within two weeks after birth, those that survive are smaller than wild-type mice. These mice 

also show skin abnormalities such as hair loss, graying hair, and dry skin (Hoki et al., 2003). 

 

2. The domains of RecQ helicases 
Three syndromes (WS, BS, and RTS) has distinct clinical manifestations, but they all share 

a predisposition to cancer. These disorders are associated with genomic instability, which is 

characterized by heightened levels of homologous recombination and/or chromosomal 

deletions. Thus, the RecQ helicases are clearly important for genome maintenance and cancer 

avoidance. Their common role is related to their shared domains. Most RecQ helicases, 

including E. coli RecQ, contain three evolutionarily conserved domains: helicase domain, 

which is unique to the RecQ family, the RecQ C-terminal (RQC) domain, and Helicase RNaseD 

C-terminal (HRDC) domain, with the exception of WRN which contains an 3’-5’ exonuclease 

in the N-terminal region (Bernstein et al., 2003) (Fig. 1). The helicase domain is conserved in 

all RecQ proteins, the RQC and HRDC domains are found in most RecQ proteins. The helicase 

domain is conserved in all RecQ proteins, but the RQC and HRDC domains are found in most 

RecQ proteins.  

An understanding of the structural and functional differences between these domains may 

yield insights into the onset of the two distinct diseases.  

2.1 Core helicase domain 

The primary function of the helicase domain is to unwind nucleic acid duplexes using 

nucleotide triphosphate (NTP) hydrolysis. RecQ proteins contain the seven most commonly 

conserved helicase motifs (I, Ia, II, III, IV, V, VI) to unwind DNA (Killoran and Keck, 2006). 

Motif I is referred to as ATPases and essential for ATP binding (Walker et al., 1982). Motif II 

coordinates Mg2+, is required for ATP hydrolysis but not binding (Pause and Sonenberg, 1992). 

Motif V is likely to serve as an additional domain for binding DNA, since it has been shown to 

make contacts with the sugar-phosphate backbone (Hall and Matson, 1999). Motif VI has been 

proposed to be required for the helicase to move along the DNA substrate by mediating 

conformational changes associated with nucleotide binding (Tuteja and Tuteja, 2004). 

Although the motif roles are not very well defined, these helicase motifs are typically involved 

in binding to the phosphate backbone or bases of DNA. Additionally, both BS and WS can 

result from mutations in the helicase domain.  

General activity of RecQ core catalytic domain is investigated through the crystal structure 

of the E. coli RecQ. Two DNA binding sites are present in RecQ core helicase domain. The 
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core domain itself is composed of subdomains, with varying degrees of evolutionary 

conservation. The ATP-dependent motor activity residues in RecA-like domains termed HD1 

and HD2, which contain sequence motifs shared amongst SF2 helicases (Vindigni et al., 2010). 

In addition, the HD1 of all RecQ helicases features a conserved aromatic-rich sequence motif, 

the aromatic-rich loop (ARL), located between helicase motifs II and III. This motif represents 

a ssDNA sensor element, coupling DNA-binding to structural rearrangements in HD1, thereby 

indirectly enabling ATP hydrolysis (Kaiser et al., 2017). The roles of conserved helicase motifs 

Ia, IV and V are less well defined for RecQ than for tis other motifs. These motifs typically 

comprise ARL and are involved in binding to the phosphate backbone or bases of 

oligonucleotides. Based on this sequence, the diminished ability of the WRN and BLM proteins 

is unlikely bind DNA substrates because its restricted backbone flexibility (Garcia et al., 2004). 

2.2 RQC domain 

The RQC domain is the second largest conserved domain and unique to in the RecQ family 

of proteins. In most cases, the minimal helicase function unit includes the helicase and RQC 

domains. This domain has a winged-helix (WH) motif which shows strong DNA binding 

activity (Comstock et al., Kitano, 2014).  

DNA binding activity is associated with two parts of the WH domain. First, a hairpin 

structure β2-β3 of the WH motif, so called β-wing, exhibits a unique interaction with the 

terminus of the duplex and may play a role in splitting a DNA duplex (Lucic et al., 2011, Kitano 

et al., 2010). Second, a α2- α3 loop is a major DNA binding site, interfacing with the major 

groove of the DNA. A crystal structure of BLM showed that the BLM RQC domain is bound 

to a 3’-overhang duplex.  

Specific amino acids in the β-wing and α2- α3 loop play critical roles in catalytic activities 

of WRN and BLM (Tadokoro et al., 2012, Swan et al., 2014). 

2.3 HRDC domain 

The HRDC domain region shares sequence homology with a domain in the RNase D family 

of nucleases. This region is found in WRN and BLM but not in other three members (RECQ1, 

RECQ4, RECQ5) (Larsen and Hickson, 2013, Croteau et al., 2014a).  

The isolated HRDC domain of WRN or BLM did not exhibit detectable DNA binding 

activity in vitro (Kitano et al., 2007, Sato et al., 2010, Kim et al., 2013). 

WRN and BLM mutants lacking the HRDC domain are defective in both strand annealing 

(Muftuoglu et al., 2008, Cheok et al., 2005). Thus, the HRDC domain may function in the 

processing of DNA intermediates arisen during the repair of damaged replication forks. 
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Figure 1. Schematic representation of the RecQ helicases.  

The RecQ proteins have many structural domains that are conserved bacteria to human. The 

helicase domains in green; Zinc-binding domain in yellow; the RQC domain in orange and the 

HRDC domain in darked red, according to the crystal structure of the E. coli RecQ helicase. 

WRN contains an additional exonuclease domain in purple. The lengths of the proteins are 

indicated to the right in number of amino acids.  
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3. Biochemical characteristics of RecQ helicases 
Purification and characterization of RecQ proteins from bacteria, yeast, plants, and 

mammals have revealed that RecQ helicases unwind a wide variety of abnormal DNA 

structures including HJs (or reversed replication forks), D-loops, G4 structures, 3’-tailed 

duplexes, bubble structure, and forked duplexes (Table 1). 

The four-way Holliday junction is a key intermediate which is formed during homologous 

recombination when DNA double-strand breaks are repaired and is also formed when a 

replication fork is stalled when it encounters DNA damage on the DNA strand. RecQ helicases 

can bind blunt four-stranded junction structures and promote branch migration of HJs by DNA 

unwinding and DNA annealing/translocation (Kitano et al., 2010, Gyimesi et al., 2013). 

G4 DNA is a highly stable structure formed by Hoogsteen base pairing between four 

adjacent guanines arranged in a square planar configuration. Sequences that can form G4 DNA 

in vitro are found throughout the genome, including telomeres. Both WRN and BLM can bind 

to and unwind various G4-containing substrates (Bohr et al., 2000, Mohaghegh et al., 2001, 

Brosh and Bohr, 2002). However, the molecular features that impart certain helicases with the 

ability to effectively unwind G4 structures remain largely unknown.  

The RecQ helicases as a group are DNA structure-specific helicases (Fig. 2). E. coli RecQ 

helicase is capable of unwinding a wide variety of abnormal DNA structures including D-loops, 

G4 structures, 3’-tailed duplexes, bubble structure, and forked duplexes (Harmon and 

Kowalczykowski, 1998, Harmon and Kowalczykowski, 2001). It is shown that E. coli RecQ 

prefer DNA recombination intermediates and play a role in the maintenance of genome stability 

by acting at the interface between DNA replication, recombination, and repair. Further, E. coli 

RecQ helicase activity is sensitive to the concentrations of ATP and free magnesium ion. The 

maximal activity of RecQ helicase exhibit at approximately equimolar concentrations of 

magnesium ion and ATP (Harmon and Kowalczykowski, 2001). 

3.1 BLM 

BLM hydrolyzes ATP to unwind dsDNA in a 3’ to 5’ direction (Karow et al., 1997). In vitro, 

BLM has specialized roles in handling DNA recombination intermediates, such as HJs, D-

loops, replication fork, and G4 DNA (Larsen and Hickson, 2013). However, BLM is unable to 

unwind dsDNA from a blunt-ended terminus or from an internal nick and shows weak 

unwinding activity of duplex molecules with a single strand 3’-tail. BLM specifically binds 

HJs and is able to catalyze ATP-dependent branch migration of HJs without creating a 

crossover product (Karow et al., 2000). In addition to DNA unwinding activity, BLM catalyze 
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ssDNA annealing (Cheok et al., 2005). The combination of unwinding and annealing activities 

catalyzes strand exchange, which might be required to promote either branch migration of HJs 

or the regression of stalled replication forks (de Renty and Ellis, 2017). 

3.2 WRN 

Biochemical characterization of the recombinant WRN protein is similar to E. coli RecQ, 

unwinds duplex DNA in a 3’-5’ direction and is dependent on the hydrolysis of ATP. In addition, 

WRN helicase is able to unwind an RNA-DNA heteroduplexes (Shen and Loeb, 2000). 

Structure specificity and versatile catalytic activities make WRN indispensable for DNA 

metabolism including preservation of genome such as branch migration, regression of stalled 

fork, and the resolution of telomeric secondary structures (Rossi et al., 2010).  

WRN is also a DNA exonuclease, similar to E. coli DnaQ-like replication-associated 

bacterial exonucleases (Perry et al., 2006). The substrate specificities and enzymology of the 

WRN exonuclease has also been characterized. WRN 3’ to 5’ exonuclease initiates digestion 

from 3’-recessed termini, gaps, and nicks, but displays little or no activity on single-stranded 

DNA, blunt-ended is stimulated by the presence of ssDNA regions in the duplex (Opresko et 

al., 2001). In addition, the WRN exonuclease is stimulated by a physical and functional 

interaction with the Ku heterodimer, whereas Ku does not affect WRN helicase unwinding 

(Cooper et al., 2000). Evidence supports an important role for Ku in non-homologous DNA 

end joining and telomere maintenance, implicating the WRN exonuclease in either or both of 

these biological processes.  
 

4. RecQ helicase roles in cellular nucleic acid metabolism 
The RecQ helicases play a critical role in genome stability. In humans, loss of RecQ gene 

function is associated with cancer predisposition and/or premature aging. Individual RecQ 

helicases share common or overlapping roles and may display additional distinct or unique 

roles in different DNA metabolic processes that occur during DNA replication and meiosis, as 

well as at specific genomic loci such as telomeres. In vivo counterparts of the substrates used 

to define RecQ helicase catalytic activities are likely to be key intermediates in several 

important DNA metabolic processes (Fig. 3). 

4.1 RecQ helicase roles in DNA replication 

BLM and WRN interact with several proteins that play key roles in replication, e.g. flap 

endonuclease 1 (FEN1), PCNA. Both BS and WS cells show replication defects that may 

reflect in part the loss of these interactions (Rossi et al., 2010, Sidorova, 2008).  
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4.2 Homologous recombination 

Homologous recombination (HR) is somatic cells plays an important role in DNA double 

strand break repair (Moynahan and Jasin, 2010). BLM and WRN unwind and/or branch migrate 

4-way junctions such as D-loops or Holliday junctions. More data indicate that BLM 

participates both in early and late stages of HR to promote or antagonize recombination 

(Bugreev et al., 2009). BLM can stimulate recombination by working with exonuclease 

1/EXO1 to resect one strand of DNA duplex in the 5’ to 3’ direction to generate single-stranded 

DNA with a 3’ end for formation of a RAD51 filament (Nimonkar et al., 2008). RAD51 

filaments can invade homologous DNA to form a D-loop recombination intermediate and BLM 

stimulates this strand exchange activity. (Bugreev et al., 2009). WRN also shared this repair 

pathway, e.g., the interaction with EXO1 (Aggarwal et al., 2010).  

4.3 Base Excision Repair (BER) 

BER is initiated by DNA glycosylases, which recognize and remove specific damaged or 

inappropriate bases, forming abasic site (AP-site). The BER-pathway enzymes, DNA 

glycosylases (DGs) and AP endonuclease 1 (APE1), form complexes with downstream repair 

enzymes via protein-protein and DNA-protein interactions. APE1 cleaves AP sites, producing 

a single-strand break intermediate, which can be utilized by DNA polymerase β (pol β) for 

DNA repair synthesis, and is followed by ligation of nicked DNA by a DNA ligase (Wilson 

and Bohr, 2007).  

WRN interacts with pol β and stimulate pol β strand displacement DNA synthesis via its 

helicase activity (Harrigan et al., 2003). WRN unwinds several single-strand break BER 

intermediates in reactions that are regulated by APE 1 and pol β (Ahn et al., 2004).  

4.4 DNA damage response 

RecQ helicases have been proposed to function in sensing and responding to DNA damage, 

especially during S-phase. Evidence in yeast indicates that Sgs1 participates in the S-phase 

checkpoint response to DNA damage (Khakhar et al., 2003). In mammalian cells, WRN 

tyrosine phosphorylation is induced by bleomycin (γ-irradiation mimic) in a manner dependent 

on the c-Abl kinase DNA damage response pathway (Cheng et al., 2003). BLM is part of the 

BASC (BRCA1-associated genome surveillance complex) which contains important DNA 

damage response proteins including the ATM and ATR kinases and the S-phase checkpoint 

protein Nbs1 (Wang et al., 2000). BLM and WRN have been shown to be phosphorylated in 

an ATM- and ATR-dependent manner in response to replication fork stalling (Franchitto and 

Pichierri, 2002). Because BS cells are not hypersensitive to ionizing radiation, the role for BLM 
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in suppressing crossover events is proposed to be important for HR associated with gaps that 

arise during DNA replication. In addition, the important DNA damage response protein p53 

binds to BLM and WRN and inhibits their resolution of HJ substrates and the WRN 

exonuclease (Bachrati and Hickson, 2003).  

4.5 Telomere metabolism 

Telomeres, specialized structures that cap the ends of eukaryotic chromosomes, serve two 

important roles: they distinguish chromosome ends from DNA double strand breaks, and they 

facilitate the replication of chromosome ends. Telomeric DNA consists of many kilobases 

repeats of a short G-rich DNA sequence unit (TTAGGG in humans) that, together with the 

multiprotein shelterin complex, form a specialized telomeric D-loop structure (Griffith et al., 

1999). Telomeres protect chromosome ends from being recognized and processed as double-

strand breaks, but their very nature a complex, highly structured G-rich nucleoprotein assembly, 

they impede normal replication and repair (O'Sullivan and Karlseder, 2010).  

WRN and BLM facilitate telomere replication by disrupting telomeric G4 DNA (Opresko, 

2008). The helicase activity of WRN is required for the efficient replication of the G-rich 

lagging strand of telomeric DNA (Crabbe et al., 2004, Crabbe et al., 2007). During replication 

of G-rich lagging strand may remain single-stranded, and thus prone to the formation of 

secondary structures. Telomere end replication of the lagging strand also requires telomerase 

that templated telomere repeats directly to chromosome ends. The interplay between telomere 

length and RecQ helicase activity has been best demonstrated in mice that are later generation 

telomerase-deficient and lacking Wrn and/or Blm (Chang et al., 2004, Du et al., 2004). 
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Table 1. Various DNA substrates used to biochemistry assay DNA helicase.  
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Figure 2. Substrate specificities for RecQ helicases for varying species.  

+ indicates unwinding activity, -+ weak activity, ++ strong activity, - no unwinding observed. 

The substrates are explained in Table 1. 
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Figure 3. Roles of the RecQ helicases in genomic maintenance.  
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5. Interactions of RecQ helicases with other proteins 
Consistent with their ability to act on multiple intermediates in DNA processing, RecQ 

helicases interact with many other proteins involved in DNA metabolism, DNA replication, 

recombination, and repair pathways. Among these proteins are POT1 (a telomeric single 

stranded DNA binding protein), ATM/ATR, PCNA (proliferating cell nuclear antigen), RPA, 

and DNA polymerase (Brosh and Bohr, 2002) 

 
5.1 ATM, ATR and DNA damage response 

The DNA damage response (DDR) signaling pathway orchestrated by the ATM (ataxia-

telangiectasia mutated) and ATR (ATM- and Rad3-related) kinases is the central regulator of 

this network in response to DNA damage (double-strand breaks (DSBs)). This response 

underlies the organismal ability to arrest cell-cycle progression (cell-cycle checkpoints) to 

promote DSBs repair (Maréchal and Zou).  

One of the most common modifications in proteins involved in the response to genotoxic 

or replicative stress is phosphorylation. Among the enzymes phosphorylated during the DNA-

damage response is also BLM, and WRN.  

5.2 RPA 

Replication protein A (RPA) is a single-stranded DNA binding protein that is involved in 

all aspects of DNA metabolism including replication, recombination, and repair. Human RPA 

exists as a heterotrimer formed by subunits of 14, 32, 70 kDa (RPA14, RPA32, and RPA70) 

(Bochkareva et al., 1998). BLM and WRN physically interact with RPA (Brosh et al., 2000, 

Langland et al., 2001, Fanning et al., 2006). In vitro, BLM is able to unwind partial duplexes 

of up to 100 bp, whereas, in a reaction together with RPA, partial duplexes as long as 259 bp 

can be unwound (Brosh et al., 1999). WRN alone can only unwind partial duplexes up to 40 

bp, but in the presence of RPA it is able to unwind partial duplexes as long as 849 bp (Brosh et 

al., 1999). This enhancement of helicase activity is not achieved through stimulation of ATPase 

activity. BLM or WRN with RPA interaction has function together in vivo to unwind DNA 

duplexes during replication, recombination, or repair.  

5.3 Topoisomerase III 

Topoisomerases are highly conserved proteins that function to catalyze topological 

rearrangements in the structure of DNA and are required for many aspects of DNA metabolism 

including replication, recombination, and repair (Mankouri and Hickson, 2006). They function 
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to cleave strands of DNA where topological issues such as supercoiling, tangling, or catenation 

have occurred, and they allow DNA strands to unwind in order to relieve tension. There are 

two classes of topoisomerases, Type I or Type II, distinguished by their ability to clave either 

one or two strands of a DNA duplex (Berger et al., 1998). In addition, there are two classes of 

Type I topoisomerases, A or B based on differences in their amino acid sequences and reaction 

mechanisms. Topoisomerase III is a Type IA enzyme, ATP independent, requires divalent metal 

ions (preferably Mg2+), and is primarily responsible for inducing negatively supercoiled DNA 

(Gangloff et al., 1999).  

RecQ and Topoisomerase III have been shown to interact, specifically during DNA 

metabolism. BLM can resolve a synthetic double Holliday junction (dHJ). 

5.5 WRN exonuclease and interaction with Ku complex 

Human WRN contains a 3’-5’ exonuclease activity in the N-terminal region (Huang et al., 

1998). WRN exonuclease shares homology with other proofreading nucleases. WRN helicase 

unwinds at the forked end, whereas the WRN exonuclease acts at the blunt end (Opresko et al., 

2001). Progression of the WRN exonuclease is inhibited by the action of WRN helicase 

converting duplex DNA to single strand DNA on forks of various duplex lengths. The WRN 

helicase and exonuclease act in convert to remove a DNA strand from a partial duplexed DNA 

that is not completely unwound by the helicase. Also, WRN activities on the long forked duplex 

in the presence of the WRN protein partners, RPA, and the Ku70/80 heterodimer. In the 

presence of both RPA and Ku, the WRN helicase activity dominated the exonuclease activity.  

 

6. Caenorhabditis elegans RecQ helicases 
In December 1998, the completion of the C. elegans genome sequence (97 Mb) was 

reported (C. elegans sequencing consortium., 1998). Through similarity searches, four C. 

elegans homologues of eukaryotic RecQ genes were reported (Kusano et al., 1999, Culetto and 

Sattelle, 2000, Jeong et al., 2003).  

The recq1 (K02F3.1), him-6 (T04A11.6), wrn-1 (F18C5.2), and recq5(E03A3.2) genes 

show the highest homology to RecQL/Q1, BLM, WRN, and RecQ5 proteins in humans, 

respectively. him-6 and wrn-1 genes have been cloned and their gene products show a 3’ to 5’ 

helicase activity (ref). Biochemical activities of recq1 and recq5 have not yet been studied. 

6.1 C. elegans him-6 

Human BLM orthologs, HIM-6 (for high incidence of males) has DNA-dependent ATPase 

and 3’-5’ DNA helicase activities that can unwind forked DNA duplexes, 3’-onerhang, bubble, 
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D-loop structures (Jung et al., 2014). It is support a role for HIM-6 in processing recombination 

intermediates in vivo. C. elegans him-6 mutants, e1423 and e1104, are shown a high percentage 

of males among the viable progeny (10 and 4.2%, respectively) (Hodgkin et al., 1979). A high 

incidence of XO males among the self-fertilization progeny of XX hermaphrodites can be 

explained by decreased frequency of meiotic recombination that is probably due to a defect in 

the progression of crossover recombination (Wicky et al., 2004a).  

In addition, him-6 mutant worms show an increased number of small genomic deletions 

and insertions and show enhanced sensitivity to mutations of HIM-6 also result in sensitivity 

to x-ray, ionizing radiation and hydroxyurea (HU) (Grabowski et al., 2005, Kim et al., 2005). 

Genetic studies with C. elegans mutants has identified working partners of HIM-6 in 

procession meiotic. Double mutants [xpf-1; him-6] show crossover (CO) recombination is 

reduced indicating meiotic Holliday junction resolution.  

6.2 C. elegans wrn-1 

WRN-1, a C. elegans homolog of human WRN, has been identified. It has only a 3’-5’ 

helicase domain and is capable of unwinding a variety of DNA structures such as forked 

duplexes, Holliday junctions, bubble substrates, D-loops, and flap duplexes, and 3’-tailed 

duplex substrates (Hyun et al., 2008). The helicase activity is stimulated by C. elegans RPA 

(orthologs of human RPA) (Hyun et al., 2012). The RNAi knockdown of the C. elegans wrn-1 

gene shortens the life span, increases sensitivity to DNA damage, and accelerates aging 

phenotypes (Lee et al., 2004). Similarly, a C. elegans strain lacking the expression of the wrn-

1 helicase protein (wrn-1(gk99)) also exhibit a shorter life span (Dallaire et al., 2012).  

WRN-1 functions as a checkpoint protein in the DNA damage signaling pathway induced 

by DNA replication inhibition and double-stranded DNA breaks (Lee et al., 2010, Hyun et al., 

2016), leading to cell cycle arrest. Studies of wrn-1, atm-1, and atl-1 mutants propose that 

WRN-1 functions upstream of ATM/ATR in response to arrest cell cycle (Cheng et al., 2008, 

Ryu and Koo, 2016).  
 

7. single-molecule FRET measurements and their benefits for understanding 

RecQ helicases 
Fluorescence resonance energy transfer (FRET) is a powerful tool for characterization of 

proteins (Clegg, 2006). It is one of the frequently used techniques for studying the 

conformational changes of proteins. Single-molecule FRET (smFRET) is a variant of FRET 
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enabling measurements in individual biological molecules in real time and first introduced in 

1996 (Ha et al., 1996). smFRET has been adipted to study a variety of biological systems and 

can provide new opportunities of protein folding and DNA conformational changes on 

replication, recombination, transcription, RNA folding, and catalysis (Ha, 2004). 

7.1 Basic principle of smFRET 

FRET is a standard tool for investigating inter- and intramolecular distances in the 1- to 8- 

nm range (Selvin, 1995). FRET involves the transfer of energy from a fluorescent donor 

molecule to an acceptor molecule quenching the fluorescence intensity of the donor. As 

chromophores, donor molecules can be excited by light by transiting into an excited state, 

whose energy can be transferred to a neighboring acceptor provided that conditions favor 

resonance transfer. The transfer of energy through FRET is a radiation-less process because the 

energy between a donor and an acceptor is transferred through dipole-dipole coupling. The 

fraction of energy transferred per donor excitation event is termed FRET efficiency of energy 

transfer (E), which depends on the donor-acceptor separation distance (typically ≤ 10 nm) 

(Fig. 4). 

E = 1/[1 + �
r

R0
�
6

] 

The R0 is the distance of a donor/acceptor pair corresponding to the distance at which 

FRET efficiency is 50%.  

FRET measurement is revealing the conformation change of individual molecules. 

smFRET time traces are most commonly acquired by imaging surface immobilized molecules 

with the aid of total internal reflection fluorescence (TIRF) microscopy that allows high 

throughput data sampling (Fig. 5) (Roy et al., 2008).  

7.2 Data acquisition and analysis 

An air-tight sample chamber is created by sandwiching double sided tape between a pre-

cleaned slide and coverslip and by applying epoxy. Simple pipetting through two holes (inlet, 

outlet hole) in the slide allows exchange of solution without drying (Fig. 6) (Roy et al., 2008).  

Fluorescence signal is recorded in real time using a software with a certain time resolution, for 

example 100 ms or shorter (Joo and Ha, 2012). The software obtains each frame of the movie 

from the camera and writes it as a single large file that contains all the frames. Then single-

molecule traces are extracted from the recorded file.  

Data analysis on the single-molecule traces is performed with Origin package (OriginLab 

Corporation, USA) and software written in Matlab. The sensitized emission intensity of the 
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donor and acceptor can be plotted with times. Then FRET efficiency calculated from the 

intensities can be also plotted.  

𝐸𝐸𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =
(𝐼𝐼𝐴𝐴 − α𝐼𝐼𝐷𝐷)
(𝐼𝐼𝐴𝐴 + 𝐼𝐼𝐷𝐷)

 

In addition, FRET histograms are graphed by taking the average FRET efficiency of more 

than 1000 molecules, providing statistics in the quickest and most unbiased way. The 

corresponding FRET time trace can be presented with the intensity time trace.  

7.3 RecQ helicase features characterized by smFRET 

Ensemble assays have elucidated many features of DNA unwinding by the RecQ helicase 

family, but the need to average over a heterogeneous and unsynchronized population of 

enzymes has precluded a thorough understanding of this diverse and universally important 

helicase family. To visualize unwinding of individual molecules of DNA, smFRET has been 

employed to several RecQ helicases. 

Human BLM was the first RecQ helicase studied by smFRET. It has been found that BLM 

unwinds and rewinds a forked duplex DNA highly repetitively and that BLM switches strand 

and translocates on the opposing strand when BLM reverses the unwinding reaction (Yodh et 

al., 2009).  

Plant WRN from Arabidopsis thaliana has been studied under applied forces (Klaue et al., 

2013). It has been found Arabidopsis thaliana that WRN may, after strand switching, slide 

back along the displaced strand of a forked DNA, resulting in highly repetitive cycling of DNA 

unwinding and reannealing.  

Chicken WRN exhibits repetitive DNA unwinding and the repetitive behaviors is caused 

by direct backsliding on the tracking strand (Wu et al., 2017).  

Human WRN also displace a repetitive unwinding behavior. Individual events of a slow 

unwinding followed by a fast re-annealing occurred in a highly repetitive pattern and a further 

study suggested slippage rewinding (Lee et al., 2018). 

Single-molecule imaging studies of RecQ have been conducted with G-quadruplex (GQ) 

which is a four-stranded DNA structure. Human BLM involves repetitive cycles of GQ 

disrupting in successive runs and displays that regardless of conformation (Tippana et al., 2016).  

Unwinding was monitored using RecQ helicases binding to fluorescent DNA produced by the 

helicase activity of RecQ. We show that RecQ initiates DNA unwinding via melting of duplex 

DNA at internal sites. Once initiated, DNA unwinding propagates either uni- or bidirectionally 

via the cooperative action of multiple RecQ molecules at the junction of ssDNA with dsDNA. 
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Collectively, these observations define a stable oligomeric complex of subunits involved in 

processive helicase action, which is concordant with both biochemical and biological function 

of RecQ helicases and other helicases.  
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Figure 4. Basic principle of smFRET. 

A donor fluorophore is excited and transfers this energy in a distance-dependent manner to 

acceptor molecule. smFRET is used to measure distances at the 1-10 nanometer scale in single 

molecules.  
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Figure 5. Schematic illustration of the TIRF microscope for smFRET imaging.  

Fluorephore can be exited through the prism of objective. The collected fluorescence signal is 

spectrally separated from the excitation light and detected either using sensitive EMCCD 

camera.  
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Figure 6. Schematic illustration of the sample chamber for smFRET experiments.  

The sandwich-design of the sample chamber comprises a quartz glass with 10 holes (5 inlet 

and 5 outlet holes), a coverslip. The chamber is sealed with epoxy glue.  
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CHAPTER II 
The characterization of Caenorhabditis elegans HIM-6 

using single-molecule FRET 
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ABSTRACT 
 

The RecQ family of helicases is highly conserved both structurally and functionally from 

bacteria to humans. Defects in human RecQ helicases are associated with genetic diseases that 

are characterized by cancer predisposition and/or premature aging. RecQ proteins exhibit 3’-5’ 

helicase activity and play critical roles in genome maintenance. Recent advances in single-

molecule techniques have revealed the reiterative unwinding behavior of RecQ helicases. 

However, the molecular mechanisms involved in this process remain unclear, with 

contradicting reports. Here, we characterized the unwinding dynamics of the Caenorhabditis 

elegans RecQ helicase HIM-6 using single-molecule fluorescence resonance energy transfer 

measurements. We found that HIM-6 exhibits reiterative DNA unwinding and the length of 

DNA unwound by the helicase is sharply defined at 25–31 bp. Experiments using various DNA 

substrates revealed that HIM-6 utilizes the mode of “sliding back” on the translocated strand, 

without strand-switching for rewinding. Furthermore, we found that C. elegans replication 

protein A (RPA), a single-stranded DNA binding protein, suppresses the reiterative behavior of 

HIM-6 and induces unidirectional, processive unwinding, possibly through a direct interaction 

between the proteins. Our findings shed new light on the mechanism of DNA unwinding by 

RecQ family helicases and their co-operation with RPA in processing DNA. 
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INTRODUCTION 
 

A number of studies show that BLM functions in homologous recombination, stabilization 

and repair of stalled forks, and sister chromatid segregation, which are associated with its 

unwinding activity and protein interactions (de Renty and Ellis, 2017). Recently, single-

molecule studies showed that BLM unwinds forked DNAs, DNA hairpins, and G4 in a highly 

repetitive fashion by alternating between unwinding and rewinding modes, a process referred 

to as “reiterative unwinding” (Yodh et al., 2009, Wang et al., 2015b, Chatterjee et al., 2014). 

Other RecQ helicases also show such repetitive dynamics (Budhathoki et al., 2016), the 

reiterative unwinding behavior seems to be a general feature of RecQ helicases. This behavior 

is thought to be important for in vivo DNA metabolism, for instance, processing stalled 

replication forks, eliminating potentially deleterious recombination intermediates, or stripping 

off other DNA binding proteins, as observed for ssDNA translocases.  

Several basic aspects of reiterative unwinding remain elusive. It is unclear how many base 

pairs (bp) are unwound before RecQ helicase changes direction, and which strand the helicase 

moves along during rewinding. In addition, the mechanism by which RecQ makes a return is 

unknown, and it is unclear how the reiterative dynamics can be modulated by partner proteins. 

Several single-molecule studies suggest that the number of base pairs that are unwound before 

rewinding varies depending on the specific DNA substrate and assay used. smFRET 

measurements of forked DNA substrates estimated that human BLM unwinds fewer than 34 

bp before rewinding (Yodh et al., 2009). By contrast, measurements on DNA hairpins using 

magnetic tweezers suggested that human BLM unwinds approximately 15 bp before rewinding, 

a value that was estimated from the unwinding time (Wang et al., 2015b). A few different 

models of DNA rewinding by RecQ helicases have been proposed. In one model, human BLM 

and AtRECQ2 switch strands for rewinding (Yodh et al., 2009, Klaue et al., 2013), whereas in 

another, human and chicken WRN slide back along the translocated strand (Lee et al., 2018, 

Wu et al., 2017), leaving the exact molecular mechanism of DNA rewinding to be elucidated.  

RecQ helicases interact with several proteins, and their helicase activity is affected 

accordingly (Croteau et al., 2014b). Human replication protein A (RPA), a ssDNA binding 

protein, changes the reiterative unwinding mediated by human WRN into unidirectional 

unwinding (Lee et al., 2018), but does not inhibit the reiterative unwinding activity of human 

BLM (Yodh et al., 2009). Such selective effects suggest that RPA may interact directly with 
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RecQ helicases to modulate their unwinding activities. However, the exact mechanism by 

which RPA modulates the unwinding activity of RecQ helicases remains elusive. RPA may 

protect the unwound DNA to force unidirectional unwinding, or form a complex with the 

helicase, thereby modulating its conformation in favor of processive translocation. 

Multicellular organisms possess several RecQ homologs. There are four members of the 

RecQ family in Caenorhabditis elegans, namely, recq-1, wrn-1, him-6, and rcq-5 (Kusano et 

al., 1999, Lee et al., 2004, Wicky et al., 2004b, Sekelsky et al., 1999), and him-6 is an ortholog 

of human BLM (Wicky et al., 2004b). The HIM-6 protein utilizes DNA-dependent ATPase and 

3’-5’ DNA helicase activities to unwind forked DNAs, D-loops, and Holliday junctions (Jung 

et al., 2014). In the current study, we used smFRET techniques to characterize the DNA 

unwinding activity of HIM-6 and reveal the molecular mechanism of its reiterative unwinding 

mode and transition to the processive mode. We found that HIM-6 consistently unwinds 25–

31 nucleotides from the ss/dsDNA junction of forked DNA and then moves backwards along 

the translocated strand without strand-switching. In addition, we found that the reiterative 

unwinding activity of HIM-6 changes to unidirectional unwinding activity in the presence of 

C. elegans RPA (CeRPA). Our findings provide profound insights into how reiterative 

unwinding of DNA and its modulation control the functions of RecQ helicases in DNA 

metabolism. 
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MATERIALS AND METHODS 
 

Preparation of DNA substrates 

The DNA oligomers used in this study were synthesized to include biotin and amine 

modifications for dye labeling (Integrated DNA Technologies, USA). The Cy3 and Cy5 NHS 

esters were purchased from GE Healthcare (USA) and conjugated to the internal dT of DNA 

oligos or terminal positions via a C6 amino linker. For each substrate, biotin-conjugated DNA 

strands (1 μM final concentration) and complementary strands (1.2 μM) were annealed by 

heating to 95°C for 5 minutes and then slowly cooling to 4°C at a rate of -1°C/min.  

 

Protein expression and purification 

The recombinant HIS6-tagged HIM-6 fusion protein was expressed in E. coli BL21AI. E. 

coli cells were grown at 37°C in 1 liter of Luria-Bertani media containing 100 μg/ml ampicillin 

to an OD600 of 0.4. L-arabinose (Sigma-Aldrich, USA) and D-glucose (Sigma-Aldrich, USA) 

were added a final concentration of 0.2% (w/v), 0.1% (w/v) to induce protein production and 

reduce the inclusion bodies, respectively. Cultured cells were harvested by centrifugation, 

suspended in 20 ml lysis buffer (50 mM Tris-HCl, pH 8.0, 500 mM NaCl, 0.5 mM EDTA, 5 

mM β-mercaptoethanol, 10% glycerol, 1 mM PMSF, 1 mM imidazole) and lysed by sonication 

(duty cycle 20/output 2, 10 bursts at 10 second intervals, Branson). Lysates were clarified by 

centrifugation at 14,000 rpm for 30 minutes at 4 °C. The cleared lysates (10 ml) were mixed 

with 2 ml of 50% Ni2+-NTA-agarose (Invitrogen, USA) and incubated on a rotary shaker at 

4°C for 1.5 hours. The lysate and Ni2+-NTA mixture were loaded into a small chromatography 

column (Takara, Japan). The column was washed with 10 column volumes of wash buffer I 

(lysis buffer with 10 mM imidazole) and 10 column volumes of wash buffer II (lysis buffer 

with 25 mM imidazole) to remove nonspecifically bound protein. HIM-6 was eluted with 5 ml 

of elution buffer (lysis buffer with 300 mM imidazole). The purified HIM-6 protein was 

confirmed by SDS-PAGE and protein concentrations were determined using a Bio-rad assay 

with BSA as the standard.  

 

Single-molecule FRET assay 

Pre-cleaned quartz slides and glass coverslips were coated with a mixture of polyethylene 

glycol (m-PEG-SVA-5000; Laysan Bio, USA) and biotinylated-PEG (biotin-PEG-SC-5000; 
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Laysan Bio) at a ratio of 40:1. Surface immobilization of the biotinylated DNA was mediated 

by NeutrAvidin (Thermo Scientific, USA). The standard reaction/imaging buffer contained 50 

mM HEPES (pH 7.5), 20 mM KCl, 2 mM DTT, 0.1 mg/ml BSA (New England Biolabs, UK), 

and saturated Trolox (> 3 mM, Sigma-Aldrich, USA), with an oxygen scavenging system (0.1 

mg/ml glucose oxidase, 0.6% (w/v) glucose, and 0.06 mg/ml catalase) added prior to each 

measurement. Unwinding buffer (standard imaging buffer with ATP-Mg2+) contained the same 

concentration of ATP and Mg2+ to reduce free Mg that is required for nuclease activity. 

ATP/Mg2+ were used at a concentration of 100 μM in all experiments unless otherwise specified. 

A custom-built prism-type total internal reflection fluorescence (TIRF) microscope was used 

to perform the measurements. Imaging was performed at room temperature (22 ± 1°C). 

 

Analysis of single-molecule FRET data 

The FRET efficiency was calculated from the fluorescence intensities of the donor (ID) and 

acceptor (IA) using the formula EFRET = (IA - αID)/(IA + ID) where α = 0.06 represents donor 

leakage correction. The smFRET histograms were generated from the traces containing a single 

pair of donor and acceptor, taking the frames before the photobleaching of dyes. smFRET 

histograms containing double peaks that was described by Gaussian curve. Data analysis was 

carried out by scripts custom written in MATLAB, and data fitting to Michaelis-Menten and 

gamma distribution curves was performed using the Origin package (OriginLab Corporation, 

USA). Post-synchronized FRET density plots were constructed from individual unwinding 

cycles. The traces were synchronized at the moment that the FRET efficiency reached the 

bottom and increased back. The fragmented unwinding cycles were overlaid and shown as 

density maps using the contour plot as described earlier. Kinetic rate constants were obtained 

by taking the inverse of the averaged dwell times at each stage. The fraction of Cy3 spot 

remaining in the imaging area was obtained by taking the average number of Cy3 spots from 

five images taken at different locations per each minute, in order not to be affected by the 

photobleaching of the dyes. This was repeated three times to obtain the averaged curves shown 

with standard deviation.  
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RESULTS 
 

HIM-6 reiteratively unwinds forked DNA 

HIM-6 unwinds dsDNA in the 3’-5’ direction. To determine the molecular characteristics 

of the DNA unwinding process, we performed smFRET measurements using a total internal 

reflection fluorescence microscope. We designed a forked duplex DNA substrate, named FK-

50, containing a 50 bp duplex region, a 3’ single-stranded tail of (dT)30 labeled with Cy3 (donor) 

fluorophore at the ss/dsDNA junction, and a 5’ single-stranded tail of (dT)17 labeled with Cy5 

(acceptor) fluorophore located seven nucleotides away from the junction and biotinylated at 

the end for surface immobilization. The structures and sequences of the DNA substrates are 

included in Table 2. The substrate was immobilized on a polyethylene glycol-coated quartz 

surface via biotin-neutravidin interaction, and pre-incubated with 30 nM HIM-6 for 5 min. the 

unwinding reaction was then initiated by introducing 100 μM ATP after washing out unbound 

proteins. 

As shown by the representative FRET trace in Fig 7B, there was a gradual decrease of the 

initially high FRET level, followed by a fast increase and then a pause until the next reiterative 

cycle. A large number of traces (39%) showed this reiterative pattern of FRET changes, with 

FRET efficiencies (EFRET) fluctuating between 0.25 and 0.85 until the fluorophores were 

photobleached. The FRET dynamics were ATP hydrolysis-dependent because such fluctuations 

were not observed in the presence of ATPγS, a non-hydrolyzable analog of ATP, or with a 

helicase-defective HIM-6 mutant in which lysine 275 was mutated to alanine (K275A) (Fig. 

8). The high EFRET of 0.85 corresponded to the intact forked DNA, in which the fluorophores 

were located close together, as demonstrated by the fact that the same FRET level was observed 

for the bare FK-50 substrate prior to the addition of proteins. The subsequent decrease in EFRET 

indicated unwinding of the forked DNA by the helicase activity of HIM-6 (Fig. 9A). If HIM-6 

had fully separated the two strands of FK-50, it would have resulted in complete disappearance 

of the fluorescence signal due to dissociation of the Cy3-laveled translocated strand. However, 

the FRET level paused at 0.25 during each reiterative cycle, as indicated by the corresponding 

peak in the FRET population histogram. This peak at an EFRET of 0.25 was likely associated 

with the cessation of DNA unwinding activity (Fig. 9B). The subsequent rapid increase in EFRET 

back to its initial level was interpreted as the rewinding of duplex DNA, and the whole process 

started again after a pause. The reiterative cycle must have occurred via re-initiation of 
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unwinding by the same helicase protein, because the unbound proteins in solution were washed 

away prior to the addition of ATP. Full unwinding of FK-50 occurred only rarely, as shown by 

a minor decrease in the fraction of Cy3 spots in the presence of active HIM-6. These 

observations indicate that a single HIM-6 helicase is capable of repetitively unwinding DNA 

but rarely performs full unwinding of its substrate. 

 

DNA unwinding and waiting times depend on the ATP concentration 

Each cycle of the observed FRET changes could be dissected into three stages (Fig 10A): 

the unwinding stage (U), during which the FRET level gradually decreased to 0.25; the 

rewinding/reannealing stage (R), during which the FRET level rapidly returned to 0.85; and 

the waiting stage (W), during which the FRET signal remained at 0.85 until the next unwinding 

cycle. To visualize the variations in FRET dynamics between different unwinding cycles or 

different HIM-6 molecules, we separated the individual cycles and overlaid the traces after 

synchronizing them at the boundary between the unwinding and rewinding stages (Fig 10B). 

This produced density plots showing the distribution of the FRET level changing over time. A 

comparison of the density plots generated in reactions using 100 μM or 1 mM ATP clearly 

showed a dependence of the unwinding speed on ATP concentration, as indicated by a 

temporally narrower pattern of FRET changes between different cycles or different HIM-6 

molecules. In addition, rewinding consistently brought the FRET level back to the initial level 

seen for the intact duplex DNA. These results suggest that HIM-6 performs the unwinding 

cycle in a highly regular manner, rather than stochastically switching between the cycle stages. 

Next, we measured the duration of each stage of the unwinding process with varying ATP 

concentrations (50 μM to 3 mM) and calculated kinetic rates for transitions between the stages 

as the inverse of the durations. The speed of the unwinding stage exhibited clear ATP-

dependence (Fig 11A). The ATP-dependent unwinding rate was fit to the Michaelis-Menten 

equation, 𝑣𝑣 = 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 [𝐴𝐴𝐴𝐴𝐴𝐴] (𝐾𝐾𝑚𝑚 + [𝐴𝐴𝐴𝐴𝐴𝐴])⁄ , and yielded a maximum rate (Vmax) of 1.29 ± 0.07 

sec-1 and a Michaelis-Menten constant (Km) of 0.31 ± 0.05 mM. On the other hand, the 

rewinding rate was not altered at varying ATP concentrations, giving consistent values of 

approximately 1.4 sec-1 (Fig 11C). This finding implies that the helicase is likely to passively 

slide back along one of the separated DNA strands without consuming ATP. Rapid rezipping 

of the duplex DNA is possibly the driving force to push the helicase back along the strand 

during this stage. Like the unwinding stage, the waiting stage was also ATP concentration-

dependent, fitting to the Michaelis-Menten curve with a Vmax of 0.87 ± 0.08 sec-1 and a Km of 
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0.14 ± 0.04 mM (Fig 11B). This finding indicates that the helicase is not merely at rest after 

completing rewinding, but actively re-engages in the next unwinding cycle, possibly by 

translocating along the ssDNA tail(s) to return to the fork junction. The distributions of the 

dwell times at each stage of the cyclic unwinding-rewinding process were fit to gamma 

distributions with shape parameters of 7.17 ± 0.63, 7.50 ± 2.03, and 4.12 ± 0.59 for the 

unwinding (Fig 11D), rewinding(Fig 11F), and waiting stages (Fig 11E), respectively, 

suggesting that each stage consists of multiple sub-steps rather than a single dominating step. 

 

The return point of HIM-6 

The persistent reiteration of unwinding without fully separating the dsDNA substrate 

suggests that HIM-6 stops after unwinding a certain length of DNA and before reaching the 

end of the duplex substrate, and then moves back to the original fork junction. To identify the 

position at which HIM-6 returns, we generated multiple DNA substrates in which Cy3/Cy5 

pairs were placed at varying distances from the junction (Fig 12A and Table 2). The FK-50(D0) 

substrate was identical to the FK-50 substrate used in Figure 7. In the FK-50(D18), FK-

50(D25), and FK-50(D31) substrates, the Cy3 dye was located at the 18th, 25th, and 31st 

nucleotides from the ss/dsDNA junction on the 3’ strand, respectively, and the Cy5 dye was 

located at the 15th, 22nd, and 28th nucleotides from the junction on the 5’ strand, respectively. 

Although the reiterative unwinding dynamics of FK-50(D18) and FK-50(D25) were similar to 

that of FK-50(D0) (Fig 13B), the FRET level of the low FRET population increased with 

increasing distance between the labels and the junction (Fig. 13C). This finding indicates that 

the 18th and 25th nucleotides were closer to the limiting position of unwinding than the 1st 

nucleotide. By contrast, the D31 template did not exhibit any FRET dynamics, but showed a 

stable high FRET population (Fig. 13B and 13C). The sharp contrast in the dynamics between 

FK-50(D25) and FK-50(D31) suggests that the returning position of HIM-6 is narrowly defined 

between the 25th and 31st nucleotides. 

To determine if the returning point is determined by either the length of the duplex DNA 

remaining ahead of the helicase or the length of the unwound DNA, we designed FK-18 

substrate, which contained a shorter duplex region of 18 bp and the same ssDNA tails as FK-

50 (Fig. 12A). In experiments using FK-18, the FRET level dropped upon the addition of HIM-

6 and ATP, immediately followed by disappearance of the Cy3 signal, indicating full separation 

of the duplex FK-18 substrate (Fig. 12B). Accordingly, the number of Cy3 spots per imaging 

area decreased rapidly upon loading 30 nM helicase and 1 mM ATP (Fig. 12C). Thus, the 
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helicase likely senses the length of unwound DNA, rather than the length of the remaining 

duplex region, to determine the returning point. 

 

HIM-6 actively translocate along the 3’ ssDNA tail to reinitiate unwinding 

Since the waiting time of the cyclical HIM-6-mediated unwinding process was ATP-

dependent (Fig. 11D), we conjectured that the helicase must be actively translocating along one 

or both of the DNA tails during the waiting stage, in preparation to re-engage in the next 

unwinding event. If HIM-6 stays on the translocated strand (the strand with the 3’ ssDNA tail) 

throughout the rewinding and waiting stages, the waiting time would only depend on the length 

of the 3’ ssDNA tail. By comparison, if HIM-6 switches to the displaced strand (the strand with 

the 5’ ssDNA tail), more steps will be required to place the helicase back at the junction; 

specifically, the helicase would have to switch to the displaced strand, return along the 

displaced strand, switch back to the translocated strand, and then translocate to the junction. In 

this case, the waiting time is likely to depend on the lengths of both the 5’ and 3’ ssDNA tails. 

To identify which DNA strand HIM-6 uses during the waiting stage, we measured the waiting 

times on four forked DNA substrates with varying lengths of ssDNA tails (Fig. 12A and Table 

3). For example, the 5’T03’T10 substrate contained no 5’ ssDNA tail and a 3’ ssDNA tail of 

(dT)10, and the 5’T103’T30 substrate contained a 5’ ssDNA tail of (dT)10 and a 3’ ssDNA tail of 

(dT)30. The smFRET traces for the 5’T03’T10, 5’T03’T30, 5’T103’T30, and 5’T303’T30 substrates 

indicated similar reiterative unwinding patterns, but the waiting time was markedly shorter for 

5’T03’T10 than for the other substrates (Fig. 14A and 14B). The waiting time was nearly 

proportional to the length of the 3’ ssDNA tail (1.13 ± 0.14 sec for 5’T03’T10 versus 3.07 ± 0.30 

sec for 5’T03’T30); as a result, we observed a more frequent onset of unwinding events for 

5’T03’T10 than for 5’T03’T30. On the other hand, the waiting times for 5’T03’T30, 5’T103’T30, 

and 5’T303’T30 were similar (Fig. 14B). These results suggest that the 5’ ssDNA tail is not 

translocated by HIM-6 in the waiting stage, and that HIM-6 uses the 3’ ssDNA tail (translocated 

strand) exclusively. 

Next, we tried to block HIM-6 translocation along each ssDNA tail using flapped substrates 

formed by annealing another DNA oligomer to the 5’ or 3’ ssDNA tail (Fig. 15A and 15B). 

Similar to what was observed for the substrate with the shorter 3’ tail, the 5’ flapped substrate 

showed a reduced waiting time, resulting in a more frequent onset of the unwinding cycle (Fig. 

15B and 14C). By contrast, the 3’ flapped substrate showed an even longer waiting time than 

the unflapped substrate, possibly due to the interaction of HIM-6 with the opposite duplex 
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formed by the annealed DNA oligomer. Based on these results, we propose that HIM-6 actively 

translocates along the 3’ ssDNA tail of the translocated strand during the waiting stage. 

 

HIM-6 slides back along the translocated strand during rewinding 

The fact that the rapid FRET increase during the rewinding stage was ATP-independent 

suggests that HIM-6 slides back along the DNA strand in a passive manner, possibly caused by 

the rapid rezipping of DNA. However, it is unclear which strand HIM-6 moves along during 

the rewinding stage. Since HIM-6 stays on waiting stage just after rewinding, the FRET level 

around the junction at waiting stage can be changed depending on a strand choice of HIM-6 

during rewinding stage. In a forked DNA substrate, no FRET level change would be observed 

regardless of strand choices (Fig. 16A). Therefore, to detect FRET level change depending on 

a strand choice, we removed the 5’ ssDNA tail of the displaced strand and placed Cy5 at this 

end of the strand (Fig. 17). Consequently, if HIM-6 moves along the displaced strand during 

rewinding, the junction of the DNA substrate would remain partially separated until the 

helicase switches back to the translocated strand, because it must be holding several terminal 

nucleotides of the displaced strand (Fig. 16). Thus, at the end of rewinding, the FRET level 

would not immediately return to that of the intact duplex DNA, but would stay at a lower level 

until the helicase switches back. We tested two such DNA substrate designs without 5’ ssDNA 

tails and with a Cy3 label on the translocated strand either upstream or downstream of the 

ss/dsDNA junction. On both substrates, the FRET level immediately returned to the original 

level of the bare DNA at the end of rewinding (Fig. 17). These results suggest that the rewinding 

process occurs not by switching to and sliding along the displaced strand, but by sliding back 

along the translocated strand. 

Based on the results described above, we propose the following model for reiterative 

unwinding of DNA: 1) HIM-6 actively unwinds 25–31 bp of DNA by translocating in the 3’-

5’ direction (unwinding stage); 2) subsequently, HIM-6 shifts to a sliding mode, possibly 

through a conformational change induced by its interaction with the unwound ssDNA, and 

slides back along the same strand in a passive manner, beyond the original forked junction 

(rewinding stage); 3) HIM-6 then actively translocates along the 3’ ssDNA tail of the same 

strand to get back to the junction and reinitiate unwinding (waiting stage). 

 

CeRPA switches the reiterative unwinding of HIM-6 to unidirectional unwinding  

A previous study shows that human BLM can unwind duplex DNA molecules longer than 
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200 bp in the presence of human RPA (hRPA) in bulk unwinding reactions. However, in single-

molecule assays, BLM shows repetitive unwinding of short duplex DNA substrates. To resolve 

this discrepancy, we investigated the modulation of the reiterative unwinding of HIM-6 by 

CeRPA. A 73 kDa subunit (RPA-1) and a 32 kDa subunit (RPA-2) form an active, stable CeRPA 

complex that is sufficient for RPA function. First, we examined the ssDNA binding activity of 

CeRPA by smFRET measurements. A partial duplex DNA labeled with Cy3 at the end of the 3’ 

ssDNA tail and Cy5 at the ss/dsDNA junction showed a high FRET efficiency of 0.8, which 

went down to 0.4 within seconds after the addition of 20 nM CeRPA (Fig. 18A). The FRET 

decrease indicated rapid binding of CeRPA to the ssDNA tail, causing tail extension. We also 

confirmed that the Escherichia coli ssDNA binding protein, SSB, assembled rapidly on the 

ssDNA tail (Fig. 18B). 

The FK-50(D31) substrate was incubated with 30 nM HIM-6, unbound HIM-6 was washed 

out, and then 100 μM ATP was added (Fig. 19B). No FRET change was observed at this point 

as the labels were positioned past the unwinding limit of HIM-6 (Fig. 3B and 3C). However, 

adding 20 nM CeRPA while maintaining ATP level reduced the FRET level to approximately 

0.2 (Fig. 19D). These results suggest that CeRPA proteins assemble on the unwound ssDNA 

region as HIM-6 unwinds the DNA and moves forward, preventing the DNA from reannealing 

and/or preventing HIM-6 from sliding back, resulting in processive, full unwinding of the 

duplex.  
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Table 2. The sequences of substrates and the positions of the labeled acceptor, donor and 

biotin (B). 
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Figure 7. HIM-6 reiteratively unwinds forked DNA substrates with 3’ to 5’ direction. 

(A) A schematic representation of the forked DNA substrates and the procedure used to initiate 

the unwinding reaction is shown. (B) A representative smFRET time trace of reiterative DNA 

unwinding by HIM-6, measured at 100 ms time resolution, showing the Cy3 intensity (green), 

Cy5 intensity (magenta), and calculated FRET efficiency (blue).  
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Figure 8. Reiterative unwinding is caused by ATP hydrolysis by HIM-6.  

Representative smFRET traces of FK-50 unwinding by the helicase-deficient K275A mutant 

of HIM-6 (A) or by wild-type HIM-6 in the presence of 100 μM ATPγS (B). The FRET 

histograms shown on the right were constructed from the single-molecule traces of 50 (A) or 

45 (B) molecules.  
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Figure 9. HIM-6 changes smFRET dynamics. 

(A) A schematic diagram describing the changes in FRET efficiency due to conformational 

changes in partial duplexed DNA. (B) Histograms of smFRET values obtained from single 

molecules of FK-50 only (left, n=216 molecules), and FK-50 with 30 nM HIM-6/100 μM ATP 

(right, n=184). The histograms were normalized for the relative populations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



- 48 - 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



- 49 - 

 

 
Figure 10. The unwinding stage is ATP-dependent.  

(A) Dissection of a representative smFRET trace into the unwinding (U), rewinding (R), and 

waiting (W) stages. (B) FRET population maps synchronized at the transition from unwinding 

and rewinding stages at 100 μM ATP (n =84), or 1 mM ATP (n = 76).  
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Figure 11. The waiting stage is also ATP-dependent. 

(A-C) Kinetic rates of each stage, measured using the FK-50 substrate and varying ATP 

concentrations. Data represent the mean ± SEM of three independent measurements. The ATP-

dependent rates of completing the unwinding and waiting stages were fit to Michaelis-Menten 

curve to fine Vmax and Km values. (D-F) Dwell time distributions for the unwinding (D), 

rewinding (E), and waiting (F) stages measured at 100 μM ATP. Each histogram was fit to a 

gamma distribution (red curve).  
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Figure 12. HIM-6 completely unwinds an 18- bp duplexed DNA.  

(A) Schematic representation of the forked DNA substrate, FK-18, containing a shorter dsDNA 

region of 18 bp. (B) Two representative time traces of FK-18 unwinding in the presence of 

HIM-6 and 100 μM ATP. The dotted line indicates the point at which ATP was added. (C) Time 

course of the density of Cy3 spots remaining for FK-18 only (blue) and FK-18 with HIM-6 and 

100 μM ATP (red). Data represent the mean ± SD of three independent measurements. (D) 

Schematic representation of FK-50. (E) Time course of the density of Cy3 spots remaining for 

FK-50 only (blue) and FK-50 with HIM-6 and 100 μM ATP (red). Data represent the mean ± 

SD of three independent measurements. 
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Figure 13. HIM-6 unwinds a narrowly defined length of DNA before returning to the fork 

junction.  

(A) Schematic representation of the forked DNA substrates with fluorophores positioned at 

different locations. (B) Representative time traces of the Cy3 (green) and Cy5 (magenta) 

signals for each DNA substrate in the presence of HIM-6 and 100 μM ATP. Time traces were 

measured at 100 ms resolution. (C) FRET histograms for the corresponding DNA substrates, 

each acquired from more than 100 molecules. 
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Figure 14. HIM-6 translocates along the 3’ overhang during the waiting stage.  

(A, B) Schematic representation of the structures of the DNA substrates with varying overhang 

lengths (A), and the corresponding representative smFRET traces (B) (Cy3 in green, Cy5 in 

magenta, and FRET efficiency in blue). (C) Waiting times for the 5’T03’T10 (n=122), 5’T03’T30 

(n=153), 5’T103’T30 (n=98), 5’T303’T30 (n=115) substrates. Data represent the mean ± SD of 

three independent measurements.  
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Figure 15. HIM-6 show the different waiting time on 3’ or 5’ FLAP substrate.  

(A) Structure of the 3’ flapped substrate, and representative smFRET time trace is shown on 

the right. (B) Structure of the 5’ flapped substrate, and representative smFRET time trace is 

shown on the right. (C) Waiting times for the 3’ FLAP (n=68) and 5’ FLAP (n=64) substrates 

compared with that of the forked substrate FK-50(D0) (n=72). Data represent the mean ± SD 

of three independent measurements. 
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Figure 16. Schematic representation of different modes of reiterative unwinding.  

(A) The strand-switching/sliding-back on a forked substrate. Once HIM-6 has translocated or 

slide back to the end of the 5’ tail, the FRET level would return to its original high level, even 

though HIM-6 may still be at the end of the 5’ tail. (B) The strand-switching model on a 3’-

tailed partial duplex substrate. Once HIM-6 has translocated or slide back to the end of the 5’ 

tail, the FRET level would remain at a lower level until HIM-6 switched back to the 3’ tail. (C) 

The model of sliding back without strand-switching. As HIM-6 slides back past the dye position, 

the FRET level would immediately go back to its original high level.  
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Figure 17. Reiterative unwinding dynamics on a 3’-overhang DNA.  

(A) Schematic representation of the Cy3 upstream substrate comprising a 3’-overhang DNA 

molecule containing a 50 bp duplex region, a 3’ ssDNA tail of (dT)30 labeled with Cy3 (green), 

located seven nucleotides from the junction, and Cy5 (magenta) located at the 5’ end of the 

opposie strand. (B, C) Representative smFRET time traces of the Cy3 upstream DNA substrate 

only (B), and the same substrate with HIM-6 and 100 μM ATP (C). (D) FRET histograms 

corresponding to the conditions in (B) and (C), taken from more than 100 molecules each. (E) 

Schematic representation of the Cy3 downstream substrate. The substrate is similar to the one 

shown in (A), but the duplex region was extended to cover Cy3, which was positioned seven 

nucleotides into the duplex region. (F-H) The same analyses as (A-D) for the Cy3 downstream 

substrate shown in (E).  
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Figure 18. DNA binding activity by CeRPA and E. coli SSB.  

(A, C) Schematic diagrams showing the binding of CeRPA (A) and E. coli SSB (C) to ssDNA 

in a partial duplex DNA. The 3’-overhang DNA had Cy3 at the 3’ end of the tail and Cy5 at the 

5’ end of the opposite strand. (B, D) Representative smFRET time traces are shown, and the 

dotted lines indicate the points at which CeRPA or SSB was added.  
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Figure 19. CeRPA switches the HIM-6-mediated reiterative unwinding to processive 

unwinding.  

(A, B) Schematic diagrams showing the reaction steps of adding HIM-6, ATP, and CeRPA to 

the FK-50 (D0) and FK-50 (D31), respectively. First, 30 nM HIM-6 was added, and then 

unbound proteins were flushed out, 100 μM ATP was added, and 20 nM CeRPA was added 

while maintaining ATP levels. (C, D) A representative smFRET time trace showing the full 

unwinding of the FK-50 (D0) substrate (C), the FK-50 (D31) substrate (D) in a single trial. The 

dotted line indicates the point at which CeRPA was added.  
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DISCUSSION 
 

In this study, we addressed the key molecular characteristics of reiterative DNA unwinding 

by the C. elegans BLM helicase HIM-6. We found that HIM-6 unwinds 25–31 bp by 

translocating in the 3’-5’ direction from the ss/dsDNA junction of forked DNA substrates, and 

then returns along the same translocated strand via rapid backsliding. This cycle of unwinding 

and rewinding occurs in a highly repetitive fashion, but long duplex DNAs are not fully 

unwound. The reiterative unwinding process transitions into unidirectional unwinding in the 

presence of CeRPA, thereby allowing full unwinding of long duplex DNA substrates.  

Several RecQ family helicases are able to reiteratively unwind DNA. However, it has 

remained unclear how far the helicases translocate along the DNA before turning back. A 

previous smFRET study by Yodh et al. suggested that human BLM unwinds fewer than 34 bp 

of forked DNA substrates. In that study, the unwound DNA length was estimated by comparing 

the unwinding times and chances of full unzipping for DNA substrates of varying lengths. 

Another study of BLM by Wang and colleagues observed unwinding-rewinding cycles on DNA 

hairpins using magnetic tweezers and estimated the unwound DNA length to be approximately 

15 bp. Other studies with magnetic tweezers have shown that human WRN and AtRecQ2 

reiteratively unwind DNA hairpins containing a stem region of approximately 40–50 bp. 

However, these studies have not directly shown how many base pairs separate, making it 

difficult to determine how the returning position is distributed. Our smFRET measurements of 

DNA substrates with internal labels at varying positions revealed that HIM-6 returns at a 

narrowly distributed position between the 25th and 31st nucleotides. To our knowledge, the 

current study is the first direct identification of the returning position of a RecQ family helicase 

showing reiterative unwinding. Our findings raise the question of how RecQ helicases precisely 

sense the unwound DNA length and change their mode of dynamics accordingly. 

It has long been of interest to identify which strand RecQ helicase uses for moving 

backwards. Three possible models have been proposed: 1) strand-switching and active 

translocation along the displaced strand, 2) strand-switching and sliding back along the 

displaced strand, and 3) sliding back along the translocated strand without strand-switching. 

Different mechanisms have been proposed for different RecQ helicases. The “strand-switching 

and translocation” mode, in which the helicase switches strands after unwinding the DNA 

duplex and translocates along the displaced strand in an ATP-dependent manner, has been 
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suggested for human BLM. However, a later study of human BLM using DNA hairpins 

suggested the “strand-switching and sliding back” mode, in which the helicase returns by 

passively sliding along the displaced strand (Wang et al., 2015a). A study of AtRECQ2, a WRN 

homolog, also proposed the “strand-switching and sliding back” mode (Klaue et al., 2013). 

More recently, human WRN and Gallus gallus (chicken) WRN were shown to follow the third 

mode of “sliding back along the translocated strand” (Wu et al., 2017). Notably, a recent study 

of E. coli RecQ proposed that either the “strand-switching” or “sliding back” mode is possible, 

depending on the involvement of the helicase-and-RNase-D-C-terminal (HRDC) domain 

(Harami et al., 2017). If HIM-6 follows the first two models, the cycle of repetitive unwinding 

would depend on the length of the 5’ ssDNA tail of the forked substrates. However, our results 

revealed that the waiting time depends on the length of the 3’ ssDNA tail, but not the 5’ ssDNA 

tail (Fig. 14, Fig. 15), providing no support for the first two models. 

Our experiments using partial duplex DNA substrates without a 5’ tail further support the 

third mode of “sliding back along the translocated strand” (Fig. 16C). If HIM-6 were to switch 

to the displaced strand to translocate or slide back, and then switch back to the translocated 

strand, it would spend a certain amount of time at the end of the displaced strand for strand-

switching, during which the FRET level would not revert to its original FRET level. However, 

our results showed that the FRET level immediately returned to its original high level at the 

end of the rewinding stage, which does not support the existence of such strand-switching steps. 

If HIM-6 were to slide back on the translocated strand without strand-switching, these 

behaviors can be coherently explained. 

Transition to the rewinding mode could be explained by either the interaction of RecQ 

helicase with DNA or a conformational change in the protein. Most RecQ helicases have three 

conserved domains: the helicase domain, RecQ C-terminal (RQC) domain, and HRDC domain. 

A previous study of human BLM using DNA hairpins proposed that the RQC domain interacts 

with the DNA substrate (Wang et al., 2015a). In this model, BLM uses its helicase domain to 

bind to the translocated strand, and the RQC domain to bind to both the dsDNA and the 

displaced strand during unwinding. When the helicase domain is released from the translocated 

strand, the enzyme switches strands and slides back quickly along the displaced strand. These 

interactions of RecQ domains with DNA have been demonstrated for BLM and may explain 

the “strand-switching” model (Swan et al., 2014). On the other hand, as a possible explanation 

of the “sliding back on the translocated strand” model, a study of E. coli RecQ proposed that 

the HRDC domain plays a role in DNA interaction (Harami et al., 2017). If the HRDC domain 
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binds to the displaced strand, the tethered helicase may slide back along the translocated strand 

after unwinding a certain length of the duplex. In this case, the extent of HRDC-tethered 

backsliding is probably limited by the length and flexibility of the linker region connecting the 

RQC and HRDC domains. If the HRDC domain binds to the helicase core (consisting of the 

helicase and RQC domains), the interaction between the helicase and the translocated strand 

will allow RecQ to slide toward the 3’ end of the translocated strand, resulting in rapid 

reannealing. An interaction of the HRDC domain with the helicase core was recently 

demonstrated for human BLM (Newman et al., 2015).  

A similar mechanism of controlling the DNA unwinding dynamics by conformational 

changes has been described for other kinds of helicases. Rep, PcrA, and UvrD helicases 

spontaneously transition between a “closed” conformation, which actively unwinds DNA, and 

an “open” conformation, which reverses to rezip the DNA, and binding partner proteins can 

selectively stabilize the open conformation to promote processive unwinding (Comstock et al., 

2015, Arslan et al., 2015). Since RecQ members belonging to the same family use distinct 

mechanisms, it remains to be elucidated how the domains of RecQ helicases interplay to control 

the translocating and unwinding dynamics of the proteins. Although structural information 

about HIM-6 is currently unavailable, the detailed mechanism of unwinding used by HIM-6 

could be elucidated by experiments using modified HIM-6 to identify the domains involved in 

each stage of reiterative unwinding motion.  

Because the reiterative unwinding behavior of RecQ helicases has been observed using 

purified recombinant proteins, it is still unclear whether such behavior actually occurs in the 

cellular environment. Helicases interact with many different kinds of proteins; thus it is of 

interest to determine if partner proteins can change the reiterative unwinding into processive, 

unidirectional unwinding. Our results showed that CeRPA changes the behavior of HIM-6 from 

reiterative unwinding into processive unwinding, allowing it to completely unwind a 50 bp 

duplex DNA (Fig. 19). This finding is in contrast to what has been observed for human BLM, 

which persistently showed reiterative unwinding in the presence of hRPA (Yodh et al., 2009). 

However, a recent study of human WRN found that the interaction of multiple hRPAs enables 

WRN to unwind dsDNA unidirectionally for longer than 1 kbp (Lee et al., 2018). Although a 

direct, physical interaction of HIM-6 with CeRPA has not been demonstrated, we speculate that 

the processive unwinding observed here must be due to their direct interaction. Our observation 

that preloaded CeRPA induces the full separation of the DNA substrate by HIM-6 in the absence 

of free CeRPA proteins to cover the unwound DNA strands strongly supports that their 
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interaction persists while HIM-6 unwinds the DNA. Combined with earlier observations, 

processive unwinding of HIM-6 stimulated by CeRPA implies a universal role of RPA in 

generating a long ssDNA region, which is possibly involved in DNA repair processes. Together 

with the ability of RecQ helicases to sense the length of unwound DNA, these results provide 

clues as to how RecQ helicases decide and control the mode of translocation and length of 

DNA to unwind. 
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CHAPTER III 
The characterization of Caenorhabditis elegans WRN-1 

using single-molecule FRET 
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ABSTRACT 
 

The highly conserved RecQ helicases are essential for the maintenance of genomic stability. 

Werner syndrome protein, WRN, is one of five human RecQ helicase homologues, and a 

deficiency of the protein causes a hereditary premature aging disorder that is characterized by 

genomic instability. A WRN orthologue, wrn-1 lacking the exonuclease domain, has been 

identified in the Caenorhabditis elegans. Depletion of wrn-1 in C. elegans caused a shortened 

life span, increased sensitivity to DNA damage, and accelerated aging phenotypes.  

Here, we characterized the unwinding dynamics of the Caenorhabditis elegans WRN-1 

using single-molecule FRET measurements. WRN-1 shows reiterative DNA unwinding and 

unwinds fever than 31 bp like him-6. We found that WRN-1 uses “sliding-back” mode when 

DNA is rewound. In addition, we determined that WRN-1 uses both of DNA tails during the 

waiting stage before the next unwinding event.  
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INTRODUCTION 
 

Helicase are ubiquitous enzymes moving directionally along nucleic acids by coupling the 

chemical energy from NTP to the separation of two annealed nucleic acid strand (Singleton et 

al., 2007). They play essential roles in DNA metabolic processes, including DNA replication, 

transcription, recombination, and repair (von Hippel and Delagoutte, 2001). RecQ helicase, 

which are named after the DNA helicase RecQ found in Escherichia coli, have been shown to 

function in the maintenance of genomic stability (Hickson, 2003). The human genome contains 

five recQ genes, including BLM, WRN, RECQ4 proteins defective in Bloom (BS), Werner 

(WS), Rothmund-Thomson (RTS) syndromes, respectively (Yu et al., 1996, Kitao et al., 1999, 

Ellis et al., 1995). These syndromes are characterized by genomic instability at the cellular 

level, as well as hypersensitivity to agents that damage DNA.  

Werner syndrome is an autosomal recessive disorder, and patients exhibit features of 

premature aging including cataracts, osteoporosis, and cancer (Lebel and Monnat, 2018). WRN 

helicase contains four conservative domains and is the only RecQ helicase having both 3’-5’ 

DNA helicase activity and 3’-5’ exonuclease activity (Oshima et al., 2017). WRN share strong 

homology within defined sequence motifs characteristic of many DNA-dependent ATPase and 

unwinding enzymes. WRN unwinds DNA with a 3’ to 5’ polarity and have similar DNA 

substrate specificity, preferring unusual DNA structures including forks, bubbles, D-loops, HJs, 

and G-quadruplexes (Shen and Loeb, 2000, Bachrati and Hickson, 2003, Opresko et al., 2004). 

This finding suggests a role of WRN in resolving complex intermediate DNA structures 

generated either normally or accidentally during DNA metabolism. Despite extensive 

characterization of WRN DNA unwinding substrate specificity, its mechanism of unwinding 

has not been clear. In recent research, researchers found feature of chicken WRN helicase core 

using single-molecule probing techniques (Wu et al., 2017). They exhibit repetitive DNA 

unwinding and its behavior for varying DNA substrates. Human WRN is also shown repetitive 

unwinding (Lee et al., 2018).  

In the nematode Caenorhabditis elegans, four RecQ homologues are predicted from the 

genomic DNA sequence. The genes recQ1, him-6, wrn-1, and recq5 are most homologous to 

the human RecQ helicase genes RECQ1, BLM, WRN, and RECQ5, respectively(Lee et al., 

2004, Kim et al., 2005, Wicky et al., 2004a). C. elegans WRN-1 is most closely related to 

human WRN, but has no exonuclease domain (Lee et al., 2010).  
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The WRN-1 protein utilizes DNA-dependent ATPase and 3’ to 5’ DNA helicase activities 

to unwind forked DNAs, D-loops, and HJs. In here, we used smFRET techniques to 

characterize the DNA unwinding activity of WRN-1 and reveal the molecular mechanism of 

its reiterative unwinding mode and transition to the processive mode.  

We found that WRN-1 consistently unwinds 25-31 nucleotides from the ss/dsDNA junction 

of forked DNA and then moves backwards along the translocated strand without strand-

switching. In addition, we found that the reiterative unwinding activity of WRN-1 is switched 

to unidirectional unwinding activity in the presence of C. elegans RPA (CeRPA). 
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MATERIALS AND METHODS 
 

Preparation of DNA substrates 

The DNA oligomers used in this study were synthesized to include biotin and amine 

modifications for dye labeling (Integrated DNA Technologies, USA). The Cy3 and Cy5 NHS 

esters were purchased from GE Healthcare (USA) and conjugated to the internal dT of DNA 

oligos or terminal positions via a C6 amino linker. For each substrate, biotin-conjugated DNA 

strands (1 μM final concentration) and complementary strands (1.2 μM) were annealed by 

heating to 95°C for 5 minutes and then slowly cooling to 4°C at a rate of -1°C /min.  

 

Protein expression and purification 

The recombinant six-His WRN-1 fusion protein was expressed in E. coli BL21AI. The E. 

coli cells were grown at 37 °C in 2 L of LB medium containing 100 μg/mL ampicillin to an 

OD600 of 0.4. L-Arabinose (Sigma-Aldrich, St. Louis, MO) was added to the culture to a final 

concentration of 0.2% (w/v) for induction, and the cells were then grown for an additional 

4hat22 °C. Cultured cells were harvested by centrifugation, suspended in 40 mL of lysis buffer 

(50 mM Tris-HCl (pH 8.0), 500 mM NaCl, 0.5 mM EDTA, 5 mM β-mercaptoethanol, 10% 

glycerol, 1 mM PMSF, protease inhibitor cocktail tablet (Roche, Mannheim, Germany), and 1 

mM imidazole), and lysed by sonication (duty cycle 20/output 2, 10 bursts at 10 second 

intervals, Branson). Lysates were clarified by centrifugation at 10000g for 30 min at 4°C. The 

cleared lysates (10 mL) were mixed with 2 mL of 50% Ni-NTA agarose Superflow slurry 

(Qiagen GmbH, Hilden, Germany) and then incubated with rotary shaking at 4 °C for 1.5 h. 

The mixture of lysate and Ni-NTA agarose was loaded onto a column. The column was washed 

with 10 column volumes of wash buffer 1 (50 mM Tris-HCl (pH 8.0), 500 mM NaCl, 0.5 mM 

EDTA, 5 mM β-mercaptoethanol, 10% glycerol, and 10 mM imidazole), 10 column volumes 

of wash buffer 2 (wash buffer 1 but with 25 mM imidazole), and 5 column volumes of wash 

buffer 3 (wash buffer 1 but with 50 mM imidazole) to remove nonspecifically bound protein. 

WRN-1 was eluted with 5 mL of elution buffer (wash buffer 1 but with 300 mM imidazole). 

Peak fractions were dialyzed against buffer A (50 mM Tris-HCl (pH 8.0), 50 mM NaCl, 0.5 

mM EDTA, 5 mM β-mercaptoethanol, and 10% glycerol], and the dialyzed proteins were 

loaded onto a Mono-Q column (Amersham, GE Life Sciences). The column was washed with 

10 mL of buffer A and eluted with 10 mL of a linear gradient (from 50 to 500 mM) of NaCl in 
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buffer B (buffer A containing 1 M NaCl). Fractions containing WRN-1 were detected using 

SDS-PAGE. The protein concentration was determined using a Bio-Rad assay with BSA as the 

standard. The purified WRN-1 protein was verified using a MALDI TOF-TOF 4700 

proteomics analyzer (Postech Biotech Center, Pohang, Korea). 

 

Single-molecule FRET assay 

Pre-cleaned quartz slides and glass coverslips were coated with a mixture of polyethylene 

glycol (m-PEG-SVA-5000; Laysan Bio, USA) and biotinylated-PEG (biotin-PEG-SC-5000; 

Laysan Bio) at a ratio of 40:1. Surface immobilization of the biotinylated DNA was mediated 

by NeutrAvidin (Thermo Scientific, USA). The standard reaction/imaging buffer contained 50 

mM HEPES (pH 7.5), 20 mM KCl, 2 mM DTT, 0.1 mg/ml BSA (New England Biolabs, UK), 

and saturated Trolox (> 3 mM, Sigma-Aldrich, USA), with an oxygen scavenging system (0.1 

mg/ml glucose oxidase, 0.6% (w/v) glucose, and 0.06 mg/ml catalase) added prior to each 

measurement. Unwinding buffer (standard imaging buffer with ATP-Mg2+) contained the same 

concentration of ATP and Mg2+ to reduce free Mg that is required for nuclease activity. 

ATP/Mg2+ were used at a concentration of 100 μM in all experiments unless otherwise specified. 

A custom-built prism-type total internal reflection fluorescence (TIRF) microscope was used 

to perform the measurements. Imaging was performed at room temperature (22 ± 1°C). 

 

Analysis of single-molecule FRET data 

The FRET efficiency was calculated from the fluorescence intensities of the donor (ID) and 

acceptor (IA) using the formula EFRET = (IA - αID)/(IA + ID) where α = 0.06 represents donor 

leakage correction. The smFRET histograms were generated from the traces containing a single 

pair of donor and acceptor, taking the frames before the photobleaching of dyes. smFRET 

histograms containing double peaks that was described by Gaussian curve. Data analysis was 

carried out by scripts custom written in MATLAB, and data fitting to Michaelis-Menten and 

gamma distribution curves was performed using the Origin package (OriginLab Corporation, 

USA). The fraction of Cy3 spot remaining in the imaging area was obtained by taking the 

average number of Cy3 spots from five images taken at different locations per each minute, in 

order not to be affected by the photobleaching of the dyes. This was repeated three times to 

obtain the averaged curves shown with standard deviation. 
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RESULTS 
 

WRN-1 unwinds forked DNA reiteratively 

A homolog of human WRN, C. elegans WRN-1 helicase domains is most closely related 

to human WRN. The unwinding behavior of WRN1 was studied using smFRET. First, a forked 

duplex DNA substrate, named FK-50, was constructed which contains a 50 bp duplex region, 

a 3’ single-stranded tail of (dT)30 labeled with Cy3 (donor) fluorophore at the ss/dsDNA 

junction, and a 5’ single-stranded tail of (dT)17 labeled with Cy5 (acceptor) fluorophore located 

seven nucleotides away from the junction and biotinylated at the end for surface immobilization. 

The substrate was immobilized on a polyethylene glycol-coated quartz surface via biotin-

neutravidin interaction, and pre-incubated with 50 nM WRN-1 for 5 min. the unwinding 

reaction was then initiated by introducing 1 mM ATP after washing out unbound proteins. 

As shown by the representative FRET trace in Figure 20, there was a fast decrease of the 

initially high FRET level, followed by a fast increase and then a pause until the next reiterative 

cycle. A large number of traces (18%) showed this reiterative pattern of FRET changes, with 

FRET efficiencies (EFRET) fluctuating between 0.25 and 0.85 until the fluorophores were 

photobleached. The FRET dynamics were ATP hydrolysis-dependent because such fluctuations 

were not observed in the presence of ATPγS, a non-hydrolyzable analog of ATP, or with a 

helicase-defective WRN-1 mutant in which lysine 255 was mutated to alanine (K255A) (Fig. 

21). The high EFRET of 0.85 corresponded to the intact forked DNA, in which the fluorophores 

were located close together, as demonstrated by the fact that the same FRET level was observed 

for the bare FK-50 substrate prior to the addition of proteins. The subsequent decrease in EFRET 

indicated unwinding of the forked DNA by the helicase activity of WRN-1. If WRN-1 had fully 

separated the two strands of FK-50, it would have resulted in complete disappearance of the 

fluorescence signal due to dissociation of the Cy3-labeled translocated strand. However, the 

FRET level paused at 0.25 during each reiterative cycle, as indicated by the corresponding peak 

in the FRET population histogram. This peak at an EFRET of 0.25 was likely associated with the 

cessation of DNA unwinding activity. The subsequent rapid increase in EFRET back to its initial 

level was interpreted as the rewinding of duplex DNA, and the whole process started again 

after a pause. The reiterative cycle must have occurred via re-initiation of unwinding by the 

same helicase protein, because the unbound proteins in solution were washed away prior to the 

addition of ATP. Full unwinding of FK-50 occurred only rarely, as shown by a minor decrease 
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in the fraction of Cy3 spots in the presence of active WRN-1. These observations indicate that 

a single WRN-1 helicase is capable of repetitively unwinding DNA but rarely performs full 

unwinding of its substrate. 

 

The return point of WRN-1 

The persistent reiteration of unwinding without fully separating the dsDNA substrate 

suggests that WRN-1 stops after unwinding a certain length of DNA and before reaching the 

end of the duplex substrate, and then moves back to the original fork junction. To identify the 

position at which WRN-1 returns, we generated multiple DNA substrates in which Cy3/Cy5 

pairs were placed at varying distances from the junction (Fig. 23A and Table 3). The FK-50(D0) 

substrate was identical to the FK-50 substrate used in Figure 20. In the FK-50(D18), FK-

50(D25), and FK-50(D31) substrates, the Cy3 dye was located at the 18th, 25th, and 31st 

nucleotides from the ss/dsDNA junction on the 3’ strand, respectively, and the Cy5 dye was 

located at the 15th, 22nd, and 28th nucleotides from the junction on the 5’ strand, respectively. 

Although the reiterative unwinding dynamics of FK-50(D18) and FK-50(D25) were similar to 

that of FK-50(D0) (Fig. 23), the FRET level of the low FRET population increased with 

increasing distance between the labels and the junction (Fig. 23). This finding indicates that 

the 18th and 25th nucleotides were closer to the limiting position of unwinding than the 1st 

nucleotide. Even though the FRET levels were different, the frequencies of the unwinding 

events were comparable between the D0, D18, and D25 substrates, indicating that WRN-1 

unwinds DNA consistently up to 25 bp without returning to the fork junction. By contrast, the 

D31 template did not exhibit any FRET dynamics, but showed a stable high FRET population 

(Fig. 23B). The sharp contrast in the dynamics between FK-50(D25) and FK-50(D31) suggests 

that the returning position of HIM-6 is narrowly defined between the 25th and 31st nucleotides. 

To determine if the returning point is determined by either the length of the duplex DNA 

remaining ahead of the helicase or the length of the unwound DNA, we designed FK-18 

substrate, which contained a shorter duplex region of 18 bp and the same ssDNA tails as FK-

50 (Fig. 22A). In experiments using FK-18, the FRET level dropped upon the addition of 

WRN-1 and ATP, immediately followed by disappearance of the Cy3 signal, indicating full 

separation of the duplex FK-18 substrate (Fig. 22B). Accordingly, the number of Cy3 spots per 

imaging area decreased rapidly upon loading 50 nM WRN-1 and 1 mM ATP (Fig. 22C). Thus, 

the helicase likely senses the length of unwound DNA, rather than the length of the remaining 

duplex region, to determine the returning point. 
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WRN-1 actively translocate along both 3’ ssDNA and 5’ ssDNA tail to reinitiate unwinding 

We conjectured that the helicase must be actively translocating along one or both of the 

DNA tails during the waiting stage, in preparation to re-engage in the next unwinding event. If 

WRN-1 stays on the translocated strand (the strand with the 3’ ssDNA tail) throughout the 

rewinding and waiting stages, the waiting time would only depend on the length of the 3’ 

ssDNA tail. By comparison, if WRN-1 switches to the displaced strand (the strand with the 5’ 

ssDNA tail), more steps will be required to place the helicase back at the junction; specifically, 

the helicase would have to switch to the displaced strand, return along the displaced strand, 

switch back to the translocated strand, and then translocate to the junction. In this case, the 

waiting time is likely to depend on the lengths of both the 5’ and 3’ ssDNA tails. To identify 

which DNA strand WRN-1 uses during the waiting stage, we measured the waiting times on 

four forked DNA substrates with varying lengths of ssDNA tails (Fig. 24A and Table 2). For 

example, the 5’T03’T10 substrate contained no 5’ ssDNA tail and a 3’ ssDNA tail of (dT)10, and 

the 5’T103’T30 substrate indicated similar reiterative unwinding patterns (Fig. 24B), but the 

waiting time was markedly shorter for 5’T03’T10 than for the other substrates (Fig. 24C). The 

waiting time was nearly proportional to the length of the 3’ ssDNA tail (0.83 sec for 5’T03’T10 

versus 3.27 sec for 5’T03’T30); as a result, we observed a more frequent onset of unwinding 

events for 5’T03’T10 than for 5’T03’T30. On the other hand, the waiting times for 5’T103’T10, 

5’T03’T30 were similar (Fig. 24B). The waiting times on the 5’ ssDNA tail- containing 

substrates of 5’T103’T10 and 5’T303’T30 were longer than those on the substrates containing no 

tail (Fig. 24C). These results suggest that WRN-1 uses both tails in the waiting stage. 

Next, we tried to block WRN-1 translocation along each ssDNA tail using flapped substrates 

formed by annealing another DNA oligomer to the 5’ or 3’ ssDNA tail (Fig. 25A and 25B).  

The waiting time on both flap substrates were similar. WRN-1 is likely to translocate along 

either the 3’ ssDNA or the 5’ ssDNA tail during the waiting stage. 

 

WRN-1 slides back along the translocated strand during rewinding 

Recent studies with WRN suggested for a variety of rewinding mode. WRN from 

Arabidopsis thaliana slides back along the displaced strand of a forked DNA (Klaue et al., 

2013). Wu et al., suggested that Chicken WRN is backsliding on the tracking strand. To identify 

the rewinding mode of WRN-1, we designed the experiments (Fig. 16). In a forked DNA 

substrate, no FRET level change would be observed regardless of strand choices (Fig. 16A). 

Therefore, to detect FRET level change depending on a strand choice, we removed the 5’ 
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ssDNA tail of the displaced strand and placed Cy5 at this end of the strand (Fig. 26). 

Consequently, if WRN-1 moves along the displaced strand during rewinding, the junction of 

the DNA substrate would remain partially separated until the helicase switches back to the 

translocated strand, because it must be holding several terminal nucleotides of the displaced 

strand (Fig. 16). Thus, at the end of rewinding, the FRET level would not immediately return 

to that of the intact duplex DNA, but would stay at a lower level until the helicase switches 

back. We tested two such DNA substrate designs without 5’ ssDNA tails and with a Cy3 label 

on the translocated strand either upstream or downstream of the ss/dsDNA junction. On both 

substrates, the FRET level immediately returned to the original level of the bare DNA at the 

end of rewinding (Fig. 26). These results suggest that the rewinding process occurs not by 

switching to and sliding along the displaced strand, but by sliding back along the translocated 

strand. 

Based on the results described above, we propose the following model for reiterative 

unwinding of DNA: 1) WRN-1 actively unwinds 25–31 bp of DNA by translocating in the 3’-

5’ direction (unwinding stage); 2) subsequently, WRN-1 shifts to a sliding mode, possibly 

through a conformational change induced by its interaction with the unwound ssDNA, and 

slides back along the same strand in a passive manner, beyond the original forked junction 

(rewinding stage); 3) WRN-1 then actively translocate along both 3’ ssDNA and 5’ ssDNA tail 

of the same strand to get back to the junction and reinitiate unwinding (waiting stage). 

 

CeRPA switches the reiterative unwinding of WRN-1 to unidirectional unwinding 

A previous study shows that human WRN can unwind duplex DNA molecules longer than 

800 bp in the presence of human RPA (hRPA) in bulk unwinding reactions. However, in single-

molecule assays, WRN shows repetitive unwinding of short duplex DNA substrates. To resolve 

this discrepancy, we investigated the modulation of the reiterative unwinding of WRN-1 by 

CeRPA. A 73 kDa subunit (RPA-1) and a 32 kDa subunit (RPA-2) form an active, stable CeRPA 

complex that is sufficient for RPA function. First, we examined the ssDNA binding activity of 

CeRPA by smFRET measurements. A partial duplex DNA labeled with Cy3 at the end of the 3’ 

ssDNA tail and Cy5 at the ss/dsDNA junction showed a high FRET efficiency of 0.8, which 

went down to 0.4 within seconds after the addition of 20 nM CeRPA (Fig. 18A). The FRET 

decrease indicated rapid binding of CeRPA to the ssDNA tail, causing tail extension. We also 

confirmed that the Escherichia coli ssDNA binding protein, SSB, assembled rapidly on the 

ssDNA tail (Fig. 18B). 
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The FK-50(D0) substrate was incubated with 50 nM WRN-1, unbound WRN-1 was washed 

out, and then 1 mM ATP was added (Fig. 6A). FRET efficiency was fluctuated (Fig. 27A and 

27C). When 20 nM CeRPA was added to while maintaining ATP level, the FRET level was 

reduced to approximately 0.2 (Fig. 27C). These results show that WRN-1 progressively and 

fully unwound the FK-50(D0) substrate in the presence of CeRPA. The FK-50 (D31) substrate 

was incubated with 50 nM WRN-1, unbound WRN-1 was washed out, and then 1 mM ATP 

was added (Fig. 6B). No FRET was observed (Fig. 27B and 27D). however, the FRET level 

was reduced to approximately 0.2 (Fig. 27D) with adding 20 nM CeRPA while maintaining 

ATP level (Fig. 27D). Analyses of the dynamics of WRN-1/CeRPA-mediated unwinding of the 

FK-50(D0) substrate revealed that several reiterative unwinding cycles occurred before the full 

separation of DNA (Fig. 27C), representing the time required for CeRPA proteins to cover the 

unwound strands. These results suggest that CeRPA proteins assemble on the unwound ssDNA 

region as WRN-1 unwinds the DNA and moves forward, preventing the DNA from reannealing 

and/or preventing WRN-1 from sliding back, resulting in processive, full unwinding of the 

duplex.  

Next, to determine which subunit is responsible for the fully unwinding occurred, each 

subunit was added the reaction. C. elegans RPA seems to be a heterotrimeric complex 

consisting of three subuints; RPA-1, RPA-2, and RPA-3. A heterodimer of RPA-1 (RPA73) and 

RPA-2 (RPA32) shows the RPA activity (Kim 2005, Hyun 2008). The subunits of CeRPA73 

and CeRPA32 and the CeRPA73 (1-464) fragment were used to study the effects of RPA 

proteins on WRN-1 unwinding behavior (Fig. 28A). The CeRPA73 (1-464) contains a putative 

single-stranded binding domain. The FK-50(D31) substrate was incubated with 50 nM WRN-

1, unbound WRN-1 was washed out, and then 1 mM ATP was added (Fig. 6A). No FRET 

change was measured (Fig. 28B).  When either 20 nM CeRPA 73 (Fig. 28B) or CeRPA73 (1-

464) (Fig. 28C) was added, the FRET level was reduced. However, the addition of CeRPA32 

did not affect the FRET efficiency, staying on 0.8 (Fig. 28D). These results show that the 

reiterative movement of WRN-1 is changed by CeRPA and WRN-1 translocates 

unidirectionally and progressively.  
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Figure 20. WRN-1 reiteratively unwinds forked DNA substrate.  

(A) Schematic representation of forked DNA substrate, FK-50, where Cy3 was located at the 

ss/dsDNA junction and Cy5 was located 7 nucleotides away from the junction to the ssDNA 

side. The procedure used to initiate the unwinding reaction is shown. (B) A representative 

smFRET time trace of reiterative DNA unwinding by WRN-1, measured at 100 ms time 

resolution, showing the Cy3 intensity (green), Cy5 intensity (magenta), and calculated FRET 

efficiency (blue).  
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Figure 21. Reiterative unwinding is caused by ATP hydrolysis by WRN-1.  

(A) Representative smFRET time trace of FK-50 unwindig by the helicase-deficient K255A 

mutant of WRN-1. (B) Representative smFRET time trace of FK-50 in the presence of 100 μM 

ATPγS. 
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Figure 22. WRN-1 completely unwinds an 18- bp duplexed DNA.  

(A) Schematic representation of the forked DNA substrate, FK-18, containing a shorter dsDNA 

region of 18 bp. (B) Two representative time traces of FK-18 unwinding in the presence of 

WRN-1 and 1 mM ATP. The dotted line indicates the point at which ATP was added. (C) Time 

course of the density of Cy3 spots remaining for FK-18 only (blue) and FK-18 with WRN-1 

and 1 mM ATP (red). Data represent the mean ± SD of three independent measurements. 
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Figure 23. WRN-1 unwinds a narrowly defined length of DNA before returning to the 

fork junction.  

(A) A schematic representation of the forked DNA substrates with fluorophores positioned at 

different locations. (B) Representative time traces of the Cy3 (green), Cy5 (magenta), and 

FRET efficiency (blue) signals for each DNA substrate in the presence of WRN-1 and 1 mM 

ATP. Time traces were measured at 100 ms resolution. FRET histograms for the corresponding 

DNA substrates, each acquired from more than 30 molecules.  
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Figure 24. WRN-1 translocate along both the 3’ overhang and 5’ overhang during the 

waiting stage.  

(A, B) Schematic representation of the DNA substrates with varying overhang lengths (A), and 

the corresponding representative smFRET traces (B) (Cy3 in green, Cy5 in magenta, and FRET 

efficiency in blue). (C) Waiting times for the 5’T03’T10 (n=31), 5’T03’T30 (n=27), 5’T103’T10 

(n=28), 5’T303’T30 (n=23) substrates.  
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Figure 25. WRN-1 show the same waiting time on 3’ or 5’ FLAP substrate.  

(A) Structure of the 3’ flapped substrate, and representative smFRET time trace is shown on 

the right. (B) Structure of the 5’ flapped substrate, and representative smFRET time trace is 

shown on the right. 
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Figure 26. Reiterative unwinding dynamics on a 3’-overhang DNA.  

(A) Schematic representation of the Cy3 upstream substrate comprising a 3’-overhang DNA 

molecule containing a 50 bp duplex region, a 3’ ssDNA tail of (dT)30 labeled with Cy3 (green), 

located seven nucleotides from the junction, and Cy5 (magenta) located at the 5’ end of the 

opposite strand. (B) Representative smFRET time traces of the Cy3 upstream DNA substrate 

with WRN-1 and 1 mM ATP (C). (D) FRET histograms corresponding to the conditions in 

DNA-only and (C), taken from more than 50 molecules each. (E) Schematic representation of 

the Cy3 downstream substrate. The substrate is similar to the one shown in (A), but the duplex 

region was extended to cover Cy3, which was positioned seven nucleotides into the duplex 

region. (E, F) The same analyses as (A-C) for the Cy3 downstream substrate shown in (E).  
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Figure 27. CeRPA switches the WRN-1-mediated reiterative unwinding to processive 

unwinding.  

(A, B) Schematic diagrams showing the reaction steps of adding WRN-1, ATP, and CeRPA to 

the FK-50 (D0) and FK-50 (D31), respectively. First, 50 nM WRN-1 was added, and then 

unbound proteins were flushed out, 1 mM ATP was added, and 20 nM CeRPA was added while 

maintaining ATP levels. (C, D) A representative smFRET time trace showing the full 

unwinding of the FK-50 (D0) substrate (C), the FK-50 (D31) substrate (D) in a single trial. The 

dotted line indicates the point at which CeRPA/ATP were added.  
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Figure 28. WRN-1 movement is changed by the single-stranded DNA binding domain of 

CeRPA73.  

(A) Schematic representation of CeRPA proteins used for this study. A CeRPA subunit  

(CeRPA73), CeRPA73 (1-464), and CeRPA32 were tagged with 6xHis at N- terminal region. 

(B-D) A representative smFRET time trace showing the full unwinding of the FK-50 (D31) 

substrate with 50 nM WRN-1, 1 mM ATP, and CeRPA 73 (B), CeRPA 73 (1-464) (C), CeRPA32 

(D). The dotted line indicates the point at which CeRPA/ATP were added.  
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Discussion 

In this study, we addressed the key molecular characteristics of reiterative DNA unwinding 

by the C. elegans WRN helicase WRN-1. We found that WRN-1 unwinds 25–31 bp by 

translocating in the 3’-5’ direction from the ss/dsDNA junction of forked DNA substrates, and 

then returns along the same translocated strand via rapid backsliding. This cycle of unwinding 

and rewinding occurs in a highly repetitive fashion, but long duplex DNAs are not fully 

unwound. The reiterative unwinding process transitions into unidirectional unwinding in the 

presence of CeRPA, thereby allowing full unwinding of long duplex DNA substrates.  

Several RecQ family helicases are able to reiteratively unwind DNA. However, it has 

remained unclear how far the helicases translocate along the DNA before turning back. A 

previous smFRET study by Yodh et al. suggested that human BLM unwinds fewer than 34 bp 

of forked DNA substrates. In that study, the unwound DNA length was estimated by comparing 

the unwinding times and chances of full unzipping for DNA substrates of varying lengths. 

Another study of BLM by Wang and colleagues observed unwinding-rewinding cycles on DNA 

hairpins using magnetic tweezers and estimated the unwound DNA length to be approximately 

15 bp. Other studies with magnetic tweezers have shown that human WRN and AtRecQ2 

reiteratively unwind DNA hairpins containing a stem region of approximately 40–50 bp. 

However, these studies have not directly shown how many base pairs separate, making it 

difficult to determine how the returning position is distributed. Our smFRET measurements of 

DNA substrates with internal labels at varying positions revealed that WRN-1 returns at a 

narrowly distributed position between the 25th and 31st nucleotides. To our knowledge, the 

current study is the first direct identification of the returning position of a RecQ family helicase 

showing reiterative unwinding. Our findings raise the question of how RecQ helicases precisely 

sense the unwound DNA length and change their mode of dynamics accordingly. 

It has long been of interest to identify which strand RecQ helicase uses for moving 

backwards. Three possible models have been proposed: 1) strand-switching and active 

translocation along the displaced strand, 2) strand-switching and sliding back along the 

displaced strand, and 3) sliding back along the translocated strand without strand-switching. 

Different mechanisms have been proposed for different RecQ helicases. The “strand-switching 

and translocation” mode, in which the helicase switches strands after unwinding the DNA 

duplex and translocates along the displaced strand. However, a later study of human BLM using 

DNA hairpins suggested the “strand-switching and sliding back” mode, in which the helicase 
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returns by passively sliding along the displaced strand (Wang et al., 2015a). A study of 

AtRECQ2, a WRN homolog, also proposed the “strand-switching and sliding back” mode 

(Klaue et al., 2013). More recently, human WRN and Gallus gallus (chicken) WRN were 

shown to follow the third mode of “sliding back along the translocated strand” (Wu et al., 2017). 

Notably, a recent study of E. coli RecQ proposed that either the “strand-switching” or “sliding 

back” mode is possible, depending on the involvement of the helicase-and-RNase-D-C-

terminal (HRDC) domain (Harami et al., 2017). If WRN-1 follows the first two models, the 

cycle of repetitive unwinding would depend on the length of the 5’ ssDNA tail of the forked 

substrates. However, our results revealed that the waiting time depends on the length of the 3’ 

ssDNA tail and the 5’ ssDNA tail (Fig. 25), providing no support for the first two models. 

Our experiments using partial duplex DNA substrates without a 5’ tail further support the 

third mode of “sliding back along the translocated strand” (Fig. 16C). If WRN-1 were to switch 

to the displaced strand to translocate or slide back, and then switch back to the translocated 

strand, it would spend a certain amount of time at the end of the displaced strand for strand-

switching, during which the FRET level would not revert to its original FRET level. However, 

our results showed that the FRET level immediately returned to its original high level at the 

end of the rewinding stage, which does not support the existence of such strand-switching steps. 

If WRN-1 were to slide back on the translocated strand without strand-switching, these 

behaviors can be coherently explained. 

Transition to the rewinding mode could be explained by either the interaction of RecQ 

helicase with DNA or a conformational change in the protein. Most RecQ helicases have three 

conserved domains: the helicase domain, RecQ C-terminal (RQC) domain, and HRDC domain. 

A previous study of human BLM using DNA hairpins proposed that the RQC domain interacts 

with the DNA substrate (Wang et al., 2015a). In this model, BLM uses its helicase domain to 

bind to the translocated strand, and the RQC domain to bind to both the dsDNA and the 

displaced strand during unwinding. When the helicase domain is released from the translocated 

strand, the enzyme switches strands and slides back quickly along the displaced strand. These 

interactions of RecQ domains with DNA have been demonstrated for BLM and may explain 

the “strand-switching” model (Swan et al., 2014). On the other hand, as a possible explanation 

of the “sliding back on the translocated strand” model, a study of E. coli RecQ proposed that 

the HRDC domain plays a role in DNA interaction (Harami et al., 2017). If the HRDC domain 

binds to the displaced strand, the tethered helicase may slide back along the translocated strand 

after unwinding a certain length of the duplex. In this case, the extent of HRDC-tethered 
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backsliding is probably limited by the length and flexibility of the linker region connecting the 

RQC and HRDC domains. If the HRDC domain binds to the helicase core (consisting of the 

helicase and RQC domains), the interaction between the helicase and the translocated strand 

will allow RecQ to slide toward the 3’ end of the translocated strand, resulting in rapid 

reannealing. An interaction of the HRDC domain with the helicase core was recently 

demonstrated for human BLM (Newman et al., 2015).  

A similar mechanism of controlling the DNA unwinding dynamics by conformational 

changes has been described for other kinds of helicases. Rep, PcrA, and UvrD helicases 

spontaneously transition between a “closed” conformation, which actively unwinds DNA, and 

an “open” conformation, which reverses to rezip the DNA, and binding partner proteins can 

selectively stabilize the open conformation to promote processive unwinding (Comstock et al., 

2015, Arslan et al., 2015). Since RecQ members belonging to the same family use distinct 

mechanisms, it remains to be elucidated how the domains of RecQ helicases interplay to control 

the translocating and unwinding dynamics of the proteins. Although structural information 

about WRN-1 is currently unavailable, the detailed mechanism of unwinding used by WRN-1 

could be elucidated by experiments using modified WRN-1 to identify the domains involved 

in each stage of reiterative unwinding motion.  

Because the reiterative unwinding behavior of RecQ helicases has been observed using 

purified recombinant proteins, it is still unclear whether such behavior actually occurs in the 

cellular environment. Helicases interact with many different kinds of proteins; thus it is of 

interest to determine if partner proteins can change the reiterative unwinding into processive, 

unidirectional unwinding. Our results showed that CeRPA changes the behavior of WRN-1 

from reiterative unwinding into processive unwinding, allowing it to completely unwind a 50 

bp duplex DNA (Fig. 27). This finding is in contrast to what has been observed for human 

BLM, which persistently showed reiterative unwinding in the presence of hRPA (Yodh et al., 

2009). However, a recent study of human WRN found that the interaction of multiple hRPAs 

enables WRN to unwind dsDNA unidirectionally for longer than 1 kbp (Lee et al., 2018). 

Additionally, physical interaction of WRN-1 with CeRPA has been demonstrated (Hyun et al., 

2012). Our observation that preloaded CeRPA induces the full separation of the DNA substrate 

by WRN-1 in the absence of free CeRPA proteins to cover the unwound DNA strands strongly 

supports that their interaction persists while WRN-1 unwinds the DNA. Combined with earlier 

observations, processive unwinding of WRN-1 stimulated by CeRPA implies a universal role 

of RPA in generating a long ssDNA region, which is possibly involved in DNA repair processes. 
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Together with the ability of RecQ helicases to sense the length of unwound DNA, these results 

provide clues as to how RecQ helicases decide and control the mode of translocation and length 

of DNA to unwind. 
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CHAPTER IV 
The construction of protein fragments of HIM-6 and 

WRN-1 to identify a domain which is responsible for 

reiterative unwinding mode 
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ABSTRACT 
 

The RecQ DNA helicases WRN and BLM is essential for the maintenance of genomic 

stability. In humans, mutations in these proteins lead to rare genetic diseases associated with 

cancer incidence and/or premature aging. WRN and BLM are distinguished from other 

helicases by possessing signature domains. They share three highly conserved protein domains, 

the core helicase domain, the RecQ C-terminal (RQC) domain, and the helicase and-

ribonuclease D-C-terminal (HRDC) domain. The helicase domain is essential for ATP binding 

and hydrolysis, the RQC domain is considered important for both the structural integrity of the 

protein and dsDNA binding, and HRDC domain is important for protein-protein interaction 

and binding of specific structures. The capability of RecQ helicases to process complex DNA 

structures is associated with a conserved domain.  

Our study shows that HIM-6 and WRN-1 exhibit reiterative DNA unwinding. It is quite 

interesting how the helicase can move forward and backward. At structural level, a certain 

protein domain may regulate its movement, to identify which is involved in reiterative DNA 

unwinding, we cloned protein fragments of HIM-6 and WRN-1 and tested their expression. We 

are going to use the protein fragments to reveal which domain is involved in their unwinding 

mode using smFRET. 
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INTRODUCTION 
 

RecQ helicases, a family of DNA unwinding enzymes that belong to the SF2 superfamily 

helicases, play crucial roles at multiple steps in DNA recombination, replication and repair 

(Croteau et al., 2014a). The RecQ helicases is highly conserved from bacteria to humans.  

Humans possess five RecQ family members, including WRN, BLM, and RECQ4 proteins 

defective in Werner (WS), Bloom (BS), and Rothmund-Thomson (RTS) syndromes, 

respectively (Yu et al., 1996, Ellis et al., 1995, Kitao et al., 1999). WS and BS are all 

characterized as genomic instability disorders with an elevated cancer incidence and/or 

premature aging.  

To understanding the RecQ helicases roles in genomic stability, it is important to structural 

and functional analyses of structural elements in RecQ proteins. Bacterial and eukaryotic RecQ 

proteins share three conserved regions: the core helicase domain, the RecQ carboxy-terminal 

(RQC) domain, ant the helicase and RNase D C-terminal (HRDC) domain (Morozov et al., 

1997).  

The helicase domain is essential for ATP binding and hydrolysis and defines the RecQ 

family. The WRN and BLM is defined by the presence of seven highly conserved amino acid 

sequence motifs (I-VI) in the so-called helicase domain, which is generally centrally located in 

RecQ family members. The conversion of the energy derived from NTP hydrolysis into 

unwinding of double-stranded nucleic acids is coordinated by seven sequence motifs (I, Ia, II, 

III, IV, V, and VI); these sequence motifs are features of superfamily-1 and -2 helicases (Nunes-

Duby et al., 1998, Subramanya et al., 1996). Motif 0, N-terminal to motif I, is an additional 

motif that is also conserved in proteins of the RecQ family. A similar element called a ‘Q motif’ 

has also been characterized in DEAD-box RNA helicases where it is important for NTP binding 

and hydrolysis (Tanner et al., 2003). Crystal structures of a catalytic core fragment of 

Escherichia coli RecQ helicase show that motifs 0, I and II are important in ATP binding and 

hydrolysis by RecQ helicases. The roles of conserved helicase motifs Ia, IV and V are less well 

defined for RecQ than for its other motifs. The diminished ability of the WRN and BLM 

proteins to bind DNA substrates with restricted backbone flexibility (Garcia et al., 2004) 

suggest that these motifs are involved in binding to the phosphate backbone or based of 

oligonucleotides in SF1, SF2 helicases (Velankar et al., 1999, Kim et al., 1998, Yao et al., 1997). 

The RQC domain is also restricted to RecQ family members and is considered important for 
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both the structural integrity of the protein and dsDNA binding. It might also have a role in 

mediating interactions with other proteins. The HRDC domain probably has an auxiliary role 

in nucleic acid binding, and is found in other helicase families and in some nucleases that digest 

RNA. As the HRDC domain is absent from some RecQ family members, it must be dispensable 

for DNA unwinding. For example, BLM unwinds and dissolves dHJ, but not unwinds forked 

substrates (Wu et al., 2005). Whereas, WRN HRDC domain specifically binds HJ and forked 

DNA substrates (Cheng et al., 2003). It suggests that the HRDC domain plays an important 

role in controlling the activities of structure-specific DNA binding of RecQ helicase.  

In case of Caenorhabditis elegans, four RecQ helicase genes have been found (Wrn-1, Him-6, 

RecQ1, and RecQ5) (Hyun et al., 2008). They share strong homology within defined sequence 

motifs characteristic of many DNA-dependent ATPase and unwinding enzymes. HIM-6 and 

WRN-1 unwind DNA with a 3’ to 5’ polarity and have similar DNA substrate specificity (Jung 

et al., 2014, Hyun et al., 2008). C. elegans HIM-6 and WRN-1 also share three conserved 

regions (core helicase, RQC, and HRDC domain). 

Through advantage in single-molecule FRET technique, several RecQ helicases from 

varying species were investigated helicase feature such as repetitive unwinding, returning 

mode, dissolving of specific structures (Yodh et al., 2009, Wu et al., 2017, Lee et al., 2018, 

Tippana et al., 2016). In this thesis chapter 2 and 3, we studied for characterization of full length 

of HIM-6 and WRN-1 using sm-FRET. And we found the HIM-6 and WRN-1’s character 

containing enzymatic constants, reiterative unwinding, returning point, and returning mode. 

In here, we focus on structural aspects of HIM-6 and WRN-1 using truncation fragments. 

Also, we expect to reveal which domain is involved in their unwinding mode, mechanisms of 

dissolution for varying specific structures such as Holliday junction, G4 structures. 
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Materials and methods 
 

Bacterial Strains 

E. coli BL21A1 [genotype, F-ompT hsdSB (rB-mB-)gal dcm araB::T7RNAP-tetA] was used for 

expression of the recombinant HIM-6 and WRN-1 protein. 

 

Cloning  

The HIM-6 and WRN-1 cDNA were amplified by PCR using the primers that were purchased 

from Bioneer, Inc (Daejeon, Korea). The primer sequence listed in Table 3. The amplified 

DNA fragments were inserted into a pMAL C2-X for a Maltose binding protein (MBP)-tagged 

protein (New England Biolabs, Inc.). Escherichia coli strain BL21AI was transformed with 

cloned pMAL C2-X. Subsequently, the cloned him-6 and wrn-1 in pMAL C2-X were 

transferred E. coli BL21A1 for protein expression.  

 

Expression and purification 

The recombinant six-His truncated HIM-6, WRN-1 fusion proteins were expressed in E. coli 

BL21AI. The E. coli were grown at 37 °C in 100 ml of LB medium containing 100 μg/mL 

ampicillin to an OD600 of 0.4. IPTG (Sigma-Aldrich, St. Louis, MO) and D-glucose (Sigma-

Aldrich, St. Louis, MO) were added to the culture to a final concentration of 0.3 mM and 0.5% 

(w/v) for induction, and the cells were then grown for an additional 6 hour 30 °C. Cultured 

cells were harvested by centrifugation, suspended in 5 ml of lysis buffer (20 mM Tris-Cl (pH 

8.0), 200 mM NaCl, 1 mM EDTA, 1 mM DTT), and lysed by sonication (duty cycle 20/output 

2, 10 bursts at 10 second intervals, Branson). Lysates were clarified by centrifugation at 10,000 

rpm for 25 min at 4 °C.  
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Results 
 

Designing the primers for constructing protein fragments 

To cloning truncated fragments of the HIM-6 and the WRN-1, we designed the primers. The 

crystal structure of HIM-6 and WRN-1 have not been demonstrated, we referenced the crystal 

structure of E. coli RecQ helicase (Fig. 28). First, E. coli RecQ helicase align with HIM-6, and 

selected a site to be cloned that not to include conserved motifs. Five fragments have been 

planned; 1) From N-terminus to containing RQC domain, 2) From N-terminus to containing 

core helicase domain, 3) From core helicase domain to HRDC domain, 4) From core helicase 

domain to RQC domain, 5) only core helicase domain (Fig. 30). For recombination cloning, 

we designed the primers that contain both region of vector and gene. The primers list in Table 

4. WRN-1 cloning is also similar to HIM-6. Five fragments have been planned; 1) From N-

terminus to containing RQC domain, 2) From N-terminus to containing core helicase domain, 

3) From core helicase domain to HRDC domain, 4) From core helicase domain to RQC domain, 

5) only core helicase domain (Fig. 31).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



- 111 - 

 

 

 
 

Table 3. The sequences for truncated fragments cloning 
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Fig 28. Schematic presentation of catalytic cores of RecQ from E. coli, human BLM, and 

C. elegans HIM-6. 

Conserved residues and similar residues are highlighted in blue. The secondary structure 

elements of E. coli RecQ are indicated with alpha-helices appearing as cylinders and strands 

as arrows. The helicase domain is colored green, the zing binding domain in yellow, the WH 

domain in orange, and the HRDC domain in red. The seven conserved helicase motifs are 

boxed.  
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Fig 29. Schematic presentation of catalytic cores of RecQ from E. coli, human WRN, and 

C. elegans WRN-1. 

Conserved residues and similar residues are highlighted in blue. The secondary structure 

elements of E. coli RecQ are indicated with alpha-helices appearing as cylinders and strands 

as arrows. The helicase domain is colored green, the zing binding domain in yellow, the WH 

domain in orange, and the HRDC domain in red. The seven conserved helicase motifs are 

boxed.  
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Fig 30. Schematic representation of HIM-6 fragments which contain functional domains 

Helicase, RecQ helicase conserved domain; RQC, RecQ-conserved domain; HRDC, helicase 

and RNase D conserved domain. Number indicate HIM-6 amino sequence.  
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Fig 31. Schematic representation of WRN-1 fragments which contain functional domains 

Helicase, RecQ helicase conserved domain; RQC, RecQ-conserved domain; HRDC, helicase 

and RNase D conserved domain. Number indicate WRN-1 amino sequence.  
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Fig 32. Induction of the protein fragments of HIM-6 and WRN-1 

The cultured E. coli extracts were analyzed by 3-8% Tris-glycine PAGE and stained with 

Coomasie blue. Lane 1, Molecular mass marker; Lane 2 and 3, non-induced and induced MBP-

HIM-6 (215-778) -6x His; Lane 4 and 5, non-induced and induced MBP-HIM-6 (215-650) -6x 

His; Lane 6 and 7, non-induced and induced MBP-WRN-1 (215-764) -6x His; Lane 8 and 9, 

non-induced and induced MBP-WRN-1 (215-623) -6x His. The overexpressed protein is boxed 

in red.  
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Fig 33. Western blotting of the protein fragments of HIM-6 and WRN-1  

The poly-His antibodies were used to detect 6x His-conjugated fragments. Lane 1, Molecular 

mass marker; Lane 2 and 3, non-induced and induced MBP-HIM-6 (215-778) -6x His; Lane 4 

and 5, non-induced and induced MBP-HIM-6 (215-650) -6x His; Lane 6 and 7, non-induced 

and induced MBP-WRN-1 (215-764) -6x His; Lane 8 and 9, non-induced and induced MBP-

WRN-1 (215-623) -6x His.  
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