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ABSTRACT 
 

RecQ helicases are ubiquitous DNA unwinding enzymes, essential in the maintenance of 

genome stability by acting at the interface between DNA replication, recombination and 

repair. Humans have five different paralogues of RecQ helicases namely RecQ1, BLM, WRN, 

RecQ4 and RecQ5. Germ-line mutations in the recq4 gene give rise to three distinct human 

genetic disorders (Rothmund-Thomson, RAPADILINO and Baller-Gerold syndromes), 

characterized by genetic instability, growth deficiency and predisposition to cancer. 

Moreover, RecQ4 sporadic mutations are implicated in many types of cancer, including 

osteosarcoma and lymphoma. At the same time, overexpression of RecQ4 in tumour 

development and progression has been observed in breast, cervical and prostate cancer.  

In addition to the central helicase core, RecQ4 has a unique N-terminal domain, which is 

essential for viability and has homology to the yeast Sld2 replication initiation factor, 

followed by a Zn knuckle, and an uncharacterized C-terminal domain. The role of these 

accessory regions in the function of the RecQ4 helicase was assessed by a combination of 

biochemical and biophysical experiments.  

Many RecQ helicases have a C-terminal domain which folds into a helical bundle known as 

the Helicase and RnaseD-like C-terminal domain (HRDC). Despite the lack of sequence 

homology, a detailed bioinformatics analysis led us to predict that the RecQ4 C-terminal 

domain may fold as a HRDC domain. We expressed and characterized the C-terminal domain 

of human RecQ4.  CD spectra analysis of the recombinant fragment does suggest it folds into 

a helical bundle, consistent with our prediction. We show that the domain does not bind 

nucleic acid substrates. To further investigate its possible role in assisting the unwinding, we 

tested the ability of the helicase domain, alone and in trans with the C-terminal domain, to 

unwind a variety of DNA and RNA structures and found that the presence of the C-terminal 

domain enhances in vitro unwinding for a variety of substrates, especially for R-loops, the 

substrate most efficiently unwound by RecQ4, as our colleagues have previously shown 

(unpublished experiments). We have also produced a number of C-terminal site-directed 

mutants, either based on sequence conservation or present in Rothmund-Thomson patients, 

and tested the effect of the mutations on the biochemical activity. Our experiments indicate 

that the mutation of all selected residues (except Arg1162) seem to affect the R-loops 

resolving activity of the helicase core of RecQ4, and especially the RTS patient mutations, 

which cause a dramatic reduction in the activity of the protein. 

We also investigated the effect of an N-terminal region encompassing the end of the Sld2 

homologous region and the Zn knuckle. This region does bind all the substrates with a 

preference for R-loops, Holliday Junctions, D-loops and hybrid fork-RNA/DNA and its 

presence, in trans with the helicase core domain of the protein, strongly enhances RecQ4 

binding to nucleic acids. Moreover, our experiments show that its presence significantly 

increases the unwinding activity of the helicase core towards all the substrates, especially for 

R-loops.  

To enhance our understanding of the activity of the N-terminal domain towards R-loops 

unwinding and resolution, a number of mutants within the zinc knuckle, and predicted 
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and/or shown to be functionally important in nucleic acid interaction, were produced and 

used in R-loops unwinding assays. Two mutants (Asn406Cys and in particular 

Phe404Ala/Trp412Ala) showed a significant decrease in R-loops resolving activity of the 

protein, suggesting a role for these residues in substrate interaction. 

 

This complex scenario would suggest a role of N-terminal domain as a major nucleic acid 

interacting region of the protein, increasing the unwinding affinity towards all the substrates, 

while the C-terminal domain is an essential player in imparting substrate specificity to the 

protein, promoting R-loops resolution. 

These results enrich our knowledge about RecQ4 structure, function and suggests novel roles 

of RecQ4 in DNA replication and genome stability. 

Moreover, since misregulation of R-loops might cause neurological diseases and cancer, a 

detailed biochemical and structural analysis of human RecQ4 and its role in R-loops 

metabolism may also shed light on these devastating diseases. 
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CHAPTER 1 
 

 

INTRODUCTION 
 

1.1. Nucleic acid helicases: general properties 
 

DNA and RNA helicases are a large class of ubiquitous and evolutionary conserved enzymes, 

encoded by all forms of life (Pike et al., 2015). They act as motor proteins that move 

directionally along a nucleic acid phosphodiester backbone, separating two annealed nucleic 

acid strands (i.e., DNA, RNA, DNA:RNA or RNA:DNA hybrids, depending on the nature of 

strand oriented in 5’-3’ direction and on the process in which the intermediates are formed), 

using energy derived from nucleoside triphosphate (NTP) hydrolysis (Singleton, 2007; Spies, 

2014). Approximately 1% of eukaryotic genes code for helicases (Wu, 2012), which are 

considered very abundant proteins, and the human genome codes for around 95 non-

redundant helicases: 64 RNA helicases and 31 DNA helicases (Umate et al., 2011). 

They are essential enzymes involved in all aspects of nucleic acid metabolism including DNA 

replication, DNA repair and DNA recombination, as well as RNA transcription, maturation and 

translation, splicing, ribosome synthesis and nuclear export processes.  

These enzymes are characterized by peculiar biochemical properties: rate, directionality, 

processivity, step size and mechanism of unwinding, which can be active or passive. 

Translocation rate, which is often determined via the ATPase rate, can vary from a few to 

several thousand base pairs per second. Some helicases are less active until they bind a 

protein cofactor that highly stimulates their activity. The directionality is defined with 

respect to the fact that DNA is a bipolar molecule with two strands running in opposite 

direction and, once loaded on the strand, helicases show a directional bias and translocate 

either 5′–3′ or 3′–5′. These enzymes travel along just one of the two strands even if they bind 

a double stranded DNA. The processivity reflects the ability of these enzymes to catalyze 

multiple cycles of reaction before releasing the product, as opposed to a distributive enzyme. 

The step size is the number of base pairs unwound per molecule of ATP hydrolyzed. 

Ultimately, active helicases are able to destabilize the nucleic acids, participating in the active 

unwinding of the duplex ahead of the fork, while passive helicases wait for thermal fraying 

of the strands at the fork and then are able to trap the strands in the unwound state (Lohman 

and Bjornson, 1996; Singleton et al., 2007).   

 

 

1.1.1. Classification of nucleic acids helicases 

 

Sequence analysis performed by Gorbalenya and Koonin (1993) and more recent 

comparative structural and functional analysis carried out by Wigley and co-workers 
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(Singleton et al., 2007) have shown that helicases can be classified in distinct superfamilies 

(SFs). 

The first classification (Gorbalenya and Koonin, 1993), which was done on the basis of 

primary structure analysis (in particular the existence of short conserved aminoacidic motifs 

identified within each group and shared by more than one group) divided the helicases into 

two major groups, SF1 and SF2, with three additional smaller families. The two largest 

superfamilies share similar patterns of seven conserved sequence motifs. Helicase motifs 

appear to be organized in a core domain which provides the catalytic function, whereas 

optional additional inserts and amino- and carboxy-terminal sequences may comprise 

distinct domains with different accessory roles. 

An updated classification, comprising six superfamilies, was later proposed on the basis of 

the identification of novel motifs, characteristic of a single family (Singleton et al., 2007).  The 

six superfamilies and their associate motifs are shown in Figure 1.1. 

 

 
 

Figure 1.1. Helicase family classification. Left: Helicases family is composed of 6 superfamilies 

according to their primary sequence. Universal conserved motifs are colored in yellow. Right: The SF1 

and SF2 core helicase is composed by two RecA-like domains, colored in blue and red. In a cleft 

between the two domains binds the ATP analog AMP-PNP (in black). Motif 1 and 2 are present in the 

N-core domain and are related to ATPases/ATP synthase Walker A and B motifs, while motif 6 in the 

C-core domain contains the arginine finger. The region involved in the conformational change in the 
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structure of the enzyme due to ATP binding and hydrolysis is highlighted in yellow (Pictures by 

Singleton et al., 2007). 

 

The characteristic catalytic “core domain” is present in all the six superfamilies and folds 

either as a RecA-like or AAA+-like ATPase core with a nucleotide-binding site at the interface 

of the monomers. This structural unit is also a functional unit, able to convert chemical to 

mechanical energy by coupling NTP binding and hydrolysis to protein conformational 

changes. Common features of the core domains include conserved residues, involved in the 

NTP binding and hydrolysis, equivalent to the Walker A and Walker B boxes of many ATPases 

(Walker et al., 1982), and an “arginine finger” (R) that plays a key role in energy coupling 

(Scheffzek et al., 1997).  

Walker A is a common motif in proteins that are associated with phosphate binding and it is 

present in many ATP or GTP utilizing proteins, as it is essential for ATP binding: the conserved 

lysine residue makes contacts with the β and γ phosphate of the ATP molecule, while 

serine/threonine residue plays a role in coordination of divalent metal ion Mg2+, which is 

important for hydrolysis of ATP (Walker et al., 1982; Morozov et al., 1997). 

Walker B is situated downstream of the A-motif and is involved in ATP hydrolysis. There is 

considerable variability in the sequence of this motif, with the only invariant features being 

a negatively charged residue following a stretch of bulky, hydrophobic amino acids (Pause & 

Sonenberg, 1992; Gorbalenya & Koonin, 1993; Koonin, 1993; Morozov et al., 1997; Bernstein 

& Keck, 2003; Pike et al., 2009).  

The “arginine finger” (R) is a highly conserved and essential residue in many GTPase and AAA+ 

ATPase enzymes. It forms contacts with the γ-phosphate of the nucleotide, enabling 

structural organization of the active site for efficient catalysis via its nucleotide coordination 

(Nagy et al., 2016). 

 

Helicases can be distinguished into two distinct types: those forming toroidal, predominantly 

hexameric structures, and those that do not. SF1 and SF2 enzymes contain two RecA-like 

domains and have mainly been considered to be monomeric or dimeric, with the catalytic 

site at the interface between the two RecA domains. They include the large majority of 

helicases. The toroidal helicases comprise SF3 to SF6 and comprise all of the cellular 

replicative helicases. They are generally hexameric (or double-hexameric) rings composed of 

6 (or 12) individual RecA or AAA+ folds; the ATP (and thus the catalytic centre) lies at the 

interface between monomers.  

Helicases and translocases can finally be classified on the basis of mechanistic differences. 

Enzymes with specificity for DNA, RNA, or DNA:RNA and RNA:DNA hybrids have all been 

identified and, according to their direction of translocation, they can be distinguished as type 

A helicases if they move on a substrate along the 3’ to 5’ direction or type B if they move 

along the 5’ to 3’ direction. Moreover, a further division is based on the type of substrate on 

which these enzymes translocate. They are named α or β helicases if the substrate is single 

or double stranded, respectively (Singleton et al., 2007).  
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1.1.2. The Superfamily 2 (SF2) 

 

Superfamily 2 is the largest and most diversified of the helicase superfamilies. The SF2 

helicases are implicated in all the aspects of RNA metabolism and many steps in DNA 

metabolism. It has been further divided, based on sequence homology, into distinct families 

including RecQ-like, RecG-like, Rad3/XPD, Ski2-like, type I restriction enzyme, RIG-I-like, 

NS3/NPH-II, DEAH/RHA, DEAD-box and Swi/Snf families. It also includes smaller groups, 

such as type III restriction enzymes and Suv3 (Jankowsky et al., 2006; Jankowsky et al., 2007; 

Fairman-Williams et al., 2010).  

 

 
 

Figure 1.2. SF2 helicases family classification. Figure adapted from Fairman-Williams et al., 2010. 

 

SF2 motor core contains 11 conserved motifs (Q, I, Ia, Ib, II, III, IV, IVa, V, Va, and VI). SF2 DNA 

translocases and processive helicases possess a Q motif, which coordinates the adenine base 

and is less conserved among those helicase families which do not show specificity for ATP 

(this motif is absent in the DEAH/RHA and viral DExH proteins, which are not specific for 

adenosine triphosphates) (Tanner et al., 2003). Helicase motifs I and II, containing the Walker 

A and B boxes, are among the most conserved motifs across the superfamily (Fairman-

Williams et al., 2010). Located at the interface between the RecA-like folds, motifs I and II, 

along with motifs Q, III, Va, and VI, compose a pocket formed when the helicase domains are 

brought into close proximity upon ATP binding (Lohman & Bjornson, 1996). The subsequent 

hydrolysis of ATP to ADP and inorganic phosphate collapses this pocket and allows the 

separation of the helicase domains. Motifs III and Va are both involved in DNA-binding and 

NTP hydrolysis and are believed to play an essential role in transmitting the energy of ATP 

hydrolysis into motor function (Lohman & Bjornson, 1996; Zhang & Wigley, 2008). Motif VI 

is also involved in the coordination and hydrolysis of NTPs (Lohman & Bjornson, 1996; Zhang 
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& Wigley, 2008). Motifs Ia, Ib, IV, IVa, and V make extensive contacts with the 

phosphodiester backbone of the DNA (Bochkarev et al., 1999; Singleton et al., 2001).  

The more studied subfamilies include the RecQ-like family, the DEAD-box RNA helicases and 

the Snf2-like chromatin remodeling enzymes and the best studied examples are the HEL308 

(Buttner et al., 2007), flavivirus NS3 helicase (Luo et al., 2008) and the human RNA helicase 

DDX19 (both containing the DExH box) (Collins et al., 2009).  

The crystal structure of SF2 HEL308 (Buttner et al., 2007), in complex with a dsDNA carrying 

a 3’ single stranded tail, has revealed important features regarding the initiation of duplex 

unwinding reaction, such as the presence of a prominent hairpin loop involved in strand 

separation. Other structures of SF2 members are available: the flavivirus NS3 helicase (Luo 

et al., 2008) and the human RNA helicase DDX19 (both containing the DExH box) (Collins et 

al., 2009), the DEAD-box Vasa from Drosophila (Sengoku et al., 2006) and the DEAD-box 

ATPase eukaryotic initiation factor 4AIII (Andersen et al., 2006). These structures were 

crystallized either in their apo-forms or in complex with different nucleotides or nucleic 

substrates. 

An example of complete structural cycle with many snapshots capturing a SF2 enzyme during 

ATP binding and hydrolysis coupled to translocation along nucleic acid is the NS3 helicase 

from Hepatitis C virus (HCV) (Gu and Rice, 2010). Three structures have been crystallized for 

NS3 HCV helicase: the binary complex enzyme-ssDNA, the tertiary complex enzyme-ssDNA- 

ADP.BeF3, mimicking the ATP bound state, and the tertiary complex enzyme-ssDNA- ADP. 

AlF4
−, mimicking the transition state of ATP hydrolysis. 

The binding of the ATP analogues induces large conformational rearrangements in the 

enzyme and closes the cleft in the core domain, similarly to other ATPases composed of RecA-

like domains. Motif II has a key role in changes upon nucleotide binding and hydrolysis. The 

nucleotide driven conformational changes are reflected also on the bound DNA, which bends 

and rotates altering the interactions between the helicase and its substrate. A cyclic loss and 

recovery of these interactions in the different nucleotide bound states, allows the enzyme to 

move along DNA with a ‘ratchet’ translocation mechanism. NS3 helicase is therefore able to 

maintain a unidirectional movement defining a step size of one base pair per ATP hydrolysis 

cycle. 

 

 

1.2 The RecQ helicase family: structure and biochemistry 

 

RecQ helicases belong to superfamily SF2 and are important enzymes in maintaining genome 

stability by acting at the interface between DNA replication, recombination and repair, with 

some also having a role in transcription. This is the reason why RecQ helicases are known as 

“Guardians of Genomic Integrity”. The family name was chosen after the discoveries related 

to the RecQ gene of E. coli, which is the only family member present in this organism and was 

identified 20 years ago as a new mutation in a study focused on the isolation and 

characterization of a thymineless death-resistant mutant of E. coli (Nakayama et al., 1984).  
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They are conserved from bacteria to humans and several biochemical studies have 

demonstrated that they are able to unwind the DNA with a 3′ to 5′ direction in an ATP 

dependent manner (Larsen & Hickson, 2013). One of their main characteristics is that, beside 

the canonical forked duplexes, they can unwind a variety of DNA structures including 

displacement loops (D-loops; an intermediate in homologous recombination reactions), B-

form DNA duplexes, DNA triple helices and G-quadruplexes. They can also promote annealing 

of complementary single-stranded DNA and branch migration of Holiday junctions (Bohr, 

2008; Larsen & Hickson, 2013). Despite these findings and observations, their exact role in 

cellular processes are not fully elucidated. 

 

Whereas most bacteria have only a RecQ homologue, eukaryotes tend to have multiple 

paralogues. A single RecQ homolog (named Sgs1) had been identified in yeasts, until a 

bioinformatics analysis suggested a putative ortholog in both plants and fungi, called Hrq1, 

which was suggested to be equivalent to RecQ4 (Gangloff et al., 1994; Stewart et al., 1997). 

Higher eukaryotes typically encode multiple RecQ orthologs, and five members have been 

identified in humans. The human RecQ helicases include: RecQ1, BLM, WRN, RecQ4, and 

RecQ5 (Figure 1.3).  

While RecQ1 and RecQ5 have not been linked to human diseases, defects in BLM and WRN 

are responsible for distinct genetic disorders: Bloom’s syndrome (BS) and Werner’s 

syndrome (WS) respectively (Ellis et al., 1995; Yu et al., 1996). RecQ4 mutations are linked to 

three autosomal recessive diseases: Rothmund-Thomson syndrome (RTS) type II, 

RAPADILINO syndrome and Baller-Gerold syndrome (BGS). The RecQ4-associated syndromes 

share common clinical features including skeletal abnormalities and growth retardation. In 

addition, RTS type II individuals are characterized by skin abnormalities, symptoms of 

premature aging and a high risk of developing osteosarcoma. The RAPADILINO phenotype 

typically lacks the unique RTS characteristics and these patients show an elevated risk for 

developing both osteosarcoma and lymphoma (Siitonen et al., 2009).  

The fact that defects in human RecQ helicases causes similar but not-overlapping symptoms 

suggests that the 5 proteins have similar but not overlapping functions within the cells. 

However, the exact roles of each helicase, both in term of biochemistry and cellular role, are 

not yet fully understood. 

 

 
 

 R4ZB 
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Figure 1.3. Schematic representation of five RecQ family members from humans: conserved and 

specific domains are indicated.  

 

 

1.2.1. Structural features of RecQ helicases: an overview 

 

In addition to a canonical SF2 domain, most RecQ helicases differ in the length of the N- and 

C-terminal domains that are flanking the catalytic core domain and feature some additional 

domains which assist helicase function, interactions with other proteins, interaction with a 

variety of DNA-metabolism intermediate structures and are also involved in regulation of 

protein subcellular localization, promotion of enzyme oligomerization and in providing 

additional enzymatic activities, such as the exonuclease activity in the N-terminal domain of 

WRN (Shen et al., 1998). The RecQ carboxy-terminal (RQC) domain is unique to RecQ 

helicases, while the Helicase and RNase D C-terminal (HRDC) domain is also found in other 

DNA binding proteins (Larsen & Hickson, 2013). 

 

There is no obvious consensus on the stoichiometry of RecQ helicases, with studies proposing 

that the proteins act as monomers (Vindigni & Hickson 2009; Garcia et al. 2004), dimers 

(Vindigni & Hickson, 2009; Suzuki et al., 2009) and also trimers and hexamers (Karow et al., 

1999; Perry et al., 2006). The crystal structure of RecQ1 with the DNA strongly suggests that 

at least RecQ1 (the most “basic” and less structurally complex member of the human RecQ 

family) is a functional dimer although is unusual among RecQ helicases in its quaternary 

structure, which can be dimeric or tetrameric. In fact, the RecQ1 tetramer seems to possess 

activities (Holliday Junctions branch migration and DNA strand annealing) that are not shared 

with the homodimer, which has only 3′–5′ fork-unwinding activity (Pike et al., 2015). 

 

However, the crystal structures of a number of RecQ helicases or RecQ fragments have been 

determined and, together with biochemical studies, have contributed to the understanding 

of the role of each single domain. Brief summaries of the structural information on each 

domain are reported below. 

 

 

1.2.2. The core helicase domain 

 

Crystallographic studies related to the core fragment of the RecQ helicase showed that the 

core helicase motif, like all the SF2 enzymes, is made up of the two RecA-like domains, named 

Helicase domain 1 and Helicase domain 2 (HD1 and HD2), with an ATPase catalytic site at the 

interface between the domains. This functional and structural unit was identified as the 

“molecular motor” of the helicase itself (Bernstein et al., 2003; Pike et al., 2009). 

Motif I, which coincides with the Walker A motif (or P-loop, or phosphate-binding loop), is 

typically defined by a Gx4GK(S/T) consensus. It is a common motif in proteins that are 

associated with phosphate binding and it is present in many ATP or GTP utilizing proteins, as 
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it is essential for ATP binding: the conserved lysine residue makes contacts with the β and γ 

phosphate of the ATP molecule. The S/T residue plays a role in coordination of divalent metal 

ion Mg2+, which is important for hydrolysis of ATP (Walker et al., 1982; Morozov et al., 1997). 

This motif differs slightly in RecQ helicases (TGxGKS is the RecQ helicases motif I) but retains 

the canonical function. The highly conserved aspartate residue in Motif II (or Walker B) with 

DExHC sequence coordinates the Mg2+ ion, while the glutamate acts as a catalytic base. The 

Walker A motif is thus involved in ATP binding, while the Walker B in ATP hydrolysis. 

Besides the seven conserved motifs, the core helicase domain of RecQ helicases is 

characterized by an additional sequence element, termed ‘motif 0’, which is located 

N-terminally to motif I (Bernstein and Keck, 2003). This motif is well conserved in all RecQ 

enzymes from different organisms and is composed of four invariant and two conserved 

amino acids spaced by eight non conserved residues: ‘LX3(F/Y/W)GX3F(R/K)X2Q’ (Bernstein 

& Keck, 2003). This motif has been first identified in the E. coli RecQ helicase. The crystal 

structure of the nucleotide bound form of E. coli RecQ shows that the adenine moiety of 

ATPγS is located between the conserved aromatic residue (Tyr23) and Arg27 and is hydrogen-

bonded to the conserved glutamine (Gln30). Mutation of a Gln residue to Arg residue in motif 

‘0’ of the human BLM gene is enough to cause Bloom’s syndrome, suggesting motif ‘0’ 

involvement in nucleotide binding and an important function in the core helicase domain 

(Ellis et al., 1995). 

Helicase activity is crucial for RecQ helicase function in vivo, in fact point-mutations in this 

domain lead to a mutant phenotype in S. cerevisiae (Mullen et al., 2000), mice (Bahr et al., 

1998) and humans (Rong et al., 2000). 

 

 
Figure 1.4. E.coli RecQ helicase. Left: Structure of the E. coli RecQ catalytic core [PDB code 1OYY]. The 

two distinct HD1 and HD2 are shown in magenta and blue, respectively. A bound Zn2+ ion is shown 
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as a magenta sphere. Right (upper): View into the cleft formed by the two helicase subdomains. Sites 

where nucleotide and ssDNA have been observed to bind in other helicase structures are indicated. 

Right (lower): Structure of ATPγS/Mn2+-bound RecQ catalytic core. The ATPγS (adenosine 5′-O-

(thiotriphosphate) adenine moiety is sandwiched between Tyr23 and Arg27, and hydrogen bonds are 

formed between the N6 and N7 atoms of the adenine and the side chain of Gln30. The triphosphate 

is bound by interactions with Lys53 and backbone amides from motif I. A Mn2+ ion (cyan) is bound by 

Ser54 from motif I and Asp146 from motif II. Picture adapted from Bernstein et al., 2003. 

 

 

1.2.3. The RecQ C-terminal (RQC) domain 

 

The RQC domain is unique to the RecQ helicases family. Less conserved than the core helicase 

domain, it is located downstream of the helicase domain and together they constitute the 

functional core unit for helicase activity. This region folds into a winged-helix motif, a subset 

of the helix-turn-helix superfamily (Hu et al., 2005; Kitano et al., 2010; Kim et al., 2013; Swan 

et al., 2014). Helix-turn-helix motifs, including the winged-helix, are known as major double-

stranded (ds) DNA-binding domains and are found in many nuclear proteins (Gajiwala and 

Burley, 2000; Harami et al., 2013). 

The RQC domain specifically consists of a Zn2+-binding domain and Winged-Helix (WH) 

domain (Figure 1.5). 

Berg and Shi suggested that Zn-binding domains in proteins can be crucial for several 

functions, such as critical in DNA binding and acting as surfaces that mediate protein-protein 

interactions (Berg & Shi, 1996). The structures of the Zn2+-binding modules are highly similar 

between the bacterial and human enzymes: the RQC Zn-binding region binds Zn2+ using four 

conserved cysteines, located on two anti-parallel α-helices, which are brought together to 

form the metal binding site (Bernstein et al., 2003).  

The Zn2+-binding site is conserved among RecQ proteins and, consistently, several functional 

analyses have shown this region to be important for the enzyme function. 

Indeed, two disease-causing BLM missense mutations mapping to highly conserved cysteine 

residues (Cys1036 and Cys1055) have been identified in the Zn-binding domain (Ellis et al., 

1995). Additionally, when equivalent missense mutations found in BLM syndrome patients 

were introduced in the yeast BLM homologue, Sgs1, the mutants could not suppress DNA-

damage sensitivity and showed increased frequency of sister chromatid exchange, believed 

to be caused by a high level of somatic inter-chromosomal recombination (Onoda et al., 

2000). 

 

The structures of RQC domains have been solved for E. coli RecQ, human RecQ1, WRN and 

BLM helicases (Bernstein et al., 2003; Pike et al., 2009; Kitano et al., 2010; Kim et al., 2013; 

Kitano, 2014). 

The crystal structure of the truncated catalytic core of the human RecQ149–616 shows a β-

hairpin, with an aromatic residue (Y564) at the tip, located in the C-terminal winged-helix 

domain, essential for DNA unwinding and Holliday junction (HJ) resolution activity of full-
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length RecQ1, and required for dimer formation in RecQ149–616 and tetramer formation in 

full-length RecQ1 (Pike et al., 2009; Lucic et al., 2011). Mutagenesis studies on RecQ1 have 

shown that this prominent β-hairpin is essential for DNA unwinding and the substitution of 

the Tyr residue at the tip of the loop was sufficient to abolish the unwinding activity of the 

helicase (Pike et al., 2009; Lucic et al., 2011). 

 

 
Figure 1.5. Crystal structure of human RecQ1 and a schematic representation of the catalytic core 

of RecQ helicases. Left: The crystal structure of the catalytic core of human RecQ1 [PDB code 2V1X], 

including the Helicase domain and the RQC domain. The domains are colored to reflect the different 

domains and subdomains; helicase RecA core is colored in red while, within the RQC, the Zn-binding 

subdomain is highlighted in yellow and the WH subdomain in colored in green. The bound Zn2+ ion is 

shown as a violet sphere. Right: A schematic representation of the helicase core of RecQ helicases, 

showing the two RecA-like domains in red and the ATP binding site between them in blue. 

 

The corresponding β-hairpin in WRN is similarly capped by a phenylalanine at the same 

position, supporting a model in which the WH domain splits the DNA duplex using the β-wing 

as a wedge (Kitano et al., 2010). 

The co-crystal structure of the WRN RQC domain bound to a DNA duplex has been deposited 

in Protein Data Bank (PDB) [PDB code 3AAF] and it represented the first example of a RecQ-

DNA complex. Moreover, this structure successfully captured a DNA-unwinding event by the 

RQC domain. In particular, WRN RQC domain was found to bind duplex DNA in a novel DNA-

interaction mode: the recognition helix, a principal component of helix-turn-helix motifs that 

are usually embedded within DNA grooves, was unprecedentedly excluded from the 

interaction. In this work, Kitano and colleagues showed that RQC domain specifically 

interacted with a blunt end of the DNA duplex and, in the absence of any other domain, 

unpaired a Watson-Crick base pair using the prominent hairpin structure β2–β3, which 

corresponds to the so-called β-wing of the winged-helix fold (Kitano et al., 2010). 

Consistent with these results, mutagenesis of conserved Arg987 and Arg993 in the WH of 

WRN inactivates DNA binding and helicase activity (Kitano et al., 2010; Tadokoro et al., 2012). 

Other DNA helicases such as bacterial UvrD (Lee & Yang, 2006) and archaeal Hel308 (Buttner 
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et al., 2007) also possess a conserved β-hairpin to act as an unwinding element; however, 

these hairpins are located directly within the ATPase domains (i.e., helicase domains) and 

display various orientations toward DNA (Kitano et al., 2010).  

 

The Helicase domain and the RQC domain together form the ~ 59 kDa functional core unit of 

E. coli RecQ and this fragment alone is sufficient to catalyze single stranded DNA (ssDNA) 

binding and 3’ to 5’ in vitro helicase activity with the same specific activity as the one of the 

full-length E. coli RecQ (Bernstein & Keck, 2003). In contrast with the human RecQ1 and WRN 

proteins, the E. coli RecQ β-hairpin is significantly shorter and lacks corresponding aromatic 

residues at the tip, indicating that the β-wing is not as important for DNA unwinding in the E. 

coli RecQ enzyme (Pike et al., 2009; Kitano et al., 2010; Lucic et al., 2010).  

 

In 2013, the crystal structure of the BLM RQC domain bound to a phosphate ion was 

determined [PDB code 3WE2] (Kim et al., 2013). Subsequently, the co-crystal structure of a 

BLM large fragment (640 –1291 residues) in complex with a 3′-overhang DNA duplex [PDB 

code 4O3M] (Swan et al., 2014) was deposited. 

This structure revealed unique structural features: the aromatic and non-polar residues at 

the tip of the β-wing, key elements that WRN uses for DNA strand separation, are each 

replaced by polar and acidic residues in BLM, and the presence of an asparagine instead of 

the aromatic residue at the tip of β-hairpin in RQC domain of BLM helicase was shown (Swan 

et al., 2014). 

Moreover, an insertion between the N-terminal helices exhibiting a looping-out structure 

that extends at right angles to the β-hairpin was detected.  

These BLM RQC features could be associated with the preferential activity of BLM toward HJs 

and, consistently with these results, deletion mutagenesis of this insertion interfered with 

binding to Holliday junction (Kim et al. 2013). The purified WH domain from BLM helicase 

shows strong G-quadruplex DNA binding activity (Huber et al., 2006).  

Interestingly, the C-terminal residues of BLM RQC adopt a novel extended structure (referred 

to as the C-term extended loop) by being tightly packed against the domain core (Kim et al., 

2013). 
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Figure 1.6. Crystal structure of human RQC winged-helix domains of WRN and BLM helicases. (A) 

WRN RQC domain [PDB code 3AAF; Kitano et al., 2010]. The RQC domain binds the DNA duplex 

terminus via the α2–α3 loop and the β-wing (in green), while the helix α4 (recognition helix, in green) 

is located apart from the DNA. (B) BLM RQC domain [PDB code 4O3M; Swan et al., 2014]. Picture 

adapted from Kitano et al., 2014. 

 

This complex scenario shows that, whereas the relative orientation of the Zn-binding domain 

is stable, with respect to the helicase core, the WH domain can assume different orientations: 

these differences reflect distinct DNA recognition, translocation and unwinding dynamics as 

well as helicases substrates preferences, so their role in different genome maintenance 

pathways. 

 
 

Figure 1.7. Winged helix domain (WHD) in RecQ helicases. (A) Schematic representation of the 

domain structure of E. coli and human RecQ helicases. (B) Crystal structures of truncated E. coli RecQ 

in the absence of DNA [PDB code 1OYW]. (C) Truncated human RecQ1 bound to 3′-tailed double-

stranded dsDNA [PDB ID: 2WWY]. (D) Crystal structures of the WH domain of human WRN bound to 

blunt-ended dsDNA [PDB code 3AAF]. (E) Human RecQ1 bound to 3′-tailed dsDNA [PDB code 2WWY]. 

(F) Superimposition of WH domain structures of E. coli RecQ [PDB code 1OYW], with the loop W1 

hairpin colored orange), human RecQ1 [PDB code 2WWY], W1 hairpin in yellow), and human WRN 

[PDB code 3AAF], W1 hairpin in blue). All the domains are colored as in (A). In B–E, the recognition 

helix is colored red, and W1 with adjacent β-strands is colored orange. 
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1.2.4. The Helicase-and-RNaseD-like-C-terminal (HRDC) domain 

 

The third conserved region of RecQ helicases is the HRDC domain and it is found at the C- 

terminus of many RecQ helicases and RNAses. It exists in at least three genes linked to human 

diseases. These genes encode the RecQ helicases WRN and BLM, and the human PM-Scl 

autoantigen, an RNaseD homolog found in patients affected by polymyositis and scleroderma 

(Liu et al., 1999). 

The HRDC region is the most variable of the conserved RecQ domains: for some eukaryotic 

RecQ proteins, such as RecQ1, RecQ4 and RecQ5, the presence of a HRDC domain is not 

obvious from the sequence, whereas several bacterial RecQ proteins have multiple HRDC 

domains. Although all HRDC domains have a similar helical bundle structure, they have 

different surface charge distributions and DNA-binding affinities (Vindigni et al., 2010).  

Liu and colleagues determined the first three-dimensional structure of an HRDC domain from 

S. cerevisiae Sgs1 by NMR spectroscopy. This study revealed a positively charged region on 

the surface of the Sgs1p HRDC domain, that was proposed to interact with DNA, similar to 

the 1B module of SF1 helicases (Liu et al., 1999). They found that this basic patch on the 

surface of the Sgs1p HRDC domain can interact via electrostatic interactions with the 

phosphate backbone of the DNA. This basic patch is also present in the primary sequence of 

the HRDC module of E. coli RecQ, but not in the sequences of HRDC domain of WRN and BLM, 

suggesting that other interactions may be involved in the recognition of different substrates 

or protein cofactors (Vindigni et al. 2010). A structure of the HRDC domain from E. coli has a 

scaffold similar to HRDC from Sgs1. The isolated Sgs1 HRDC domain binds to ssDNA and 3′-

overhanging duplex structures, whereas the E. coli RecQ HRDC binds only to ssDNA (Bernstein 

& Keck, 2005; Kim & Choi, 2010).  

 

In BLM helicase, this domain is a crucial determinant for the efficient binding and unwinding 

of double Holliday Junctions (dHJ) (Tang et al., 2005). A study revealed unique features of 

BLM HRDC and, in particular, Sato and colleagues showed that BLM HRDC domain contains a 

patch of acidic residues which makes the domain surface extensively electronegative, 

suggesting an additional role of this motif apart from DNA binding (Sato et al., 2010). Kim and 

co-workers have proposed an electrostatic repulsion model in which upon BLM 

oligomerization, the HRDC domain from each BLM monomer uses electrical repulsion to 

separate the junction sites of dHJ DNA. In their model, the helicase core domain would then 

bind and unwind the double stranded region of the dHJ DNA because of its higher binding 

affinity for dsDNA. Subsequently, the dHJ DNA is divided into non-crossover products. The 

catalytic core and the HRDC domain showed then synergic cooperation (Kim & Choi, 2010).  

A study by Newman and colleagues (2015) indicates a robust intramolecular association of 

the HRDC domain with the catalytic core, in a position to directly impact on the ATPase cycle. 

The distance of the HRDC domain from the DNA in their structure seems to suggest that a 

direct DNA binding role is unlikely, although it remains a possibility for DNA substrates with 

higher complexity. Further evidence for a role of the HRDC domain in the catalytic function 

of BLM comes from a structural and biochemical study in which an enzymatic 
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characterization of BLM mutants lacking the entire HRDC domain was performed. BLM 

mutants lacking the HRDC domain showed a decreased DNA unwinding activity and a 

generally less efficient coupling of ATP hydrolysis to DNA unwinding (Swan et al., 2014). This 

study also included a structure of BLM in complex with DNA that is very similar to the 

Newman and colleague’s DNA complex, although a detailed comparison indicates that it may 

correspond to a slightly different state of the crystallized enzyme. They showed crystal 

structures of BLM-nanobody and BLM-DNA complexes which are virtually identical but the 

relative orientation of the WH domains is markedly different, with a rotation of 90° required 

to place the domains in equivalent positions. The WH domain in the DNA complex structure 

is in a similar position to that observed for human RecQ1 (Pike et al., 2009) and is poised to 

play a similar role in DNA strand separation. Newman and co-workers assume, therefore, 

that the position of the WH domain in the nanobody complex is different due to the absence 

of the DNA and, possibly, its stabilization by the nanobody (Newman et al., 2015). 

All these findings, coupled with a detailed SAXS analysis, suggested a dynamic model for the 

BLM helicase mechanism and associated conformational changes that occur during the BLM 

catalytic cycle. In particular, the HRDC domain seemed to associate and dissociate from its 

binding cleft between the HD1 and HD2 domains together with nucleotide binding and 

release (Newman et al., 2015). 

 

On the other hand, the HRDC domain of WRN helicase does not appear to interact with DNA 

in vitro (Liu et al., 1999; von Kobbe et al., 2003; Kitano et al., 2007). However, a WRN 

fragment containing the HRDC domain and additional residues at the C-terminus binds 

forked-duplex DNA and Holliday Junctions with high affinity (von Kobbe et al., 2003). The 

crystallized HRDC domain from WRN revealed that this protein possesses an additional N- 

and C-terminal extension to the standard helical bundle, which is missing in other RecQ 

helicases. The authors have suggested that WRN HRDC may be adapted to play a distinct 

function that involves protein-protein interactions, rather than protein-DNA interactions 

(Kitano et al., 2007). Consistent with these differences, the heterogeneity in the HRDC 

domains may correlate with functional differences between the various RecQ helicases. 

 

 

1.2.5. Biochemical properties of RecQ helicases 

 

The dynamic and diversified scenario related to RecQ helicase biochemical properties may 

provide a framework to better understand the physiological role of these helicases in 

processing different biological substrates: cycles of unwinding and reannealing may enable 

or antagonize specific DNA metabolic processes as well as provide chances to regulate RecQ 

helicases function and the DNA metabolic pathways in which they can act (Monnat & 

Sidorova, 2014). 

 

RecQ helicases unwind DNA duplexes with moderate processivity by translocating along one 

of the two strands in the 3’ to 5′ direction while hydrolyzing ATP, and all exhibit DNA strand 
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annealing activity. The processivity of RecQ helicases in DNA unwinding is relatively low, in 

particular for WRN protein, which is unable to unwind duplex regions longer than 40 bp (base 

pairs). The presence of accessory factors, such as ssDNA binding proteins, can significantly 

enhance RecQ helicase processivity (Umezu & Nakayama, 1993). 

 

Several studies indicate that many RecQ proteins exhibit preferential activity on wide range 

of substrates. Preferred substrates are branched DNA structures, including forked structures 

that mimic replication forks, and synthetic 4-way junctions that mimic Holliday Junctions 

(HJs). In fact, human BLM and WRN proteins promote branch migration of HJs. HJs resolution 

and dissolution are important in homologous recombination (HR) and DNA replication 

(Constantinou et al., 2000; Harmon & Kowalczykowski, 1998; Karow et al., 2000). RecQ 

helicases are also active in unwinding a number of atypical DNA structures, including gapped 

DNA, displacement loops (D-loops; an intermediate in homologous recombination reactions), 

DNA:RNA hybrids as well as DNA triplex (Bennett et al., 1998; van Brabant et al., 2000; Brosh 

et al., 2001; Mohaghegh et al., 2001 Machwe et al., 2002; Orren et al., 2002). The ability to 

process recombination intermediates formed during DNA replication is proposed to be a key 

function of the RecQ helicases (Hickson, 2003). 

 

Sgs1, BLM, and WRN proteins are also efficient at unwinding G-quadruplex (G4) DNA, G-rich 

highly stable structures for which different cellular functions have been postulated (e.g. in 

telomere maintenance, DNA replication, transcription, and translation). The unwinding of G4 

DNA by RecQ helicases requires a free 3’ single-stranded tail (Sun et al., 1998; Mohaghegh et 

al., 2001; Huber et al. 2006, Sauer & Paeschke, 2017).  

Recently, Stirling and his group have shown a role for Sgs1/BLM in R-loop (DNA:RNA hybrid 

and an associated non-template single-stranded DNA) suppression and in supporting DNA 

repair and replication fork stabilizing proteins as modulators of R-loop-mediated genome 

instability (Chang et al., 2017). Sgs1 loss increases R-loops and γ-H2A at sites of Sgs1 binding, 

replication pausing regions, and long genes, sensitizing cells to transcription-replication 

collisions. Moreover, analysis of BLM in Bloom’s syndrome fibroblasts or by depletion of BLM 

from human cancer cells confirmed a role for Sgs1/BLM in suppressing R-loop-associated 

genome instability across species. In support of this potential direct effect, BLM is found 

physically proximal to DNA:RNA hybrids in human cells and can efficiently unwind R-loops in 

vitro (Chang et al., 2017).  

 

RecQ enzymes are also able to promote the annealing of complementary single-stranded 

DNA molecules in ATP independent manner (Machwe et al., 2005; Sharma et al. 2005; Macris 

et al., 2006;). Khadka and collaborators (2016) compared double strand DNA annealing 

activity among the human RecQ proteins. Interestingly, RecQ1 and BLM had poor strand 

annealing in the presence of ATP, while WRN and RecQ4 showed intermediate incapacitation 

after addition of ATP. In contrast, RecQ5 exhibited strong annealing activity even in the 

presence of ATP. The initial rate of strand annealing activity of RecQ5 is also decreased in the 

presence of ATP as compared to the one in the absence of ATP. This shows that ATP might 
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have a general inhibitory effect on the strand annealing activity of RecQ proteins (Khadka et 

al., 2016). 

 

In Figure 1.8 different RecQ substrates are shown. 

 
 

 

Figure 1.8. Some different DNA substrates for RecQ helicases. In vitro, RecQ can unwind a multitude 

of nucleic acid substrates, requiring neither an ssDNA tail nor a dsDNA end from which to initiate 

unwinding (Harmon & Kowalczykowski, 1998, 2000, 2001; Umezu et al., 1990). Translocation occurs 

along ssDNA and this translocation is tightly coupled to DNA unwinding (Manosas et al., 2010; Rad & 

Kowalczykowski, 2012a; Sarlós et al., 2012). Gap unwinding and several branched DNA substrates are 

preferred substrates for unwinding, including forked structures that mimic replication forks; D-loops 

and Holliday junctions, which resemble intermediates of the homologous recombination process, and 

G-quadruplex, formed at telomers and many other spots along the genome, are also common 

substrates for RecQ helicases (Bennet & Keck, 2004). Picture adapted from Chu & Hickson, 2009. 

 

 

1.3. Cellular and physiological roles of RecQ helicases 

 

1.3.1. RecQ helicases and DNA replication 

 

DNA replication occurs in all living organisms and is the biological process of producing two 

identical replicas of DNA from one original DNA molecule.  Since accurate duplication of the 

genome is critical to successful cell division, the process is carefully regulated and widely 

conserved. The DNA replication occurs in the S phase of the cell cycle and in eukaryotes it 

starts from many replication origins distributed along the genome, and therefore requires a 

complex regulation to ensure that each region of the DNA is replicated once and only once 

(Masai et al., 2010).  

The regulation of DNA replication initiation in eukaryotes is the most complex and highly 

regulated. It starts from the assembly of a pre-replication complex (pre-RC), composed of six 

ORC proteins (ORC1-6), Cdc6, Cdt1, and a heterohexamer of the six MCM proteins (MCM2-

7). The six subunit origin recognition complex (ORC, ORC1-6) associates with replication 

origins and the hexameric MCM2-7 complex, which is the catalytic core DNA helicase, and is 
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loaded onto the ORC-bound origins with the aid of Cdc6 and Cdt1 to form the pre-replicative 

complex (pre-RC, Figure 1.9). Two enzymes, known as the S-phase Cyclin-Dependent Kinase 

(S-CDK) and Dbf4-Dependent Kinase (DDK), play a major role in modulating this process and 

trigger the recruitment of Cdc45, MCM10, Sld2 and Sld3, Dpb11 and GINS, in yeast (Figure 

1.9). The yeast replication factors Sld2 and Sld3 are the two essential targets of S-CDK and 

their phosphorylation in S phase leads them to interact with Dpb11, through interactions 

with its BRCT repeats (Tanaka et al., 2007b; Zegerman & Diffley, 2007). Whereas Dpb11 is 

clearly conserved in higher eukaryotes, no obvious Sld3 homologue has been identified with 

certainty in metazoan, whereas it has been suggested that the N-terminal region of the 

helicase RecQ4 may be the counterpart of Sld2 in eukaryotes (Sanghriti et al, Matsuno et al). 

 

Then, in a series of steps which have not been elucidated in atomic details, the assembly of 

the replication fork occurs, involving origin melting and opening up of the DNA double helix, 

activation of the MCM2-7 helicase activity, recruitment of various factors involved in the tight 

control of the replication fork progression, including Cdc45 and GINS, which together with 

the MCM2-7 hexamer form the replicative helicase opening up the DNA double helix ahead 

of the fork. DNA replication can then start: Polα associates tightly with primase and extends 

a short DNA strand after the primer RNA synthesized by the primase. Subsequently, the five-

subunit clamp loader, replication factor C (RFC), binds to the 3’-OH end of newly synthesized 

DNA and loads Polδ or Polε with a proliferating cellular nuclear antigen (PCNA, homotrimer 

sliding clamp that increases Polδ and Polε processivity). Polδ and Polε synthesize mainly the 

lagging and leading strands, respectively, at the replication forks (Kunkel and Burgers, 2008). 

 

Several studies have demonstrated the involvement of human RecQ helicases in different 

aspects of DNA replication.  

Evidences suggest that RecQ4 is among the essential DNA replication initiation factors. 

Studies performed with Xenopus egg extract system showed that the N-terminus of RecQ4 

shares a weak but significant homology to the yeast Sld2 factor that assists in the recruitment 

of GINS to replication origins during S phase in a CDK activity dependent manner (Sangrithi 

et al., 2005; Matsuno et al., 2006; Thangavel et al., 2010). Indeed in Xenopus RecQ4 physically 

interacts with Cut5 (the X. laevis Dpb11 homologue). The N-terminal region of RecQ4 was 

shown to be essential for cell viability (Ichikawa et al., 2002; Matsuno et al., 2006; Abe et al., 

2011) and it associates with several proteins involved in replication initiation like the MCM 

complex, MCM10, GINS, Cdc45. As a matter of fact, the absence of RecQ4 helicase was shown 

to significantly affect the formation of CMG complex (Xu et al., 2009; Im et al., 2009), 

However, its replication role is arguably preserved in RTS patients, since all the known RecQ4 

mutants found in patients maintain the Sld2-like domain at the N-terminus of the protein. 

 

Xu and colleagues demonstrated that RecQ4 is recruited to replication origins at late G1, after 

ORC and MCM complex assembly, while RecQ1 and additional RecQ4 are loaded at origins at 

the onset of S phase when licensed origins begin firing. Both proteins are lost from origins 

after DNA replication initiation, indicating either disassembly or tracking with the newly 
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formed replisome. Moreover, the group showed that RecQ4 is associated with the replicative 

MCM2-7 helicase and other factors of replication initiation complex through an interaction 

with MCM10, forming a complex with CTF4 in a process dependent on the CDK and DDK 

kinase activities (Xu et al., 2009; Im et al., 2009; Thangavel et al., 2010). This interaction is 

crucial for an efficient replication origin firing in human cells, although it does not seem 

required for cell viability. Xu and co-workers in fact reported that RecQ4 downregulation 

does not affect chromatin binding of MCM and Cdc6: these findings support the idea that 

RecQ4 is loaded on the origin downstream of these pre-RC complex factors but does affect 

chromatin recruitment of the GINS complex (Xu et al., 2009). 

Moreover, other replication factors including RPA, PCNA and particularly DNA polymerase α 

display reduced binding to chromatin in the absence of RecQ4 (Sangrithi et al., 2005; 

Thangavel et al., 2010). RecQ4 appears then to function early, in replication initiation, when 

prereplication complex assembly takes place and active replisomes are assembled. RecQ1 

helicase, which is also an integral component of the prereplication complex required for 

Kaposi's sarcoma-associated herpesvirus replication, is required for efficient replication 

initiation and may play an additional role during replication elongation (Wang et al., 2008). 

 

Kanagaraj and co-workers suggested also a role for RecQ5β in DNA replication and fork repair 

by promoting the regression of stalled replication forks. The authors demonstrated that 

RecQ5β promotes strand exchange between arms of synthetic forked DNA structures, 

resembling a stalled replication fork in a reaction dependent on ATP hydrolysis. BLM and 

WRN can also promote strand exchange on these structures (Kanagaraj et al., 2006).    

In particular, RecQ5β facilitates template-switching to catalyze the lagging strand unwinding 

and strand exchange on RPA-coated forked structures. Kanagaraj’s group identified a short 

region located at the C-terminus of RecQ5β to be important for the processing of forked 

structures. They also found that RecQ5β interacts with the polymerase processivity factor, 

PCNA, as well as that this helicase localizes into DNA replication factories in S-phase nuclei 

(Kanagaraj et al., 2006). RecQ5 was also found to stabilize the replication fork allowing 

replication to overcome the effects of thymidine and complete the cell cycle (Blundred et al., 

2010). Its overexpression releases cells from the cell cycle arrest upon thymidine treatment 

as these cells display fewer RPA foci and less γH2AX activation, compared to the cells with 

endogenous levels of RecQ5 (Blundred et al., 2010). RecQ5 appears also to be crucial in 

preventing genomic instability resulting from replication-transcription collisions, which is 

consistent with its role as a tumor suppressor (Hu et al., 2007). 

 

In figure 1.9 a schematic representation of the assembly of DNA replication complexes is 

shown. 
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Figure 1.9. Assembly of DNA replication complexes in yeast. pre-RC: pre-replication complex; pre-

IC: pre-initiation complex; RPC: replisome progression complex. Cell cycle phases permissive for the 

individual steps are shown on the left. Some of the protein names have been abbreviated: 11: Dpb11; 

3: Sld3; 7: Sld7; 2: Sld2; G: GINS; 45: Cdc45; 4: Ctf4. See text for explanations (Diffley, 2011).  

 

 

1.3.2. RecQ helicases and transcription 

 

RecQ helicases play also a part in transcription. By several biochemical and cellular 

experiments, Balajee and co-workers indicated that WRN acts as a transcriptional activator 

modulating RNA polymerase II transcription, which could be explained considering the 

differences between gene-expression patterns in normal and Werner’s syndrome 

lymphoblastoid cells (Balajee et al., 1999). Turaga and colleagues showed that WRN helicase 

plays also a part in regulating chromatin structure via interactions with chromatin 

accessibility factor 1. In fact, WRN-dependent changes in chromatin structure can reduce the 

incidence of DNA-strand breaks. WRN helicase would be then crucial in ensuring genome 

stability, by acting in concert with Topol to prevent DNA breaks, following alterations in 

chromatin topology (Turaga et al., 2007). 

Among RecQ helicases, RecQ5 seems also to be able in promoting genome stabilization by 

inhibiting the transcription at the initiation to reduce transcription-associated replication 

impairment and recombination (Islam et al., 2010), although it can bind both the initiation 
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(Pol IIa) and elongation (Pol IIo) forms of the RNA polymerase II through two distinct and 

independent domains (Islam et al., 2010). 

 

 

1.3.3. RecQ helicases and DNA repair 

 

The complex DNA repair machinery is a collection of processes by which a cell identifies and 

corrects damage to the DNA molecules that encode its genome.  

RecQ helicases take part in various DNA repair pathways and are able to interact with 

proteins involved in DNA repair. Consistently, they prefer to specifically bind DNA substrates 

that resemble DNA repair intermediates. 

There are several types of damage to DNA due to endogenous cellular processes and 

exogenous agents, and the four main DNA repair pathways in the cells include: 

 

- Base Excision Repair (BER), which repairs oxidative DNA base modifications such as 

8- oxoguanine (8-oxoG), alkylation base damage and ssDNA breaks (SSBs);  

- Nucleotide Excision Repair (NER), which repairs bulky helix-distorting DNA lesions 

and mismatch repair (MMR), which repairs single nucleotide mismatches and small 

insertion–deletion mispairs;  

- Double Strand Break Repair (DSBR), which repairs double strand breaks (DSBs) either 

using the Homologous Recombination (HR) or the Non-homologous End Joining 

(NHEJ) pathway. 

 

 

Base Excision Repair  

 

BER removes oxidative, abasic and other monofunctional base modifications from DNA. 

These base lesions are recognized by a glycosylase that removes the damaged nitrogenous 

base while leaving the sugar–phosphate backbone intact, creating an apurinic/apyrimidinic 

(AP) site. Mammalian cells express multiple DNA glycosylases with overlapping DNA lesion 

specificity. The enzyme AP endonuclease 1 (APE1) cleaves AP sites, producing a single strand 

break intermediate, which can be utilized by DNA polymerase β (Pol β) for DNA repair 

synthesis, which is followed by ligation of nicked DNA by a DNA ligase (Wilson & Bohr, 2007). 

 

WRN strongly stimulates NEIL1 glycosylase which incises formamidopyrimidines, 5-

hydroxyuracil and, to a lesser extent, 8-oxoG. APE1 is inhibited by WRN (Ahn et al., 2004; Das 

et al., 2007), but stimulated by RecQ4 (Schurman et al., 2009) in vitro. Moreover, APE1 is 

upregulated in RTS cells and is overexpressed in some sarcomas, types of cancers that are 

common to RTS and WS (Wang et al., 2004; Schurman et al., 2009).  

 

Shurman’s group showed that primary RTS and RecQ4 siRNA knockdown human fibroblasts 

accumulate more H2O2-induced DNA strand breaks than control cells, suggesting that RecQ4 
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may promote repair of H2O2-induced DNA damage by activating BER, so it is capable to 

regulate both directly and indirectly base excision repair capacity. RTS primary fibroblasts 

display an upregulation of BER pathway genes and fail to respond like normal cells to 

oxidative stress accumulate. The cells accumulated more XRCC1 foci than control cells in 

response to endogenous or induced oxidative stress and have a high basal level of 

endogenous formamidopyrimidines, suggesting that RecQ4 deficiency is associated with 

defective repair of oxidative DNA damage, and may exhibit a hyper-oxidation phenotype. In 

cells treated with H2O2, RecQ4 co-localizes in the nucleus of cells after oxidative DNA damage 

with APE1 and FEN1, key participants in base excision repair, and biochemical experiments 

indicate that RecQ4 specifically stimulates the enzymatic functions of three BER proteins: the 

apurinic endonuclease activity of APE1, the incision of a 1- or 10-nucleotide flap DNA 

substrate by Flap Endonuclease I (FEN1) and also the DNA strand displacement activity of Pol 

β in vitro (Schurman et al., 2009).  

Pol β is significantly stimulated by helicase-proficient, but not by helicase-defective, WRN 

(Harrigan et al., 2003). DNA Pol β lacks 3′ proofreading exonuclease activity, so when DNA 

Pol β and WRN work in a coordinated manner, WRN exonuclease activity can play a role in 

correcting DNA synthesis errors, contribute to post-replication repair, and increase DNA 

synthesis fidelity during BER (Harrigan et al., 2006). 

 

WRN, RecQ1 and RecQ4 interact with and are modulated by poly(ADP-ribose) polymerase 1 

(PARP1), which plays essential roles in the cell, including DNA repair, translation, 

transcription, telomere maintenance and chromatin remodeling, adding moieties to 

chromatin-binding proteins, thereby modulating chromatin structure and function (Sousa et 

al., 2012; Thomas et al., 2013).  

WRN-deficient cells fail to activate PARP1 in response to oxidative and alkylation DNA 

damage, indicating that the WRN–PARP1 interaction is biologically relevant and significant 

(von Kobbe et al., 2003). However, PARP1 is hyperactivated in RecQ1-depleted cells exposed 

to oxidative stress and in BLM-, WRN-, and RecQ5-depleted cells that are not exposed to 

exogenous stress (Gottipati et al., 2010; Sharma et al., 2012; Tadokoro et al., 2012).  

Woo and colleagues showed, for the first time, that RecQ4 localizes to the nucleolus in 

response to oxidative stress (Woo et al., 2006), suggesting that RecQ4 helicase may have a 

role in one of several processes that are associated with the nucleolus, such as rRNA 

synthesis, protein folding, or cell cycle regulation through protein sequestration. 

It is also reported that the C-terminal region of RecQ4, interestingly, is a PARP1 in vitro 

substrate, and PARP1 inhibitors were seen to alter the cellular localization of RecQ4 (Woo et 

al., 2006). Most mutations of the RECQL4 gene in patients have been shown to result in the 

truncation or loss of the entire helicase and C-terminal domain of RecQ4. Because the 

deletion mutants that lacked the C-terminal domain localized differently than the full- length 

protein, the authors speculated that these truncated protein products, in addition to 

potentially lacking critical enzymatic activity, may mislocalize in the cell and contribute to 

some of the abnormalities associated with Rothmund-Thomson syndrome (Woo et al., 2006). 
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Nucleotide Excision Repair  

 

NER removes bulky lesions from DNA, such as UV-induced pyrimidine dimers and carcinogen 

adducts. It has been reported that WRN is stimulated by XPG (Xeroderma pigmentosum 

complementation group G) and RecQ4 interacts with XPA (Trego et al., 2011; Fan & Luo, 

2008), two proteins involved in NER. However, RecQ helicase-deficient cells are not 

hypersensitive to UV irradiation and so there is no direct evidence that the RecQ helicases 

alter NER functionally in vivo. 

 

 

DNA Double-Strand Break Repair (DNA DSBs)  

 

DNA DSBs are common events in eukaryotic cells and can cause transient or permanent cell 

cycle arrest, mutagenesis, gross chromosomal rearrangements, cell death and 

tumorigenesis. The diverse causes of DSBs result in a diverse chemistry of DNA ends that 

must be repaired. There are three major pathways in human cells for repairing DSBs: non-

homologous end joining (NHEJ), alternative non-homologous end joining (Alt-NHEJ) and HR 

(Ciccia et al., 2010; Boboila et al., 2012). HR-dependent DSBs repair is based on a sister 

chromatid template, is error free and occurs only during the late S and G2 phases of the cell 

cycle (Takata et al., 1998). NHEJ and Alt-NHEJ occur throughout the cell cycle and are error 

prone (Boboila et al., 2012). Alt-NHEJ is mainly active when NHEJ is impaired (Boboila et al., 

2012). The five human RecQ helicases play putative roles in one or more subpathways of 

DSBs repair and interact with several key components of the DSBs repair machinery. 

 

 

Non-homologous End Joining (NHEJ) and Alternative Non-homologous End Joining (Alt-

NHEJ) 

 

Non-homologous end joining (NHEJ) is a pathway that repairs double-strand breaks in DNA. 

Its name is due to the fact that the break ends are directly ligated without the need for a 

homologous template, in contrast to homology directed repair, which requires a homologous 

sequence to guide repair (Moore & Haber, 1996). 

In nonproliferating human cells, DSBs are repaired by NHEJ and Alt-NHEJ. Several proteins 

are involved in NHEJ machinery: 53BP1, the Ku70/Ku80 heterodimer (Ku), DNA-PKcs and 

XLF/XRCC4/LIG4.  

RecQ1 has been reported to interact with Ku and RecQ1-deficient cells show a reduced Ku-

DNA binding activity, thus indicating a role of RecQ1 in NHEJ (Parvathaneni et al., 2013). 

Shamanna and colleagues reported that RecQ4 interacts with Ku and DNA-PKcs via its N-

terminal domain. RecQ4 also stimulates DNA binding of Ku to a blunt end DNA substrate, 

thus implicating its role in NHEJ (Shamanna et al., 2014). 
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It has been also found that WRN interacts with Ku and is a substrate of DNA- PKcs kinase. 

WRN exonuclease is stimulated by Ku and XRCC4/LIG4; in contrast DNA-PKcs stimulates WRN 

helicase but not WRN exonuclease (Rooney et al., 2004; Fattah et al., 2010; Bothmer et al., 

2010; Bunting et al., 2010; Cooper et al., 2000; Li & Comai, 2000; Karmakar et al., 2002; 

Kusumoto et al., 2008; Kusumoto-Matsuo et al., 2010; Yannone et al., 2001).  

 

The precise mechanism of Alt-NHEJ is poorly understood; however, there is often 

microhomology between the DSB break point and the DNA repair template (Boboila et al., 

2012). During Alt-NHEJ, PARP1 may act as a DNA damage recognition protein, followed by 

end resection by MRE11, CtIP and EXO1 and ligation by LigIII/XRCC1 (Audebert et al., 2004; 

Wang et al., 2006; Dinkelmann et al., 2009; Xie et al., 2009; Wang et al., 2005). WRN, BLM 

and RecQ1 are shown to interact with EXO1 and MRE11/RAD50/NBS1 (MRN) and an 

interaction of WRN-LigIIIα has been also reported (Aggarwal et al., 2010; Gravel et al., 2008; 

Nimonkar et al., 2008; Doherty et al., 2005; Cheng et al., 2004; Cheng et al., 2005; Nimonkar 

et al., 2011; Sallmyr et al., 2008). These findings suggest a role of RecQ helicases in Alt-NHEJ. 

 

 

Homologous recombination (HR) 

 

HR is an important and conserved cellular pathway for DNA repair during mitosis and also for 

chromosomal paring and exchange during meiosis. It is activated during the late S and G2 

phases of the cell cycle. It repairs DNA DSBs when a homologous template is available, for 

example at stalled replication forks during S phase, at DNA lesions during mitosis and at 

chromosomal pairing during meiosis (Alberts et al., 2002). HR can cause chromosome 

instability, therefore it is extremely important for the cells to strictly regulate this process. 

CtIP, MRN, RPA, DNA2, EXO1 and RAD51 are some of the proteins involved in this process 

(Ciccia and Elledge, 2010). CtIP and MRN bind to the DSB and consequently CtIP stimulates 

MRN to recruit two additional nucleases, EXO1 and DNA2. RPA plays a role in stimulating 

BLM DNA unwinding and enforcing DNA2 for 5’ to 3’ resection. Several studies report that 

MRN recruits and enhances the processivity of EXO1 and BLM increases the affinity of EXO1 

for DNA ends. In vitro studies suggest that only BLM stimulates DNA end resection of DNA2, 

while RecQ1, BLM and WRN stimulate EXO1 (Aggarwal et al., 2010; Nimonkar et al., 2008; 

Doherty et al., 2005; Nimonkar et al., 2011). It has also been reported that BLM and RecQ5 

show an anti-recombination activity by disrupting the RAD51 nucleoprotein filament, 

essential for homology search and D-loops formation. WRN, RecQ1 and RecQ4 also colocalize 

with RAD51; however, WRN and RecQ1 cannot disrupt RAD51 filaments (Hu et al., 2007; Wu 

et al., 2001; Bugreev et al., 2007; Schwendener et al., 2010). WRN has also been reported to 

interact with several other proteins involved in HR, including MRN, BRCA1, RAD52 and RAD54 

(Cheng et al., 2004; Cheng et al., 2006; Baynton et al., 2003; Otterlei et al., 2006). 

Interestingly, RecQ4 is recruited to laser-induced DSBs, and RecQ4-deficient cells are 

sensitive to ionizing radiation. RecQ4 interacts with RAD51 in cells exposed to etoposide 

(Singh et al., 2010; Kohzaki et al., 2012; Petkovic et al., 2005). WRN and BLM helicases in vitro 
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preferentially bind to DNA substrates that resemble recombination intermediates such as 

Holliday junctions (HJs). Moreover, BLM in cooperation with topoisomerase IIIa and RMI1-

RMI2 complex can process double HJs to generate non-crossover products (a process named 

dissolution of HJs), consistently with the fact that BLM defective cells are deficient in SCE (Wu 

and Hickson, 2003). 

 
 
1.3.4. RecQ helicases and telomere maintenance 
 
Telomeres are protein-DNA structures at chromosome ends, rich in repetitive nucleotide 

sequences (tandem-repeated short G-rich sequences - TTAGGG in humans), which protect 

the end of the chromosome from deterioration or from fusion with neighbouring 

chromosomes. They have a crucial role in preserving genome stability, survival and 

proliferation at the cellular level and in preventing degenerative diseases and cancer at the 

organism level. The Shelterin complex (also called telosome) is a protein complex known to 

protect telomeres in many eukaryotes from DNA repair mechanisms, as well as to regulate 

telomerase activity. This complex includes different subunits including TRF1 and TRF2 

proteins, which are able to bind the double-stranded telomeric DNA, and POT1, a protein 

that binds to single-stranded telomeric DNA overhang. The absence of Shelterin causes 

telomere uncapping and thereby activates damage-signaling pathways that may lead to non-

homologous end joining (NHEJ), homology directed repair (HDR), end-to-end fusions, 

genomic instability, senescence, or apoptosis (O'Sullivan and Karlseder, 2010). Much of the 

final double-stranded portion of the telomere forms a T-loop (Telomere-loop) that is invaded 

by the 3' (G-strand) overhang to form a small D-loop (Displacement-loop). The T-loop 

configuration represents a protective cap that protects the end of the chromosomes from 

the DNA damage response (DDR) machinery (Griffith et al., 1999; O'Sullivan & Karlseder, 

2010; Calado and Young, 2012).  

Several studies showed the interaction of WRN, BLM and RecQ4 with Shelterin proteins. 

WRN and BLM both interact with telomere proteins TRF1 and TRF2 (Opresko et al., 2002; 

Opresko et al., 2005) and WRN is enriched at the telomeres only during S-phase of the cell 

cycle, as revealed by live-cell imaging and direct chromatin immunoprecipitation of 

synchronized cells (Opresko et al., 2004). Moreover, in vitro both BLM and WRN unwind 

artificial D-loops substrate in coordination with TRF1 and TRF2, and tetrameric G-

quadruplexes are an excellent substrate for WRN and BLM helicases (Huber at al., 2006). 

TRF1 and TRF2 bind with high affinity to telomere repeat sequences and one of their function 

is to recruit proteins that are essential for telomere maintenance and repair. Oxidative 

lesions in telomere sequences disrupt the binding of TRF1 and TRF2 to telomere repeat 

sequences in vitro (Opresko et al., 2005); these lesions will, therefore, need to be rapidly 

repaired to maintain genome stability. POT1 (protection of telomeres 1) is a ssDNA-binding 

protein that binds with high specificity to telomere repeats and strongly stimulates WRN and 

BLM helicases (Opresko et al., 2005). In this context, WRN can help to resolve aberrant DNA 

structures that tend to form as the replication fork progresses through telomeric repeats. 



 

31 

This model is consistent with the observation that the frequency of chromosome fusions is 

higher in WS fibroblasts than in normal fibroblasts and that overexpression of telomerase 

reduces the frequency of chromosomal aberrations in cells lacking WRN (Crabbe et al., 2007).  

Similarly to WRN, BLM helicase localizes to a subset of telomeres in either late S or G2/M 

phase (Barefield and Karlseder, 2012). BLM facilitates telomere replication by resolving G4 

structures formed during copying of the G-rich strand by leading strand synthesis. In addition, 

deficiency of BLM, or another G4-unwinding helicase, resulted in increased G4 structures in 

cells and, importantly, its deficiency led to greater increases in G4 DNA detected in the 

telomere, compared with G4 seen genome-wide (Drosopoulos et al., 2015). In a study of 

2013, it was identified a role of RecQ4 in the repair of thymine glycol lesions to promote 

efficient telomeric maintenance (Ferrarelli et al., 2013). RecQ4- and BLM-deficient cells 

exhibit telomere fragility but, while WRN and BLM unwind G4s, preliminary data indicates 

that RecQ4 does not (Mohaghegh et al., 2001; Rossi et al., 2010). 

 

 

1.3.5. Post translational modifications in RecQ helicases 

 

Post-translational modifications (PTMs) refer to covalent enzymatic modification of proteins, 

following protein biosynthesis, to form a mature protein product. PTMs can occur on the 

amino acid side chains or at the protein's C- or N- terminus and are important components 

in cell signaling, regulating the catalytic activities, cellular localization and protein-protein 

interactions of RecQ helicases. WRN can be phosphorylated by ATM, ATR, DNA-PKcs and c-

Abl tyrosine kinase (Ammazzalorso et al., 2010; Patro et al., 2011). Suppression of 

phosphorylation mediated by ATR alters the localization of WRN to nuclear foci and its 

colocalization with RPA in vivo, leading to breakage of stalled replication forks 

(Ammazzalorso et al., 2010). Serine/threonine phosphorylation of WRN by DNA-PKcs and 

tyrosine phosphorylation by c-Abl kinase inhibits exonuclease and helicase activity of WRN 

(Opresko et al., 2003). WRN is also acetylated, in vivo and in vitro, by the lysine 

acetyltransferase p300, which stimulates the helicase and exonuclease activity (Muftuoglu 

et al., 2008). WRN can also undergoes sumoylation but the functional consequence of this 

modification remains unclear (Kawabe et al., 2000). p300 acetylation of RecQ4 is required for 

nuclear localization and disrupts its nuclear import, leading to a cytoplasmic accumulation of 

RecQ4 (Dietschy et al., 2009). Phosphorylation of RecQ4 Sld2-like domain by CDK is crucial 

for DNA replication as it modulates its interaction with MCM10 (Xu et al., 2009). 

Phosphorylation of BLM helicase causes its dissociation from the nuclear matrix, facilitating 

BLM accumulation in nucleoplasmic fraction and, consequently, its arrival to the sites of DNA 

damage (Beamish et al., 2002; Dutertre et al., 2000). Moreover, BLM undergoes both 

sumoylation and ubiquitylation, essential in DSBs repair pathway (Eladad et al., 2005; Ouyang 

et al., 2009) and in nuclear partitioning (Tikoo et al., 2013), respectively. 
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1.3.6. Interactions between RecQ helicases 

 

All the human RecQ helicases interact physically and functionally with other DNA metabolic 

proteins (Croteau et al., 2014), including other RecQ proteins. Several studies have 

documented a number of significant functional interactions between different RecQ 

helicases. BLM inhibits the WRN exonuclease, although WRN and BLM share similar substrate 

specificity and colocalize to nuclear foci (von Kobbe et al., 2002). BLM also interacts with the 

N-terminus of RecQ4, which in turn specifically stimulates BLM. BLM also promotes retention 

of RecQ4 at DSBs in vivo and cells defective in BLM and RecQ4 proliferate slowly with 

elevated SCEs (Singh et al., 2012). Cells that are defective in WRN and RecQ5 demonstrate 

synthetic lethality. In vivo RecQL5 dissociates slowly from DSBs in WS and BS fibroblasts. 

However, it specifically stimulates WRN but not BLM, and RecQ5 and WRN cooperate during 

repair and restart of synthetic stalled replication fork-like structures (Popuri et al., 2013). 

These results suggest that RecQ5 and WRN play cooperative and complementary roles.  

 

 

1.4. RecQ helicases and diseases 

 

1.4.1. Werner syndrome (WS) 

 

Werner syndrome (WS) is a rare autosomal recessive disorder, caused by biallelic mutations 

of WRN, which encodes the multifunctional nuclear protein with helicase and exonuclease 

activities.  It was reported for the first time in 1094 by the German scientist Otto Werner. WS 

patients typically exhibit premature aging phenotype, including short stature, early graying 

and loss of hair, bilateral cataracts and scleroderma-like skin changes (Epstein et al., 1966; 

Goto, 1997; Werner, 1985; Yu et al., 1996). The most common initial symptom, which is often 

recognized retrospectively, is the lack of a growth spurt during one’s teens. Their symptoms 

include the greying and loss of hair, cataracts, skin atrophy, diabetes mellitus, atherosclerosis 

and malignancies (Oshima et al., 2017). Patient are also cancer-prone: in particular, they 

display an elevated incidence of sarcomas (Futami et al., 2008a). Median age of diagnosis is 

around 37 years of age (Oshima et al., 2017). Mutations in WRN gene lead to loss of the WRN 

protein and its catalytic activity (Moser et al., 2000).  

Werner helicase may modulate gene expression in human cells by unwinding G-quadruplexes 

at transcription start sites (Tang et al., 2016) and is also involved in various pathways 

including double strand break (DSB) repair, replication, base excision repair, transcription 

and telomere maintenance. Consequently, in absence of WRN helicase, the pathways of DNA 

repair and telomere maintenance fail to suppress cancer and the aging symptoms seen in 

patients with WS. In addition to rapid telomere shortening and dysfunction, over-expression 

of oncogenes and oxidation induce a low response to overall cellular stress in Werner 

syndrome cells. High stress causes a synergistic effect, where WS cells become even more 

sensitive to agents that increase cell stress and agents that damage DNA. As a result, WS cells 

enter into a stage of aging prematurely (Multani & Chang, 2006). Interesting, emerging 
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evidences show that WRN plays a role in mitochondrial metabolism. Nuclear DNA damage 

leads to mitochondrial dysfunction in progeroid syndromes, particularly in people with 

neurodegeneration. WRN may be involved in discarding the damaged mitochondria through 

the mitophagy process (Shamanna et al., 2017). 

 

 

1.4.2. Bloom syndrome (BS) 

 

Bloom syndrome (BS) is a rare autosomal recessive disorder, characterized by pre- and post-

natal growth deficiency, skin photosensitivity and a high predisposition to cancer 

development and is caused by defects in the BLM gene (Ellis et al., 1995; German et al., 2007). 

BLM deficient cells are characterized by increased sister chromatid exchange (SCE) and has 

been shown to function in replication fork stabilization, fork rescue and HR repair. Previous 

studies showed that ATM is required for BLM recruitment at the DSB sites, while MRE11 is 

required for both recruitment and retention (Tripathi et al., 2018). BLM protein is activated 

through the sumoylation by a SUMO E3 ligase, NSMCE2. While BLM deficient cells expressing 

SUMO-mutant BLM protein increased focal RPA and decreased focal RAD51, NSMCE2 

deficient cells show an increased focal RAD51 and exhibit a defect in the generation of DSBs 

following the hydroxyurea-induced replication fork collapse. This raises the possibility that 

an important source of SCEs in BLM-deficient cells may be derived from the repair of DSBs, 

during collapsed-fork rescue (Ouyang et al., 2013). BLM helicase localizes to the nucleolus 

and PML bodies, moving in and out of the nucleolus in response to DNA damage and other 

stresses. Recently, BLM protein was reported to interact with topoisomerase IIα to localize 

to PML bodies and also interact with topoisomerase I to localize to nucleoli. A mouse model 

with the DD mutant Blm protein excluded from the nucleolus was generated. The DD 

mutation is located in the interaction domain in BLM with topoisomerase I (Behnfeldt et al., 

2018). This mouse model displayed signs of accelerated aging and alterations of rDNA copy 

number. These data suggest the significance of ribosomal genome instability in the 

pathogenesis of BS (Tangeman et al., 2016). 

 
 
1.4.3. Rothmund-Thomson syndrome (RTS), RAPADILINO syndrome and Baller-Gerold 
syndrome (BGS) 
 
Rothmund-Thomson syndrome (RTS) is a rare autosomal recessive disorder linked to a 

mutation in the RecQ4 gene, as are the allelic disorders RAPADILINO syndrome and Baller-

Gerold syndrome (BGS). RTS was described for the first time by Rothmund as an unusual skin 

change together with bilateral juvenile cataracts (Rothmund, 1868); subsequent cases were 

reported by Thomson in 1936 (Thomson, 1936). RTS is characterized by poikiloderma, small 

stature, and skeletal abnormalities (radial ray defects, ulnar defects, absent or hypoplastic 

patella, and osteopenia), juvenile cataracts and an increased risk of developing cancer, 

especially osteosarcoma and skin cancer. RAPADILINO syndrome was described as occurring 
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in the Finnish population and is characterized by irregular pigmentation with macules (but 

no poikiloderma), small stature, skeletal abnormalities and gastrointestinal abnormalities. 

Osteosarcomas and lymphomas are also reported. BGS is characterized by craniosynostosis, 

radial ray defects, skeletal dysplasia, short stature and poikiloderma. A midline NK/T cell 

lymphoma has been also reported in BGS. Approximately two third of RTS patients carry at 

least one truncation mutation of RecQ4, associated with the increased risk of osteosarcoma 

(Wang et al., 2001), while most common RAPADILINO mutation is the 44 amino acid in-frame 

deletion which abolishes helicase and ATPase activities of RecQ4 (Croteau et al., 2012). 

As RecQ4 helicase plays an important role in DNA replication and repair, the cellular 

pathways in which is involved are dramatically altered. Mutations in RecQ4 result in 

increased genomic instability caused by DNA replication stress and/or defective DNA damage 

repair, and telomere attrition, which could affect mitochondrial function, leading to aging 

phenotypes (Lu et al., 2014). 

RTS cells display a high frequency of chromosomal abnormalities such as translocations and 

trisomes (Vennos et al., 1992) and genomic instability may induce premature cellular 

senescence cell senescence (Lu et al., 2014). RecQ4 has a crucial role in DNA end resection, 

the initial step required for homologous recombination (HR)-dependent double-strand break 

repair (Lu et al., 2016). When RecQ4 is depleted, HR-mediated repair and 5’ end resection 

are severely reduced in vivo and the regulation of pathway choice between homologous 

recombination (HR) and non-homologous end joining (NHEJ) during DSB repair is impaired 

(Lu et al., 2016; Lu et al., 2017). 

 

 

1.4.4. RecQ helicases and cancer 

 

RecQ helicases do not seem to directly regulate tumorigenesis. They function to prevent 

genomic instability and their loss or inactivation result in the accumulation of structural 

changes in oncogenes or tumor-suppressor genes, leading to cancer. RecQ helicases are able 

to suppress neoplastic transformation through control of chromosomal stability and many 

other similar caretakers are functionally linked to the RecQ helicases, indicating a common 

molecular basis for tumorigenesis in several apparently distinct cancer predisposition 

disorders (Levitt & Hickson, 2002; Hickson, 2003). 

Since human RecQ helicases are involved in key steps of DNA replication and repair, all the 

human RecQ pathologies and loss or impairment in RecQ helicases structure and function are 

associated with a high risk of developing different types of cancer, with distinct characteristic 

phenotypic profiles. 

Clinical features of Bloom syndrome may include non-Hodgkin’s lymphoma, leukaemias and 

carcinomas of the breast, gut and skin, while Werner syndrome patients often suffer from 

tumors of mesenchymal origin, soft-tissue and osteogenic sarcomas and, less frequently, 

melanoma and thyroid cancers. Interestingly, MYC oncoprotein, a transcription factor that 

coordinates cell growth and division, directly promotes transcription of the human Werner 

syndrome gene. MYC overexpression causes genomic instability and sensitizes cells to 
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apoptosis and its overexpression in WRN syndrome fibroblasts or after WRN depletion from 

control fibroblasts led to rapid cellular senescence (Grandori et al., 2003). 

Among the RecQ4 associated tumors, RTS patients are instead primarily suffering from non-

melanoma skin cancers and osteogenic sarcoma, while patients with RAPADILINO syndrome 

are mainly at risk for lymphomas as well as osteogenic sarcoma (Wang et al., 2001; Hickson, 

2003; Siitonen et al., 2009).  

 

All five human RecQ helicases are also upregulated in various cancers, suggesting their 

requirement in rapidly dividing cells to repair replicative lesions or elicit an appropriate 

response in cell cycle checkpoint or gene expression. The functional importance of key 

structural elements within the helicase core as well as additional domains inspired the design 

of small molecules which can target distinct and specific domains (Brosh, 2013).  

Some small molecule helicase inhibitors were identified from in vitro helicase assays using 

purified recombinant RecQ helicase proteins, oligonucleotide-based DNA substrates and 

small molecule libraries. The targeting of tumors with RecQ helicase inhibitors can provide a 

tumor-specific therapeutic advantage if combined with conventional chemotherapy. As RecQ 

helicases may be upregulated to maintain genomic stability in cells that are transformed or 

actively proliferating, innovative approaches to selectively introducing DNA damaging 

chemotherapy drugs or radiation to tumor tissues without adversely affecting normal cells is 

an active area of investigation (Brosh, 2013). Among those tested in cell-based assays, small 

molecule inhibitors of DNA unwinding catalyzed by WRN (Aggarwal et al., 2011, 2013b) and 

BLM (Nguyen et al., 2013) were found all negatively affect proliferation of cancer cells and 

induce DNA damage and chromosomal instability. 

Small molecule helicase inhibitors against WRN operate in a manner that is dependent on 

the genetic background of the tumor. WRN, like other human RecQ helicases, is typically 

upregulated in its expression in various cancer cell lines; moreover, their downregulation by 

RNA interference has been shown to cause decreased proliferation and compromise the 

dividing activity of cancer cells (Brosh, 2013). 

Recent structural and biochemical studies showed that the C-terminus of RecQ4 contains a 

unique Zn2+ binding domain (R4ZBD) and a region sharing homology to two winged helices, 

distinct from the RQC domain seen in other RecQs (Kaiser et al., 2017). The unique identity 

of RecQ4 C-terminal domain, which was found to be crucial for DNA unwinding (Kaiser et al., 

2017), could be a potential site for molecular docking of small molecules in the upper or 

lower half of the R4ZBD-WH to modulate the helicase catalytic function. 

 

 

1.5. RecQ4 helicase 

 

1.5.1. Structural features 

 

The human recq4 gene consists of 21 exons, lies on chromosome 8q24.3 and encodes 1208 

amino acid (aa) polypeptide, resulting in a 133 kDa protein with a highly conserved ATPase 
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domain located in its center including the two helicase subdomains HD1 and HD2, which 

adopt the typical RecA-like fold (Kaiser et al., 2017).  

The N-terminal domain includes a region of weak sequence homology to Saccharomyces 

cerevisiae Sld2 (1–400 residues) (Sangrithi et al., 2005; Marino et al., 2013), a yeast essential 

initiation factor of DNA replication (Kammimura et al., 1998). The presence of a Sld2-like 

domain is a unique feature within the RecQs family as RecQ4 has an important role in the 

initiation of eukaryotic DNA replication, playing a role in assembling the replicative complex 

(Sangrithi et al., 2005; Thangavel et al., 2010). Experimental evidences showed that, in 

Xenopus oocyte extract, the N-terminus of RecQ4, including the Sld2 homology region, is 

essential for replication initiation and chromatin binding by the DNA polymerase α (Matsuno 

et al., 2006) and the deletion of RecQ4 N-terminal region is lethal in mice (Ichikawa et al., 

2002). 

An in silico analysis previously done in our laboratory (Marino et al., 2013) foresaw the 

presence of new structural and functional features. A second region of homology with Sld2, 

in addition to the N-terminal 150 amino-acid residues (Sangrithi et al., 2005), was identified. 

This region is highly conserved among species and characterized by numerous positively 

charged and aromatic residues, possibly involved in DNA binding. A cysteine-rich region, 

which constitutes the Zn knuckle, was also identified. It is located between the Sld2 homology 

region and the helicase core domain and, in both human and frog proteins, the presence of 

this region strongly enhances binding to nucleic acids. It was also hypothesized the presence 

of a putative RQC domain at the C-terminus of the helicase domain (Marino et al., 2013). 

Later, both human and frog RecQ4 Zn knuckles have been structurally and biochemically 

characterized by using CD and NMR spectroscopy and EMSA techniques respectively (Marino 

et al., 2016).  

NMR studies of the first 54 aa revealed a homeodomain-like fold, that can function as a DNA-

interaction motif (Ohlenschlager et al., 2012). A short Zn2+-binding motif upstream of the 

ATPase domain, the so-called “Zn-knuckle” (aa 610–634) was then characterized by NMR in 

Xenopus laevis RecQ4 (Marino et al., 2016). Marino and collaborators showed that the 

Xenopus fragment assumes the canonical Zn knuckle fold, whereas the human sequence 

remains unstructured, consistently with a mutation of one of the Zn ligands.  

Zn knuckles are short cysteine-rich sequences (with a typical CCHC pattern), wrapping around 

a Zn2+ ion, often present in multiple copies in nucleocapsid proteins of RNA retroviruses and 

in eukaryotic gene regulators. In fact, this module has also been found in transcriptional 

activators, binding to promoter DNA (Fields et al., 2008) and cellular nucleic-acid binding 

proteins involved in ssDNA binding (Armas et al., 2008). Within the RecQ4 paralogues, the Zn 

knuckle motif is well conserved, although could present some variants of the canonical zinc 

site: for example, the human sequence has the second cysteine substituted by an asparagine 

(CNHC), while the Xenopus laevis region contains the canonical Zn2+ ligands: CCHC. 

Asparagine and glutamine are occasionally found as Zn2+ ligands (Cleasby et al., 1996; 

Koutmos et al., 2008). This domain is located in a region that appears essential for cell viability 

and is likely to share, together with the Sld2-homology domain, the essential function of 

RecQ4 in DNA replication. Recently, Kaiser and collaborators published the crystal structure 
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of human RecQ4, containing the conserved helicase core followed by a novel domain that 

takes the place of the RQC domain. The new domain, named RecQ4-Zn2+-binding domain 

(R4ZBD), features a zinc-binding site and two distinct types of winged-helix domains. 

Mutational and functional analysis suggest that the zinc-binding domain in RecQ4 is not 

directly involved in dsDNA separation but could play a role in specific DNA interaction. A 

possible function for the R4ZBD-winged-helix domains in RecQ4 could be to serve as a 

platform to interact with other proteins (Kaiser et al., 2017). 

 
 

Figure 1.10. Structure of human RecQ4 helicase (aa 449–1111). The ATPase helicase domain, 

comprising HD1 and HD2, highly conserved among all RecQ proteins, is shown in red. In place of a 

RQC domain, RecQ4 features a structurally unique domain, termed RecQ4-Zn2+-binding domain 

(R4ZBD), shown in cyan. The R4ZBD coordinates a Zn2+-ion (purple sphere). PDB code: 5LST. 

 

 

1.5.2. Biochemical features  

 

In 2006, Macris and co-workers showed that RecQ4 has an ATPase function that is activated 

by DNA, with ssDNA being much more effective than dsDNA, but at that time they did not 

detect any helicase activity. They also discovered RecQ4 possessing a single-strand DNA 

annealing activity (Macris et al., 2006). RecQ4 DNA helicase activity was only later detected 

in reactions containing an excess of ssDNA to prevent its reannealing (Xu & Liu, 2009).  

Suzuki and collaborators suggested that the previous failures in detecting RecQ4 helicase 

activity could be due to the low concentration of ATP used in the biochemical assays (Suzuki 

et al., 2009). RecQ4 has a 3′-5′ directionality (Kitao et al., 1998; Kitao et al., 1999) and its 

helicase activity was shown to be inactivated by mutations in the conserved helicase core 

domain, responsible for the observed unwinding activity (Rossi et al., 2010).  
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R4ZBD 
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A variety of Zn knuckles have been shown to bind both ssDNA and ssRNA, most having a 

preference for ssRNA (Buckman et al., 2003; Loughlin et al., 2011). Marino and collaborators 

conducted a detailed biochemical analysis by which they discovered that both human and 

frog Zn knuckles bind to a variety of nucleic acid substrates, with a mild preference for RNA 

(Marino et al., 2016).  

For its part, the C-terminal domain (the last 92 aa residues) was found to be crucial for DNA 

unwinding. The RecQ4427-1116 variant is in fact able to separate a 3′-overhang (3′-OH) DNA-

substrate upon ATP addition but, surprisingly, helicase activity is more than five-fold 

increased for the RecQ4427–1208 variant. RecQ4427–1116 features all basic structural 

requirements for dsDNA separation, however the last 92 aa of RecQ4427–1208 seem to contain 

additional elements, which are important for RecQ4s helicase activity (Kaiser et al., 2017).  

The authors suggested a new functional model based on these features: the ssDNA could 

enter the RecQ4 helicase via HD2 and be directed towards HD1, positioning the dsDNA entity 

in close proximity to the RecQ4 C-terminal domain (Kaiser et al., 2017). 

 

 

1.5.3. Cellular role 

 

RecQ4 is the only RecQ helicase known to be present in both nucleus and mitochondria. In 

the nucleus it is predominantly localized to the nucleoplasm with a fraction of the protein 

colocalizing to telomeres and the nucleolus (Yin et al., 2004; Petkovic et al., 2005; Woo et al., 

2006). In fact, RecQ4 has been shown to function in telomere maintenance and localizes to 

telomeres, associates with Shelterin proteins TRF1 and TRF2 and is able to resolve telomeric 

D-loop structures with the help of TRF1, TRF2 and POT1 specialized telomere DNA binding 

proteins (Ghosh et al., 2012). It was also found in the cytoplasm and more recently inside 

mitochondria: its intracellular localization is dynamic and appears to be cell type-specific 

(Petkovic et al., 2005; Croteau et al., 2012; De et al., 2012). There are evidences that RecQ4 

loss alters mitochondrial integrity. The Mitochondrial Localization Signal (MLS), identified 

within the helicase N-terminus, is responsible for the localization of the RecQ4-p53 complex 

to the mitochondria. RecQ4-p53 interaction is disrupted after stress, allowing p53 

translocation to the nucleus (De et al., 2012). RecQ4 was also found to be critical for skeletal 

development by modulating p53 activity in vivo (Lu et al., 2015). Like Sld2 in S. cerevisiae, 

RecQ4 is suggested to be involved in the assembling of DNA replication initiation complex 

(Thangavel et al., 2010), interacting with MCM and GINS complexes, and its N-terminus is 

essential for replication initiation in frog oocyte extract and chromatin binding by DNA 

polymerase α (Matsuno et al., 2006). 

Several findings also indicate the involvement of RecQ4 in DNA repair. It colocalizes and 

functionally interacts with APE1, FEN1 and polymerase β, indicating a role of RecQ4 in base 

excision repair (Schurman et al., 2009). 

RecQ4 has a crucial role in the first step of HR, in which is directly involved as an important 

participant. Its depletion severely reduces HR-mediated repair and 5’ end resection in vivo. 

Moreover, inactivation of its helicase activity impairs DNA end processing and HR-dependent 
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DSBR, although without affecting its interaction with MRE11 and CtIP, suggesting an 

important role for RecQ4’s unwinding activity in the process (Lu et al., 2016). 

RecQ4 also interact with poly(ADP-ribose) polymerase 1 (PARP-1), which is implicated in 

transcriptional regulation, DNA repair and recombination (Woo et al., 2006). RecQ4 foci 

coincide with foci formed by human RAD51 and regions of ssDNA after induction of DSBs. 

(Petkovic et al., 2005). These findings further support a role for RecQ4 in the repair of DSBs 

by HR. Evidences also showed that UV treatment of human cells resulted in the colocalization 

of the nuclear foci formed with RecQ4 and XPA. RecQ4 could then directly interact with XPA, 

and this interaction could be stimulated by UV irradiation (Fan & Luo, 2008). 

Interestingly, human mutant cells lacking RecQ4 were defective in UV-induced S-phase 

arrest, whereas cells defective in BLM exhibited a normal S-phase arrest following UV 

irradiation. A targeted inhibition of RecQ4 expression in human 293 cells showed a defect in 

inducing S-phase (replication) arrest following UV treatment and hydroxyurea treatment. 

These results suggested that RecQ4 may then have a unique role in replication fork arrest 

(Park et al., 2006). 

 

 

1.6. R-loops metabolism and their involvement in human diseases 

 

The term "R-loops" was given to reflect the similarity of these structures to D-loops: the "R" 

represents the involvement of an RNA strand, as they are three-stranded nucleic acid 

structures formed when the RNA hybridizes to a complementary DNA strand and a displaced 

single-stranded DNA. They were described for the first time in 1976 by Richard J. Roberts and 

Phillip A. Sharp, when their formation in vitro, in the presence of 70% formamide, was 

visualized by electron microscopy (Berget et al., 1977; Chow et al., 1977). R-loops have been 

detected in various organisms from bacteria to mammals, playing crucial roles in regulating 

gene expression, DNA and histone modifications, immunoglobulin class switch 

recombination (a process that allows activated B cells to modulate antibody production), 

DNA replication and genome stability, accumulating at preferred regions all over the genome, 

such as pericentromeric DNA, telomeres, ribosomal DNA or transcription termination regions 

(Groh & Gromak, 2014). 

R-loops can repress transcription and promote transcriptional termination (Huertas & 

Aguilera, 2003; Tous & Aguilera, 2007; Skourti-Stathaki et al., 2011). Furthermore, R-loops 

are clearly associated with epigenetic mechanisms governing transcription, post-

translational histone modifications and in protecting some active promoters from 

methylation (Ginno et al., 2012).  

R-loops can be a dangerous source of DNA damage. They can sensitize DNA to damaging 

agents (Santos-Pereira et al., 2013), induce transcription-associated recombination (Huertas 

& Aguilera, 2003), double-strand breaks (DSBs), chromosome breaks, fragile site instability, 

and cause chromosome loss (Li & Manley, 2005; Sordet et al., 2009; Tuduri et al., 2009; 

Stirling et al., 2012). Therefore, cells need to tightly regulate the levels of R-loops as their 
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unbalance and dysregulation can impair R-loop-regulated processes, cause genome 

instability and lead to several human diseases.  

Many proteins, required for efficient transcriptional elongation, termination, 

polyadenylation, RNA splicing, packaging and export, can regulate cellular R-loops levels 

either directly or indirectly, mostly by preventing RNA from hybridizing to DNA, thus reducing 

excessive R-loops accumulation (Huertas & Aguilera, 2003; Li & Manley, 2005; Skourti-

Stathaki et al., 2011; Wahba et al., 2011; Stirling et al., 2012; Santos-Pereira et al., 2013). DNA 

topology can also influence and determine hybridization of RNA to DNA and, in this context,  

topoisomerases can play important roles in modulating R-loops levels. TOP3B, for example, 

is able to relax negative supercoiled DNA and reduces transcription-generated R-loops in 

vitro, promoting transcription, protecting DNA from damage and reducing the frequency of 

chromosomal translocations (Tuduri et al., 2009; Yang et al., 2014). 

Cells also possess specific enzymes, including the members of the RNase H family, that 

specifically degrade the RNA in R-loops (Cerritelli & Crouch, 2009), and helicases that can 

unwind RNA/DNA hybrids (Misho et al., 2011; Skourti-Stathaki et al., 2011). 

 

Mutations in proteins implicated in R-loops resolution can cause several devastating human 

diseases, often related to neurodegeneration. The RNA/DNA helicase SETX is required to 

resolve R-loops at termination elements, releasing RNA for degradation by the 5′–3′ 

“torpedo” exonuclease Xrn2 prior to termination (Skourti-Stathaki et al., 2011) and its 

mutations cause amyotrophic lateral sclerosis type 4 (ALS4) and a recessive form of ataxia 

oculomotor apraxia type 2 (AOA2). These disorders are characterized by a progressive 

degeneration of motor neurons in brain and spinal cord, muscle weakness and atrophy (Chen 

et al., 2004; Moreira et al., 2004). 

Endonucleases such as RNase H enzymes are able to cleave the RNA of RNA/DNA hybrids in 

a sequence-independent manner, promoting and maintaining genome stability by resolving 

R-loops that form during transcription and by removing misincorporated ribonucleotides 

from the DNA (Cerritelli & Crouch, 2009). 

Mutations in any of the three subunits of RNase H2 cause Aicardi-Goutières syndrome (AGS), 

a neurological inflammatory disease, which resembles a congenital viral infection and is 

associated with accumulation of ribonucleotides in the DNA (Crow & Rehwinkel, 2009). 

TREX1, ADAR1 and SAMHD1 are enzymes able to process retroelement-derived nucleic acids 

and help to suppress retroelements expansion in the host genome and their recognition by 

the immune system (Lee-Kirsch et al., 2014). Genome-wide studies have demonstrated that 

RNA/DNA hybrids are particularly abundant at retrotransposon elements in yeast cells (Chan 

et al., 2014), and the expansion of retroelements, due to mutations in TREX1, ADAR1 or 

SAMHD1, may lead to increased RNA/DNA hybrid levels, contributing to autoimmunity in 

AGS. Indeed, it has been demonstrated that RNA/DNA hybrids can be sensed by toll-like 

receptor 9 (TLR9) to induce pro-inflammatory cytokine and antiviral interferon production in 

dendritic cells (Rigby et al., 2014). 

R-loops have been also proposed to play a role in triplet expansion pathologies. In fact, they 

can form over-expanded GAA and CGG repeats in cells from Friedreich's Ataxia (FRDA) and 
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Fragile X syndrome (FXS) patients, respectively (Groh et al., 2014). The abundance of these 

stable R-loops correlates with expansion size and they colocalize with the repressive 

chromatin marks characteristic of these diseases (Groh et al., 2014). 

R-loops can corrupt genome integrity, increase DNA sensitivity to damaging agents, promote 

the formation of DSBs, chromosome breaks, fragile site instability, chromosome loss and 

recombination events (Hamperl & Cimprich, 2014), all of them important hallmarks of 

cancer. Moreover, mutations in proteins controlling R-loops levels have been identified in 

tumors and the link between R-loops and tumoral onset and progression has been validated 

by several findings. Kaposi's sarcoma-associated herpesvirus (KSHV), which causes multiple 

AIDS-related cancers, encodes the ORF57 protein, which can sequester the host hTREX 

complex, important for mRNA processing and export (Jackson et al., 2014). Sequestration of 

hTREX leads to KSHV-induced accumulation of R-loops and causes damage to the host DNA, 

contributing to tumorigenesis (Jackson et al., 2014).  

Efficient transcription of the oncogene c-MYC requires that R-loops levels are kept low by the 

activity of DNA topoisomerase IIIB, which is recruited to arginine-methylated histones by the 

tudor domain containing 3 (TDRD3) protein (Yang et al., 2014). This R-loops-mediated 

mechanism of c-MYC gene regulation is relevant to tumor progression in breast cancer, which 

frequently shows overexpression of both c-MYC and TDRD3 (Yang et al., 2014). Yang and co-

workers speculated that TDRD3 levels suppress R-loops in c-MYC, thereby allowing its 

enhanced expression, which correlates with poor cancer prognosis (Hynes & Stoelzle, 2009).  

Interestingly, tumor suppressor BRCA2, which is mutated in breast and ovarian cancer, is 

required to prevent R-loops accumulation and genome instability (Bhatia et al., 2014). 

However, it still remains unclear if R-loops play a specific role in transcription dysregulation 

in cancer. 

R-loops have been also found implicated in cell senescence and play a complex and dynamic 

role in telomere length maintenance and cellular proliferative potential. In particular, the 

telomeric noncoding RNA TERRA forms R-loops which are induced when R-loops suppressors, 

such as RNase H or Thp2, are lost (Balk et al., 2013; Pfeiffer et al., 2013). Telomeric R-loops, 

in the absence of telomerase, can promote recombination-mediated telomere elongation via 

Rad52, and this delays the onset of cellular senescence (Balk et al., 2013). In contrast, in 

Rad52-deficient cells, R-loops accumulation leads to telomere shortening and premature 

senescence (Balk et al., 2013). Interestingly, cells from AOA2 patients with senataxin 

mutations contain shorter telomeres, suggesting a possible involvement of SETX in telomere 

stability (De Amicis et al., 2011).  

Since their involvement in gene regulation and maintenance of genome integrity, R-loops 

and their interactors also represent a potential therapeutic target and have yet to be fully 

exploited in drug design, although various compounds that modulate DNA supercoiling and 

inhibit DNA topoisomerases as well as small-molecule inhibitors for RNase H2 were recently 

identified (Sordet et al., 2009; Powell et al., 2013; White et al., 2013). 
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1.7. RecQ helicases and R-loops 

 

From unpublished studies previously carried out in our laboratory, RecQ4 was identified as a 

helicase able to efficiently resolve R-loops both in vitro and in vivo. A detailed biochemical 

analysis of the catalytic core of RecQ4, using a different DNA and RNA substrates, was 

performed and showed that, although the protein binds a variety of nucleic acids, it has a 

preference for R-loops; moreover R-loops are also the substrate most efficiently unwound by 

RecQ4.  

When compared with all other human RecQ helicases, RecQ4 exhibited the highest R-loops 

resolving activity. WRN displayed a low level of R-loops unwinding activity, consistent with 

previous observation that WRN has limited helicase activity towards RNA:DNA hybrids such 

as Okazaki fragments (Chakraborty et al., 2010). Although RecQ5 has been shown to catalyse 

annealing of RNA to DNA substrates (Khadka et al., 2016), and has been suggested to be 

involved in R-loop metabolism (Kanagaraj et al., 2010), our colleagues observed only a weak 

unwinding activity towards R-loops in vitro. 

These biochemical results were confirmed by a further in vivo analysis. Fibroblasts originating 

from a RTS patient with a RecQ4 truncated at the beginning of the helicase domain 

(maintaining an intact N-terminal domain, which is essential for DNA replication and cell 

viability) displayed a high frequency of R-loops, whereas the enforced expression of a full 

length RecQ4 in those same cells caused a marked decrease in the R-loops count. 

Furthermore, shRNA-mediated downregulation of RecQ4 also caused accumulation of R-

loops in a colon carcinoma cell line. 

These results provided evidence for a novel functional role of RecQ4, during DNA replication, 

in resolution of R-loops at stalled replication forks (Mojumdar & Kenig, unpublished data). 

 

Recently, loss of Sgs1, a yeast orthologue of human helicase BLM, was found having an 

important role in DNA replication and repair as its depletion increases R-loops accumulation 

and sensitizes cells to transcription-replication collisions. Moreover, analysis of BLM 

fibroblasts or by depletion of BLM from human cancer cells confirms a role for Sgs1/BLM in 

suppressing R-loops-associated genome instability across species. In support of a potential 

direct effect, BLM is found physically proximal to DNA:RNA hybrids in human cells, and can 

efficiently unwind R-loops in vitro. These evidences confirm that Sgs1/BLM have a crucial role 

in R-loops suppression and support the ideal involvement of RecQ helicases in stabilizing 

replication forks and as modulators of R-loop–mediated genome instability (Chang et al., 

2017). 
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1.8. Present contribution 

 

RecQ helicases are ubiquitous DNA unwinding enzymes, essential in the maintenance of 

genome integrity by acting at the interface between DNA replication, recombination and 

repair. Among RecQ helicases, RecQ4 is involved in DNA replication and maintenance of 

genome stability. Germ-line mutations in the RECQ4 gene give rise to three distinct human 

genetic disorders (Rothmund-Thomson, RAPADILINO and Baller-Gerold syndromes), 

characterized by genetic instability, growth deficiency and predisposition to cancer.  

RecQ4 is one of the less biochemically characterized RecQ helicases, despite its role in genetic 

diseases and carcinogenesis. From studies previously carried out in our laboratory, we know 

that the catalytic domain of human RecQ4 binds and unwinds R-loops with a higher efficiency 

than other DNA or RNA substrates. Moreover, when compared to the other human RecQ 

helicases, RecQ4 shows the highest level of R-loops unwinding activity.  

 

My PhD project focused on studying the contribution of additional domains (N- and C-

terminal domain) of RecQ4 in binding different DNA and RNA substrates and in enhancing 

the catalytic ability of the helicase core in unwinding different nucleic acids substrates, by 

expressing and purifying them in large amounts suitable for biochemical and structural 

studies. The cloning and part of the expression and purification strategies were based on 

previous bioinformatics (Marino et al., 2013) and biochemical studies (Marino et al., 2016; 

Mojumdar et al., 2016) and were meant to provide a functional validation to newly identified 

and independent protein domains. 

These findings are described into RESULTS AND DISCUSSION chapter. 
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CHAPTER 2 
 

 

MATERIALS AND METHODS 

 

2.1. Constructs and cell strain used in this study 

 

Commercially available bacterial expression vectors and one bacterial expression vector 

kindly supplied by EMBL were used to produce the DNA constructs for the expression in E. 

coli of the recombinant proteins used in this study, as already described in literature (Marino 

et al., 2016; Mojumdar et al., 2017). The main features of these vectors are summarized in 

Table 2.1. 

 

 

Table 2.1. List of vectors used for the cloning of RecQ4. The vectors used and their characteristics: 

promoter, antibiotic resistance, fusion tag and protease eventually used to cleave the tag, size, 

supplier and the cloning strategy used. RF = restriction free cloning (van den Ent and Lowe, 2006).  

The vectors containing RecQ4 DNA fragments were transformed into Rosetta 2 (DE3) E. coli 

strain. Rosetta 2 (DE3) host strain is BL21 derivative and is designed to enhance the 

expression of eukaryotic proteins that contain codons rarely used in E. coli but common in 

eukaryotic genes. This strain provides tRNAs for 7 rare codons (AGA, AGG, AUA, CUA, GGA, 

CCC and CGG) in a plasmid (pRARE) containing a chloramphenicol resistance. The tRNA genes 

are driven by their native promoters.  

 

BL21 indicates the basic E. coli strain used for protein expression; it lacks both lon protease 

and ompT protease that can degrade the expressed proteins. DE3 indicates that the host is a 

lysogen of bacteriophage λDE3, and therefore carries a chromosomal copy of the T7 RNA 

polymerase gene under control of the lacUV5 promoter. Such strains are suitable for 

production of proteins from target genes cloned in pET vectors and IPTG is required to 

maximally induce expression of the T7 RNA polymerase in order to express recombinant 

genes cloned downstream of a T7 promoter. 
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2.2. Site directed mutagenesis 

 

In order to understand the role of some conserved functional residues and two patient 

mutations in the C-terminal domain, as well as residues previously predicted to be 

functionally important in nucleic acid interaction in the N-terminal domain (Marino et al., 

2016), site-directed mutagenesis was used to mutate critical residues in the pETM-30 and 

pET-28b vectors containing RecQ4 fragment 335-427 and 1124-1208, respectively. Mutants 

generated are listed in Table 2.2. 

 

 
Table 2.2. List of all mutants and primers used for site directed mutagenesis. The introduced 

mutations are showed in red. 

 

All reactions were performed using double-stranded plasmid DNA as a template and a pair 

of complementary oligonucleotide primers, incorporating the desired mutation. 

 

Mutated vectors were generated in a 25 μl reaction containing 5-50 ng of template DNA, 125 

ng forward primer, 125 ng reverse primer, 10 μl Pfu Turbo polymerase (2.5U/μl) and its 10X 

buffer and dNTPs mix using the following PCR cycles: 
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• 30 sec initial denaturation at 95°C; 

 

Then 18 cycles: 

 

• 30 sec denaturation 95°C; 

• 1 min annealing 55°C; 

• 14 min extension 68°C (2 min/kb plasmid); 

• ∞ at 4°C. 

 

The reactions were then digested with 1 μl of the DpnI (stock 20,000U/ml) (NEB) restriction 

enzyme at 37°C, for 1.5 hr, to digest the methylated parental DNA. A 4 μl aliquot from the 

reaction mixture was then used to transform 45 μl DH5α competent cells (Stratagene) and 

the cell mixture was streaked on LB agar plates, containing kanamycin at a final concentration 

of 50 μg/μl. After overnight incubation at 37°C, preparation of plasmid DNA from isolated 

colonies proceeded. 

 

 

2.2.1. Preparation of plasmid minipreps 

 

Single colonies from agar plates were inoculated into 5 ml LB broth medium supplemented 

with the appropriate antibiotics and the cultures were grown for 16 hours at 37°C with 

shaking at 200 rpm. The cells were then pelleted by centrifugation at 3,500 g for 15 minutes 

at 4°C.  

Plasmid DNA was purified from cell pellets using the QIAprep Spin Miniprep kit (Qiagen), 

according to the manufacturer’s protocol, and stored at -20°C.  

The amplified PCR products were analysed by agarose gel electrophoresis in 1% agarose in 

TBE Buffer. The typical yield of plasmid DNA was ~50ng/μl, checked spectrophotometrically 

measuring the absorbance at a wavelength of 260 nm using a Nanodrop (Thermo Scientific). 
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2.3. Protein expression and purification 

 

2.3.1. Transformation 

 

The expression vectors with the codon sequence for different portions of the human RecQ4 

helicase were transformed into E. coli Rosetta 2(DE3) competent cells.  

For the transformation, each plasmid was added to a 50 μl aliquot of Rosetta 2 (DE3) 

competent cells. The mixtures were incubated on ice for 30 min, heat-shocked at 42°C for 45 

seconds and incubated on ice for 2 min. LB (Luria Bertani) medium, preheated to 42°C, was 

added to the mixture tubes to a final volume of 500 μL. The transformation reactions were 

then incubated for 1 hour at 37°C, shaking at 650 rpm in Eppendorf Thermomixer. After the 

transformation, the transformed cells were inoculated in LB broth with proper antibiotics 

(small inoculum): kanamycin at a final concentration of 50 μg/μl and chloramphenicol at a 

final concentration of 34 μg/μl. The small inoculum was then over-night incubated at 37°C.  

 

 

2.3.2. Expression conditions 

 

Using T7 systems, protein expression can be induced either with the chemical inducer 

isopropyl-β-d-thiogalactoside (IPTG) or by manipulating the carbon sources during E. coli 

growth (auto-induction).  

 

Like allolactose, IPTG binds to the lac repressor and releases the tetrameric repressor from 

the lac operator in an allosteric manner, thereby allowing the transcription of genes in the 

lac operon, such as the gene coding for beta-galactosidase, a hydrolase enzyme that catalyzes 

the hydrolysis of β-galactosides into monosaccharides. Anyway, unlike allolactose, the sulfur 

(S) atom creates a chemical bond which is non-hydrolyzable by the cell, preventing the cell 

from metabolizing or degrading the inducer. The concentration of IPTG therefore remains 

constant and the expression of lac p/o-controlled genes would not be inhibited during the 

experiment (https://www.goldbio.com). 

 

Protein production using autoinduction is based on diauxic growth of E. coli under the 

dynamic control of lac operon regulatory elements in a medium with mixtures of glucose and 

lactose. It omits the step of adding inducer to start protein production. For the experiment, 

an autoinduction medium containing glucose, glycerol, and lactose as carbon substrates and 

NH4+ as sole nitrogen source without addition of amino acids and vitamins is developed. As 

the E. coli cultures grow, they consume the glucose first. As the glucose runs out, they are 

forced to use the lactose which drives expression of the T7 promoter. Glycerol helps support 

growth without inhibiting T7 protein expression (Studier, 2005). 

 

Different induction methods were used for distinct constructs involved in this study. 

Induction by IPTG was used for N-terminal domain (0.2 mM IPTG) and autoinduction was 
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used for the catalytic core of human RecQ4 as already described in literature (Marino et al., 

2016; Mojumdar et al., 2017). 

For C-terminal domain, different IPTG concentrations (0.1 mM to 1 mM) were tested before 

scaling up and 0.1 mM IPTG concentration was finally detected as the best one in term of 

both expression and solubility of the domain. 

 

 

2.3.3. Purification techniques used in this study 

 

Immobilized Metal Ion Affinity Chromatography (IMAC)  

 

IMAC is a specialized variant of affinity chromatography where the proteins or peptides are 

separated according to their affinity for metal ions that have been immobilized by chelation 

to an insoluble matrix. At pH values around neutral, the amino acids histidine, tryptophan 

and cysteine form complexes with the chelated metal ions (e.g., Zn2+, Cu2+, Cd2+, Hg2+, Co2+, 

Ni2+, and Fe2+). They can then be eluted by reducing the pH, increasing the mobile phase ionic 

strength or adding ethylenediaminetetraacetic acid (0.05 M) to the mobile phase. This 

technique is especially suited for membrane proteins, protein aggregates where detergents 

or high-ionic-strength buffers are required and, as in this case, for purifying recombinant 

proteins as poly-histidine fusion proteins. Proteins fused to a poly-histidine tag can be 

purified using a Nickel-NTA Resin, that uses nitrilotriacetic acid (NTA), a tetradentate 

chelating ligand, in a highly cross-linked 6% agarose matrix. Nickel generally provides good 

binding efficiency to His-tagged proteins but tends to bind nonspecifically to endogenous 

proteins that contain exposed histidine or histidine clusters.  

For this reason, a low concentration of imidazole, which competes with the his-tag for 

binding to the metal-charged resin and thus is used for elution of the protein from an IMAC 

column, is typically added to both binding and wash buffers to interfere with the weak 

binding of other proteins and to elute any proteins that weakly bind. His-tagged protein is 

then eluted with a higher concentration of imidazole in Nickel Elution Buffer B. 

 

 

Heparin Affinity Chromatography  

 

Heparins are negatively charged polydispersed linear polysaccharides which have the ability 

to bind a wide range of biomolecules. The structure and negative charge of heparin enable it 

to mimic DNA in its overall binding properties. Heparin is used as a chromatography resin, 

acting as both an affinity ligand and an ion exchanger, as binding to it involves both charge 

and ligand specificity. Its polyanionic structure can mimic nucleic acids like DNA and RNA, 

making it useful for purification of nucleic acid-binding proteins including DNA and RNA 

polymerases and transcription factors. Also, since heparin is not susceptible to bacterial 

RNases and DNases, it is an ideal ligand to use for purification of DNA binding proteins from 
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bacterial lysates. Sepharose High Performance is the base matrix for HiTrap Heparin HP 5 ml, 

the column used in this study. 

 

 

Size Exclusion Chromatography (SEC)  

 

SEC is a method that allows to separate the proteins according to their molecular weight, by 

filtration through a gel matrix. The gel consists of spherical beads containing pores of a 

specific size distribution. Separation occurs when molecules of different sizes are included or 

excluded from the pores within the matrix. Small molecules diffuse into the pores and their 

flow through the column is retarded according to their size, while large molecules do not 

enter the pores and are eluted in the column's void volume.  

SEC is also useful for an estimate of the protein size. A standard calibration curve was plotted 

for the determination of the size and the molecular weight of each protein of this study: for 

each calibration standard, the logarithm of its known molecular weight, log (MW), was 

plotted against its normalized elution volume (Ve/Vo). Using the least squares method, the 

following linear equation was calculated: log(MW) = m(Ve/Vo) + b, where m is the slope and 

b is the intercept. 

The equation was then used for the determination of the log (MW) of the proteins of interest 

based on their elution volume (Ve) obtained by size-exclusion chromatography with the 

Superdex-200 or Superdex-75 column, respectively. 

 

 

2.3.4. Large scale expression and purification 

 

The expression and purification protocol of both N-terminal domain and catalytic core of 

RecQ4 was already described in literature (Marino et al., 2016; Mojumdar et al., 2017). 

Briefly: 

 

N-terminal domain  

 

GST-tagged wild type and mutant proteins were expressed in Rosetta 2(DE3) cells. Small 

inoculum was added in Terrific Broth (TB, Sigma) in ratio 1:40 (112.5 ml of small inoculum 

were added in 4.5 L of TB) at 18°C overnight, following induction with 0.2 mM IPTG in the 

presence of 0.1 mM ZnSO4. The cells were harvested at 5000 rpm for 30 min at 4°C and 

pellets were frozen at -80°C. The cell pellets from 1 L of culture were thawed and 

resuspended in 40 mL of affinity binding buffer (Nickel Binding Buffer A: 50 mM Hepes pH 

7.5, 0.5 M NaCl, 1 mM TCEP, 5% glycerol, 10 mM Imidazole) supplemented with one tablet 

of Complete Protease Inhibitor Cocktail (Roche), 5 mM MgCl2 and 0.1 mg/ml DnaseI (Sigma). 

The resuspended solution was incubated on ice for 30 min and stirred with a magnetic bar, 

in order to allow the lysis. The suspension was then sonicated on ice 15 min with short pulses 

of 15 seconds each, followed by 45 seconds pause, at 40% amplitude (Soniprep 150). The cell 
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lysates were clarified by centrifugation for 45 min at 26,000 g and the supernatant filtered 

through a 0.22 mm cut-off filter before applying to affinity columns.  

Proteins were purified by Nickel-NTA fastflow resin and washed with high salt concentration 

to eliminate DNA contamination and aspecific binding. After the elution with 5 times CV of 

Nickel Elution Buffer B (50 mM Hepes pH 7.5, 0.5 M NaCl, 1 mM TCEP, 5% glycerol, 500 mM 

Imidazole), the proteins were run on a size exclusion chromatography (Superdex-200) in 250 

mM NaCl, 20 mM Tris-HCl pH 7.5, 5% glycerol and 5 mM β-mercaptoethanol. 

 

Catalytic core 

 

The wild type protein was expressed in Rosetta 2(DE3) cells using auto-induction method 

(Studier, 2005) at 17°C for 48 hours and harvested by centrifugation. The cells were harvested 

at 5000 rpm for 30 min at 4°C and pellets were frozen at -80°C. The cell pellets from 1 L of 

culture were thawed and resuspended in 40 mL (for cells grown in TB) of affinity binding 

buffer (Nickel Buffer A: 50 mM Hepes pH 8.0, 0.5 M NaCl, 1 mM TCEP, 5% glycerol, 10 mM 

Imidazole), supplemented with 2 mM of the protease inhibitor AEBSF (4-(2-aminoethyl) 

benzenesulfonyl fluoride, Sigma) and/or one tablet of Complete Protease Inhibitor Cocktail 

(Roche), 5 mM MgCl2 and 0.1 mg/ml DnaseI (Sigma).  

The resuspended solution was incubated on ice for 30 min and stirred with a magnetic bar, 

in order to allow the lysis. The suspension was then sonicated on ice 15 min with short pulses 

of 15 seconds each, followed by 45 seconds pause, at 40% amplitude (Soniprep 150). The cell 

lysates were clarified by centrifugation for 45 min at 26,000 g and the supernatant filtered 

through a 0.22 mm cut-off filter before applying to affinity columns. The clarified lysate was 

loaded onto HisTrap FF 5 ml column (GE Healthcare) pre-equilibrated in Nickel Buffer A, using 

ÄKTApurifier instrument (GE Healthcare). The column was washed with 10 column volumes 

(CV) of Nickel Buffer A with 25 mM Imidazole and 2 M NaCl (to remove DNA contaminations), 

and the protein was eluted with a linear gradient over 6 CV to reach a concentration of 250 

mM Imidazole. The peak fractions containing the protein of interest were pooled and the 

concentration of imidazole was brought back to 10 mM by diluting the sample with Buffer A. 

 

Proteins expressed from pET-SUMO/CAT expression vectors were subjected to removal of 

SUMO tag by SUMO Protease. SUMO Protease is a highly active cysteinyl protease which is a 

recombinant fragment of Ulp1 (Ubl-specific protease 1) from Saccharomyces cerevisiae 

(Mossessova and Lima, 2000). SUMO Protease recognizes the tertiary structure of the 

ubiquitin-like (UBL) protein, SUMO rather than an amino acid sequence, cleaving in a highly 

specific manner. The optimal temperature for cleavage is 30°C; however, the enzyme is active 

over wide ranges of temperature and pH (pH 7.0-9.0).  

Protein samples were kept under overnight cleavage with SUMO protease at a w/w ratio of 

1:500 at 4°C, in the following buffer: 50 mM Tris-HCl (pH 8.0), β-mercaptoethanol, 250 mM 

NaCl. Cleavage was checked by SDS-PAGE gel. 
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Following digestion, SUMO Protease and His- SUMO tag were removed from the cleavage 

reaction by Nickel affinity chromatography using the polyhistidine tag at the N-terminus of 

the protease. 

Cleaved reaction was passed through a HisTrap FF 5 ml column (GE Healthcare) pre-

equilibrated in Nickel Buffer A.  

 

The flow-through was then collected and further diluted 10 times by Heparin Buffer A (50 

mM Hepes pH 7.5, 1 mM TCEP and 5% glycerol) to reduce the NaCl concentration to 50 mM. 

This sample was loaded onto HiTrap Heparin 5 ml column (GE Healthcare) equilibrated in 

Heparin Buffer A with 50 mM NaCl. The column was washed with 10 column volumes (CV) of 

Heparin Buffer A with 50 mM NaCl, and the protein was eluted with a linear gradient over 6 

CV to reach a concentration of 1 M NaCl. The peak fractions containing the protein of interest 

were pooled and concentrated using Amicon® Ultra-4 centrifugal filter unit with 30 kDa cutoff 

(Millipore) to further purify it using size exclusion chromatography (Superdex-200 10/300 GL-

GE Healthcare) in 20 mM Tris-HCl pH 7.5, 250 mM NaCl, 5% glycerol and 5 mM β-

mercaptoethanol.  

 

C-terminal domain 

 

The wild type protein and its mutants were expressed as 6His-tagged fusion proteins in 

Rosetta 2 (DE3) cells. Small inoculum was added in Terrific Broth (TB, Sigma) in ratio 1:40 

(112.5 ml of small inoculum were added in 4.5 L of TB) at 18°C overnight, following induction 

with 0.1 mM IPTG. The cells were harvested at 5000 rpm for 30 min at 4°C and pellets were 

frozen at -80°C. The cell pellets from 1 L of culture were thawed and resuspended in 40 mL 

of affinity binding buffer (Nickel Binding Buffer A: 50 mM Hepes pH 8.0, 0.5 M NaCl, 1 mM 

TCEP, 5% glycerol v/v, 10 mM Imidazole) supplemented with one tablet of Complete Protease 

Inhibitor Cocktail (Roche), 5 mM MgCl2 and 0.1 mg/ml DnaseI (Sigma). The resuspended 

solution was incubated on ice for 30 min, stirring with a magnetic bar, in order to allow the 

lysis. The suspension was then sonicated on ice 15 min with short pulses of 15 seconds each, 

followed by 45 seconds pause, at 40% amplitude (Soniprep 150). The cell lysates were 

clarified by centrifugation for 45 min at 26,000 g and the supernatant filtered through a 0.22 

mm cut-off filter before applying to affinity columns. Proteins were purified by Nickel-NTA 

fastflow (Qiagen) resin and washed with high salt concentration to eliminate DNA 

contamination and aspecific binding. After the elution with 5 times CV of Nickel Elution Buffer 

B (50 mM Hepes pH 7.5, 0.5 M NaCl, 1 mM TCEP, 5% glycerol, 500 mM Imidazole), the 

proteins were run on a size exclusion chromatography (Superdex-75 10/300 GL-GE 

Helthcare) in 50 mM Hepes pH 8.0, 250 mM NaCl, 5% glycerol v/v and 5 mM β-

mercaptoethanol.  

 

The concentration of any protein was determined by using Nanodrop Instrument (Thermo 

Scientific) and protein purity was analyzed as described below. 
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2.4. Biochemical characterisation of protein 

 

2.4.1. Determination of protein concentration 

 

Protein concentrations were determined spectrophotometrically by measuring the 

absorbance at 280 nm and applying the Lambert-Beer equation using the theoretical 

extinction coefficient of each protein. Theoretical values of molecular weight (MW), 

isoelectric point (pI) and extinction coefficient at 280 nm of all purified proteins were 

calculated from the amino acid sequences using ProtParam tool available at the Expasy server 

(http://ca.expasy.org/tools/protparam.html). 

 

 

2.4.2. Sodium Dodecyl Sulphate – PolyAcrylamide Gel Electrophoresis (SDS-PAGE) 

 

Protein samples were analysed by electrophoresis under denaturing, reducing conditions 

using discontinuous SDS-polyacrylamide gels (4% for the stacking gel and 10% or 12% for the 

separating gel). All the samples were prepared by addition of 4x SDS sample buffer and 

heated at 95°C for 5 min. Electrophoresis was carried out at a constant voltage (200V) for 45-

55 min in 1x Tris-glycine buffer. Gels were stained with Instant Blue, then stored in water. 

 

 

2.4.3. Oligonucleotide preparation for helicase and nucleic acid binding assays 

 

All the oligonucleotides used for EMSA and helicase assay were chemically synthesized and 

purified by reverse-phase high pressure liquid chromatography (Sigma-Aldrich, Suffolk, UK). 

Each oligo was resuspended in Tris-EDTA buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA). 

Oligonucleotide sequences used in this work are reported in Table 3.3. 

Fork-DNA (D1:D2 and D1:D3), fork-RNA (R1:R2 and R1:R3), hybrid fork-DNA/RNA (D1:R2 and 

D1:R3) and hybrid fork-RNA/DNA (R1:D2 and R1:D3) substrates were prepared by annealing 

the complementary fluorescent labelled and unlabelled oligonucleotides at a 1:2 M ratio in 

annealing buffer (10 mM Tris-HCl pH 7.5, 50 mM NaCl, 1 mM EDTA) by heating at 95°C for 

5 min and slowly cooling at room temperature. The fluorescent labelled DNA and RNA 

oligonucleotides (6FAM label at 5′ end and BHQ1 quencher at 3′ end) are shown in Table 3.3. 

For Holliday Junctions the substrates D4:D5:D7:D8 and D4:D6:D7:D8 were prepared by 

annealing the oligos D4, D5, D6, D7 and D8 in a molar ratio of 1:1.5:1.5:1.5 in 50mM Tris-HCl 

pH 8.0 and 10mM MgCl2; following denaturation at 100°C for 5 min, the DNA was allowed to 

anneal by overnight cooling to room temperature. 

For D-loop (D4:D9:D11 and D4:D10:D11) and R-loop (R4:D9:D11 and R4:D10:D11) substrates 

the molar ratio used were 1:1.25:2.5 in 6mM Tris-HCl pH 7.5, 7mM MgCl2, 50mM NaCl and 

1mM DTT. 

http://ca.expasy.org/tools/protparam.html
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The annealing method used for D-loops and R-loops was heating at 99°C for 5 min followed 

by incubations at 67°C for 1 hour, at 37°C for 30 min and at 25°C for 3-4 hours or overnight. 

All the products were analyzed by electrophoretic mobility shift assay (EMSA) on 6% (w/v) 

polyacrylamide gels, where labelled unannealed strands were used as markers. 

 

 
Table 3.3. Oligonucleotides used in this study. 6FAM (6-Carboxyfluorescein) label at 5’end and BHQ1 

(Black Hole Quencher 1) label at 3’end. DNA sequences are in capital letters and RNA sequences in 

small letters. 

 

 

2.4.4. Electrophoretic Mobility Shift Assay 

 

Binding of the single protein concentration (5 µM for the C-terminal domain) or binding of 

increasing amounts of protein (0, 0.1, and 0.2 μM for the helicase domain alone and together 

with the C-terminal domain; 0, 0.05, and 0.1 μM and for the helicase domain alone and 

together with the N-terminal domain) on the single strand labelled substrates (at final 

concentration of 20 nM) was detected by a gel mobility shift assay. 

The nucleic acid binding assay was performed by mixing the purified proteins and each 

substrate in 20 mM Tris-HCl pH 7.5, 5 mM MgCl2, 50 mM KCl, 8 mM DTT, 0.1 mg/ml BSA and 

5% Glycerol in 20 µl of reaction volume, incubated at room temperature for 30 min. The 

reaction mixture was then loaded on a 6% non-denaturing polyacrylamide gel and run at 4°C 

in TBE buffer. Fluorescent labelled substrates were detected by fluorescent scanner 

(ImageQuant, GE Healthcare) and quantification of protein bound nucleic acid was 

performed with ImageQuant image analysis software (GE Healthcare). One-site total binding 
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model was used to fit the data, from three independent experiments, using GraphPad-Prism 

software. 

 

 

2.4.5. Helicase Assay 

 

The helicase activity was measured by using fluorescence resonance energy transfer (FRET) 

in which the fluorophore emits when the double stranded substrate is unwound by the 

helicase (Tani et al. 2010). The assay was performed in 20 mM Tris-HCl pH 7.5, 5 mM MgCl2, 

50 mM KCl, 8 mM DTT, 0.1 mg/ml BSA and 5% Glycerol with 10 nM substrate, 3 mM ATP and 

125 nM Capture strand to prevent reannealing (Cap1 for fork-DNA and fork-RNA; Cap2 for 

Holliday Junctions, D-loops and R-loops, Table 3.3) in 25 µl of reaction volume. The unwinding 

reaction was started by incubating increasing concentrations (0 to 160 nM) of the purified 

protein in the reaction mixture. The reaction mixture was incubated at 37°C for 30 min. The 

fluorescence intensity was recorded using Infinite F200 PRO TECAN instrument. To have a 

measurement of 100% unwinding the reaction was incubated at 95°C and measured. The 

assay was done in triplicate. The percentage of unwinding was calculated and plotted using 

GraphPad-Prism software. 

 

 

2.5. Structural analysis of the C-terminal domain: CD spectroscopy  

 

Circular dichroism (CD) spectra of the purified wild type C-terminal domain was recorded at 

25°C on a Jasco J-810 Spectropolarimeter at wavelength 185–260 nm, in 10 mm quartz cells, 

band width 1 nm, response 1 sec, data pitch 0.1 nm and scanning speed 20 nm/min. Each 

peptide was dissolved at 50 μM in 50 mM phosphate buffer pH 8.0 and 50 mM NaF. Three 

scans were done for each sample and averaged and every spectrum was corrected for the 

buffer. 
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CHAPTER 3 
 

 

RESULTS AND DISCUSSION 
 

 

3.1. Bioinformatics analysis  

 

A bioinformatics analysis previously carried out on RecQ4 had identified the presence of a 

cysteine-rich region, predicted to fold into a Zn knuckle, immediately upstream of the 

helicase domain, and a revised prediction of the Sld2-homology region, extending 

throughout the whole of the yeast Sld2 replication factor (Marino et al., 2013). Both the 

human and Xenopus Zn knuckles of RecQ4 were found to bind a variety of nucleic acid 

substrates, with a mild preference for RNA. Besides, the segment located upstream the Zn 

knuckle, that is highly conserved and rich in positively charged and aromatic residues, 

strongly enhances binding to nucleic acids in both the human and Xenopus proteins (Marino 

et al., 2016). 

We have further examined the last 100 amino-acid residues of RecQ4. This region does not 

show any similarity to known protein sequence, beside the RecQ4 orthologues; however, 

within this family, the level of conservation is significant, pointing to an essential role for this 

domain in the cellular function of RecQ4 proteins. 

We run various threading/fold recognition algorithms, such as I-tasser, FFAS03, HHPRED, but 

none of these were able to predict the presence of a specific fold. However, secondary 

structure prediction algorithms consistently show the presence of 4 or 5 -helices (Figure 

3.1). This consideration opens up the intriguing possibility that the C-terminus may fold into 

a HRDC domain, as seen in a number of other RecQ helicases. If that is true, the lack of 

sequence homology would not be surprising, since the HRDC domains are very poorly 

conserved at the sequence levels.  

As some positively charged residues of the C-terminal domain are conserved (such as 

Arg1158, Arg1162, Arg1185 and Lysine 1186), we predicted they may be functionally 

important, possibly being involved in nucleic acid interaction. To verify our prediction, these 

residues were mutated to alanine. Additionally, residues reported to be mutated in patients, 

Pro1170 and Thr1200, were also mutated and analyzed. On the basis of an earlier publication 

by Kääriäinen and colleagues, it is known that the mutation Thr1200ArgfsX26, found in a 

RAPADALINO patient, causes an early stop codon or a frameshift, both leading to truncated 

polypeptide (Kääriäinen et al., 1989). On the other hand, the mutation Pro1170Leu was found 

in concert with other two amino acid substitutions (Arg522Cys and Val799Met), but none of 

them was yet proven to be a pathogenic change (Siitonen et al., 2009). 
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Figure 3.1. Sequence analysis of the C-terminal domain of RecQ4. Sequence alignment (ClustalW2, 

Chenna et al., 2003) of the C-terminal domain of RecQ4 from various organisms. Identical or very 

similar residues are highlighted in cyan. Arg1158, Arg1162, Arg1185 and Lys1186, predicted to be 

functionally relevant, are highlighted by a green star. Pro1170 and Thr1200, mutated in RTS patients, 

are highlighted by a red star. The secondary structure prediction (Psipred, Heringa, 2000; McGuffin 

et al., 2000) shows the presence of five helices, shown above as purple rectangles. 

 

 

3.2. Expression and purification of proteins used in this study 

 

3.2.1. Expression and purification of the C-terminal domain (Ct) of hRecQ4 and its mutants 

 

In order to test the above prediction and to better understand the role of hRecQ4 C-terminal 

domain (comprising amino acid residues 1124-1208) in the nucleic acid binding and 

unwinding activities of the catalytic core of the protein, the Ct region was cloned in a pET-

28b vector to produce a 6His-tagged protein. This construct was then expressed in E. coli in 

TB at 18°C overnight, following induction with 0.1 mM IPTG, and purified by Nickel affinity 

chromatography, then injected on a gel filtration column Superdex 75 10/300 (Figure 3.2). As 

the region is rather small (84 amino-acid residues), we choose not to cleave the tag. 

The protein expressed well (Figure 3.2 A), ran on size exclusion chromatography as a 

monomer with a molecular weight of about 10 kDa (Figure 3.2 B), and could be purified to a 

reasonable amount. 

Conserved positively charged residues predicted to be functionally important, such as 

Arg1158, Arg1162, Arg1185 and Lys1186, were mutated to alanine. Additionally, residues 

reported to be mutated in RTS patients such as Pro1170 and Thr1200 were also mutated, to 

Ala and Arg, respectively. These mutant proteins were expressed and purified following the 

same protocol as for the wild type protein and the amounts and level of purity obtained 

appeared to be similar to the wild type protein. 

The purity of the proteins was estimated to be > 90% by densitometry of Coomassie brilliant 

blue stained SDS-PAGE gel. The purified samples were kept at -80°C for further structural and 

biochemical characterization. 
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Figure 3.2. hRecQ4-Ct and its mutants. (A): Purification strategy of the Ct domain, comprising Nickel 

affinity purification, followed by size-exclusion chromatography. (B): SDS-PAGE analysis of the 

expression and purification of Ct domain. Lane MW: molecular marker; wt: Wild type C-terminal 

domain; m1: Ct-Arg1158Ala; m2: Ct-Arg1162Ala; m3: Ct-Pro1170Ala; m4: Ct-Arg1185Ala; m5: Ct-

Lys1186Ala; m6: Ct-Thr1200Arg (15% SDS-PAGE gel). (C): Size exclusion chromatography indicates 

that the recombinant hRecQ4-Ct is a monomer of approximately 10 kDa in solution.  

 

 

3.2.2. Expression and purification of the helicase domain (Hel) and the N-terminal domain 

(UpZnk) of hRecQ4 and its mutants 

 

The catalytic domain of hRecQ4, comprising amino acid residues 445-1112 (hRecQ4-Hel), and 

the N-terminal region encompassing the last region of homology with the yeast Sld2 factor 

and the Zn knuckle, comprising amino acid residues 335-427 (hRecQ4-UpZnK), as well as their 

mutants, were expressed and purified as previously described in literature and in Chapter 2 

(Marino et al., 2016; Mojumdar et al., 2017). 

 

 



 

60 

 
 

 

Figure 3.3. hRecQ4-UpZnk and hRecQ4-Hel. (A): Purification process of the N-terminal domain. After 

Nickel affinity purification, the 6His-GST tag was not cleaved to further stabilize the protein. (B): SDS-

PAGE analysis of the expression and purification of hRecQ4-UpZnk. (C): Purification process of the 

catalytic domain of hRecQ4. After Nickel affinity purification, the 6His-SUMO tag was cleaved. (D): 

SDS-PAGE analysis of the expression and purification of hRecQ4-Hel. 

 

 

3.3. Preparation of the nucleic acid substrates used in this study 

 

We choose to test hRecQ4 unwinding activity of different DNA and RNA substrates which are 

able to mimic important physiological helicase substrates. Partially duplex substrates, such 

as fork-DNA and fork-RNA, hybrid fork-DNA/RNA and hybrid fork-RNA/DNA are interesting 

substrates because it is known that binding to ssDNA stimulates ATP hydrolysis for most 

helicases, whereas dsDNA usually does not provide the same level of activation. In fact, most 

helicases require a ssDNA “tail” adjacent to a dsDNA region in order to initiate unwinding of 

the duplex. 

Several studies indicate that many RecQ proteins exhibit preferential activity on a wide range 

of substrates. Preferred substrates are branched DNA structures, including forked structures 

that mimic replication forks, and synthetic 4-way junctions that mimic Holliday junctions 

(HJs). In fact, human BLM and WRN proteins promote branch migration of HJs, crucial in 

homologous recombination (HR) and DNA replication (Harmon & Kowalczykowski, 1998; 

Constantinou et al., 2000; Karow et al., 2000). 
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RecQ helicases are also known to be active in unwinding a number of unusual DNA and RNA 

structures, including displacement loops (D-loops; an intermediate in homologous 

recombination reactions), DNA-RNA/RNA-DNA hybrids and R-loops, which form naturally 

during essential cellular functions such as transcription and replication and also be an 

important source of genome instability, a hallmark of cancer and genetic diseases   (Bennett 

et al., 1998; van Brabant et al., 2000; Brosh et al., 2001; Machwe et al., 2002; Mohaghegh et 

al., 2001; Orren et al., 2002). 

 

Binding to nucleic acid substrates was carried out using Electrophoretic Mobility Shift Assay 

(EMSA), based on the observation that protein–DNA complexes migrate more slowly than 

free linear DNA or RNA fragments when subjected to non-denaturing polyacrylamide gel 

electrophoresis.  

The hRecQ4 capability in unwinding different nucleic acid substrates was instead tested by 

using a fluorescent assay which is based on the principle of fluorescent resonance energy 

transfer (FRET), in which the photon released from an excited fluorophore, known as the 

“donor,” is absorbed by an “acceptor” molecule, which can be a fluorophore or a 

nonfluorescent molecule, also known as quencher. If the acceptor is a fluorophore then the 

absorbed energy will be emitted as a fluorescence characteristic of the acceptor; if it is a 

nonfluorescent (quencher) molecule, then the absorbed energy will be lost as heat 

(Mojumdar & Deka, 2019). 

 

Radioactivity has been the predominant method of DNA labeling in EMSAs. Traditionally, 

DNA probes (labeled before performing the experiment to allow its specific detection after 

electrophoresis) have been radiolabeled with ³²P by incorporating an [γ-³²P]dNTP during a 3' 

fill-in reaction using Klenow fragment or by 5' end labeling using [γ-³²P]ATP and T4 

polynucleotide kinase. Following electrophoresis, the gel is exposed to X-ray film to visualize 

the results. 

Recent advances in fluorescent dyes and scanning methods have prompted the use of 

fluorescent tagging of DNA as an alternative to radioactivity for the advantages of easy 

handling and saving time. Indeed, numerous nonradioactive methods for performing EMSAs 

binding and unwinding assays are today available. Another advantage in using fluorescent 

probes unwinding is that it can be detected in real time and their use also lacks radiation 

hazards and the consequent problems of waste handling and disposal, thus improving safety. 

On the other hand, fluorescence is not necessarily easier or more convenient to use because 

it requires specialized equipment of its own and because quenching makes absolute and/or 

reproducible quantification sometimes difficult.  

Moreover, there are two disadvantages of this method. The first is that radioactivity-based 

assays are far more sensitive, and allow to follow much smaller amounts of nucleic acids. The 

second disadvantage is a significant biological problem: chemically tagging a molecule with a 

fluorescent dye can radically change the structure of the molecule, which in turn changes the 

way that molecule interacts with other molecules. In contrast, intrinsic radiolabeling of a 

molecule can be done without altering its structure in any way (for example, substituting a 
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32P for a phosphorus atom or 14C for a carbon atom does not change conformation, structure 

or any other property of the molecule). Thus, an intrinsically radiolabeled molecule is 

identical to its unlabeled counterpart. 

However, we carried out EMSAs binding and FRET unwinding experiments using fluorescent 

probes due to regulatory concerns associated with the use of radioactivity.  

In particular, all the DNA and RNA oligonucleotides used in this study for nucleic acid binding 

and unwinding experiments were prepared by annealing complementary fluorescent 5′-end-

labeled with [6FAM] (6-Carboxyfluorescein) fluorophore and unlabeled oligonucleotides 

(EMSAs binding assays) or BHQ1 (Black Hole Quencher 1) labeled at 3’-end strands (FRET 

unwinding assays). 

 

All the oligonucleotides used for EMSA binding assays (picture 3.4 A) and helicase assays 

(picture 3.4 B) were chemically synthesized and purified by reverse-phase high pressure 

liquid chromatography (Sigma-Aldrich). Fork-DNA, fork-RNA, hybrid fork-DNA/RNA and 

hybrid fork-RNA/DNA substrates were prepared by annealing in tube, by using a PCR thermal 

cycler, the complementary fluorescent labelled and unlabeled oligonucleotides at a 1:2 M 

ratio in a proper annealing buffer. 

Holliday Junctions substrates were prepared by annealing the 4 oligos in a molar ratio of 

1:1.5:1.5:1.5 in a proper annealing buffer, at 100°C for 5 min. The DNA was then allowed to 

anneal by overnight cooling to room temperature. 

For D-loop and R-loop substrates were prepared by annealing the 3 oligos in a molar ratio of 

1:1.25:2.5, in the adapted annealing buffer, as already carefully described in Chapter 2. All 

the products were analyzed by electrophoretic mobility shift assay (EMSA) on 6% (w/v) 

polyacrylamide gels, where a labelled unannealed strand was used as markers, and detected 

in-gel with the help of an appropriate imaging system (see Materials and Methods chapter 

for details).  

It is important to stress that, in contrast to DNA, since RNA is very susceptible to degradation 

by enzyme-catalyzed hydrolysis, working with RNA substrates is more demanding due to 

both the chemical instability of RNA and because of the ubiquitous presence of RNases. 

Unlike DNases, which require metal ions for activity, RNases are found everywhere and have 

no requirement for metal ion cofactors. They can also maintain activity even after prolonged 

boiling or autoclaving. Special precautions must be taken when working with RNA substrates 

and all reagents and equipment must be specially treated to inactivate RNases prior to use.  

 

All the oligonucleotides used in this study are showed in the picture 3.4 A, B. 
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Figure 3.4. DNA and RNA substrates used in this study. (A): EMSA binding experiments substrates. 

[6FAM] fluorophore is represented by a yellow star. (B): FRET unwinding experiments substrates. 

[6FAM] fluorophore is represented by a yellow star; BHQ1 quencher is represented by a red star. All 

the substrates were prepared following the protocols described in Chakraborty & Grosse (2011).  

 

 

3.4. Nucleic acid binding preference for the RecQ4 N-terminal region (hRecQ4-UpZnK, 335-

427) 

 

In order to evaluate the role of N-terminal region of hRecQ4, containing the additional Sld2 

homologous region and the zinc knuckle (hRecQ4-UpZnK, residues 335-427), EMSA for 

detecting protein-nucleic acid interaction was performed with 10 nM of fluorescently 

labelled substrates and increasing concentration (0-400 nM) of hRecQ4-UpZnK.  
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Fluorescent labelled substrates were detected by a fluorescent scanner and quantification of 

protein bound to a nucleic acid was performed with a densitometric image analysis software 

(ImageQuant, GE Healthcare). The fraction of bound DNA was determined from the 

background‐subtracted signal intensities by using the expression: bound/(bound + unbound). 

The resulting ratio is multiplied by 100 to get the percentage of nucleic acid binding.  

One-site total binding function of GraphPad-Prism software was used to fit the data obtained 

from three independent experiments. This model does not measure nonspecific binding 

directly. Instead, it fits only total binding by assuming that the amount of nonspecific binding 

is proportional to the concentration of labeled ligand. 

 

The N-terminal region shows affinity towards almost all the substrates with a preference for 

R-loops, Holliday Junctions, D-loops and hybrid fork-RNA/DNA (Figure 3.5 A, B). From 

experiments previously carried out in our laboratory, it is known that hRecQ4-Hel protein is 

able to bind several DNA and RNA substrates, with a preference for R-loops and fork-RNA, 

which seem to be the preferred substrates, followed by D-loops and Holliday Junctions. It is 

possible to speculate that these two distinct domains could then synergistically contribute to 

the substrate recruiting and selectivity. 

 

To further determine the impact of the N-terminal region on nucleic acid binding activity of 

the catalytic core of hRecQ4, EMSA was then performed with 10 nM of the four substrates 

showing the highest affinity (R-loops, Holliday Junction, D-loops and hybrid fork-RNA/DNA) 

and increasing concentration (0-0.1 μM) of hRecQ4-Hel protein, together with or without an 

equimolar ratio of hRecQ4-UpZnk (0.1 μM). The presence of the hRecQ4-UpZnK seems to 

increase the binding affinity of the helicase core towards the best substrates. Surprisingly, 

the major contribution to bind the substrates seems to be due to the N-terminal region itself; 

interestingly, the EMSA band corresponding to the N-terminal region:nucleic acid complex 

shows a shift at a molecular weight higher than the one corresponding to the helicase 

core:nucleic acid complex. It is possible to speculate that this effect could be due to an 

unexpected stoichiometry of the complex itself (Figure 3.5 C, D).  

 



 

65 

 
 

 

Figure 3.5. hRecQ4-UpZnK nucleic acid binding preferences. (A): EMSA gels showing nucleic acid 

binding at increasing concentration (0-0.4 μM) of hRecQ4-UpZnK with 10 nM substrates: R-loop 

(R4:D10:D11), D-loop (D4:D10:D11), Holliday Junction (D4:D6:D7:D8), hybrid fork-RNA/DNA (R1:D3), 

hybrid fork-DNA/RNA (D1:R3), fork-RNA (R1:R3) and fork-DNA (D1:D3), (see Figure 3.4). (B) 

Comparison of nucleic acid binding activity of hRecQ4-UpZnk towards various substrates. One-site 

total function of Graphpad-Prism was used to fit the data points. 

(C): EMSA gels showing the nucleic acid binding activity of two concentrations of hRecQ4-Hel (0.05-

0.1 μM), without/with the presence of an equimolar amount of hRecQ4-UpZnK,  towards R-loop, D-

loop, Holliday Junction and hybrid fork-RNA/DNA; a lane corresponds to the hRecQ4-UpZnK alone, as 

a comparison. (D) Bar graph showing the quantification of the EMSA shown above. Each experiment 

was done in triplicate. 

 

 

3.5. The C-terminal domain of hRecQ4: structural characterization by circular dichroism  

 

Circular Dichroism (CD) is an absorption spectroscopy method which uses circularly polarized 

light to investigate structural aspects of optically active molecules, based on the differential 

absorption of left and right circularly polarized light. UV CD is used to determine aspects and 

characteristics of protein secondary structure (Johnson W.C., 1990; Woody R., 1995).  

There are characteristic UV CD spectra for all-α-helix, all-β-sheet and a random coil protein 

(Figure 3.6). The spectrum for an all- α-helical protein has two negative bands at 222 and 208 

nm, and a positive band at ~ 190 nm. The spectrum for an all-β-sheet protein has, in general, 

a negative band between 210 - 220 nm and a positive band between 195 - 200 nm. Spectra 

for β -sheet proteins are more diverse than those for α-helical proteins because they may be 
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present at parallel, anti-parallel, or mixed conformations, and can be twisted in many ways. 

The spectrum for a disorderly random coil protein has a negative band at around 200 nm 

(Corrêa & Ramos, 2008). 

 

 

 
 

Figure 3.6. Typical CD-spectra for each secondary structure element. The three basic secondary 

structures of a polypeptide chain (helix, sheet, coil) show a characteristic CD spectrum. A protein 

consisting of these elements should therefore display a spectrum that can be deconvoluted into the 

three individual contributions. 

 

The Circular Dichroism spectrum of hRecQ4-Ct shows two negative peaks of similar 

magnitude at 222 and 208 nm and a positive band at ~ 190 nm, suggesting that the protein 

is folded and is mainly composed of alpha-helical structures (Figure 3.7 A, B). DICHROWEB, 

an online server for protein secondary structure analysis from circular dichroism 

spectroscopic data, was used to analyze the spectrum and to obtain more relevant 

information about the secondary structure of the C-terminal domain. The primary function 

of the DICHROWEB server is to provide a user-friendly interface and calculation platform for 

a range of popular secondary structure calculation algorithms and reference databases, 

thereby facilitating the analysis of CD spectroscopic data. It currently supports five popular 

and freely available analysis algorithms: SELCON3, CONTINLL, CDSSTR, VARSLC and K2d 

(Whitmore & Wallace, 2004). According to the secondary structure prediction, the spectrum 

analysis showed the presence of five helices in the region of interest (Figure 3.7 A, B). 

 

The CD analysis of the recombinant hRecQ4-Ct domain thus confirms the secondary structure 

prediction and is consistent with our hypothesis that this domain may fold as an HRDC 

domain, as in other RecQ helicases. 
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Figure 3.7. Circular dichroism of Ct domain of hRecQ4. (A): Circular Dichroism spectrum of 5 μM Ct 

domain shows a typical alpha-helical spectrum, suggesting a well folded protein. (B): Circular 

Dichroism spectrum analysis (Dichroweb) shows the presence of a helical bundle (approximate 5 

helices of 14 residues length).  

 

 

3.6. The C-terminal domain of hRecQ4: biochemical characterization 

 

In order to verify the possible role of the Ct domain in binding nucleic acid, EMSA was 

performed with 10 nM of fluorescently labelled DNA and RNA substrates (Figure 3.4 A) and 

an excess of hRecQ4-Ct, but the protein showed no affinity for nucleic acid even at very high 

protein concentration (5 μM), as shown in Figure 3.8 A below.  

 

Moreover, to assess whether the C-terminal domain may have a synergistic effect when 

added in trans to the catalytic domain, EMSA were then carried out with increasing 

concentrations (0-0.2 μM) of hRecQ4-Hel with and without an equimolar amount of hRecQ4-

Ct. However, no significant effect was observed in the presence of the C-terminal domain 

(Figure 3.8). 

In our hands thus the C-terminal region does not play a noticeable role in nucleic acid binding. 

However, it has to be stressed that in our experiment the C-terminal domain was added in 

trans; it is possible that a different effect can be obtained when the whole protein is used. 

Indeed, it is reported in literature that the fragment hRecQ4427–1208 (which includes the C-

terminal) binds tighter to ssDNA, compared to the shorter hRecQ4427–1116 (comprising only 

the catalytic core), indicating that the last 92 aa of RecQ4 contribute significantly to DNA 

binding (Kaiser et al., 2017). 
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Figure 3.8. The C-terminal region does not exhibit any nucleic acid binding when added in trans to 

the catalytic core. (A): EMSA gels showing the nucleic acid binding activity of increasing concentration 

(0-0.2 μM) of hRecQ4-Hel without/with the presence of an equimolar amount of hRecQ4-Ct towards 

R-loop (R4:D10:D11), D-loop (D4:D10:D11), Holliday Junction (D4:D6:D7:D8) and hybrid fork-

RNA/DNA (R1:D3). (B): Bar graph showing the quantification of the EMSA described above. The C-

terminal region does not show any visible nucleic acid binding activity. Each experiment was done in 

triplicate. 

 

 

3.7. The role of the N- and C-terminal region of RecQ4 in R-loops unwinding and resolution 

 

To further dissect the role of the N-terminal and C-terminal domains of RecQ4, a FRET based 

helicase assay was performed using increasing concentration (0-160 nM) of all recombinant 

proteins (hRecQ4-Hel, hRecQ4-UpZnk and hRecQ4-Ct).  

 

Two main constraints to be satisfied for the correct execution of this biochemical assay are: 

the distance between the donor and acceptor, which should be between 10 A  ̊to 100 A ̊; the 

absorption range of the acceptor must overlap the emission range of the donor. Some 

fluorophores, such as TET, HEX, and FAM, with an emission range between 500 nm to 550 

nm, are quenched by quenchers, such as Black hole quencher 1 (BHQ1) and dabcyl, with an 

absorption range of 450 nm to 550 nm (Mojumdar & Deka, 2019). 
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As already mentioned, the double-stranded nucleic acid substrate is composed of two 

complementary strands, labeled with a fluorophore and a quencher respectively, and 

hybridized to each other to form a duplex substrate. This substrate is then used for an 

unwinding experiment: as the fluorophore-labeled strand is separated from the quencher, 

an increase in the fluorescent emission intensity is observed. This increased fluorescence is 

measured using a spectrophotometer and the helicase activity of the enzyme is estimated in 

terms of percentage of unwinding, using a total unwound substrate as control.  

 

 

 
 

Figure 3.9. Schematic description of FRET method. The duplex substrate is prepared by hybridizing a 

fluorophore(F)-labeled strand (green) with quencher(Q)-labeled strand (black). Where the 

fluorescence from the fluorophore molecule is emitted, it is then absorbed by the quencher. As the 

duplex is unwound, the fluorophore-labeled strand is released, and the fluorescence signal increases 

with time. This increase in fluorescence signal is measured and the activity of the helicase is estimated 

(Figure adapted by Mojumdar & Deka, 2019). 

 

The effect of the N-terminal region in enhancing the catalytic activity of the helicase domain 

was determined by adding an equimolar amount of hRecQ4-UpZnk to the helicase reaction 

containing hRecQ4-Hel. The addition of the N-terminal domain shows a significant increase 

in the unwinding activity of the helicase core towards all the substrates, especially for R-

loops, as it shown in the picture below (Figure 3.10 A).  

In a previous study on the N-terminal region of RecQ4 carried out in our laboratory, various 

residues within the zinc knuckle were mutated and then predicted and/or shown to be 

functionally important in nucleic acid interaction. To enhance our understanding of the 

activity of the N-terminal domain towards R-loops unwinding and resolution, these mutants 

were used in R-loops unwinding assays.  

These mutants were produced as already described and were added in equimolar amount to 

the helicase reaction in trans with the RecQ4 helicase core: UpZnk-m1: 

Cys403Ala/Asn406Ala; UpZnk-m2: His411Ala/Cys416Ala; UpZnk-m3: Asn406Cys and UpZnk-

m4: Phe404Ala/Trp412Ala (Marino et al., 2016). 

The two mutants UpZnk-m1 and UpZnk-m2 did not show any significant change in R-loops 

unwinding, while UpZnk-m3 and in particular UpZnk-m4 showed a significant decrease in R-

loops resolving activity of the protein, suggesting that phenylalanine and tryptophan can play 

a role in substrate interaction (Figure 3.10 A).  
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The biochemical characterization of the N-terminal mutants shows that phenylalanine 

(Phe404) and tryptophan (Trp412) present in the Zn knuckle are important for R-loops 

resolution. The two aromatic residues might interact with the nucleic acid bases by 

establishing π-π stacking interactions, as predicted from the NMR structure (Marino et al., 

2016).  

It is important to stress that we decided to target the Zn ligands (Cys403, Asn 406, His411 

and Cys 416). In the human sequence one of the canonical Zn ligands (Cys) is substituted by 

an Asn. Mutation of these residues to alanine did not significantly affect R-loops unwinding; 

an attempt of reconstituting a canonical Zn knuckle, by changing Asn406 to Cys surprisingly 

showed a decrease in the R-loops resolving activity of the protein. Based on the NMR 

structure, two aromatic residues (Phe404 and Trp412) were predicted to be involved in 

nucleic acid binding. Indeed, their mutation to alanine strongly affected the unwinding, 

confirming that these residues play a role in substrate interaction (Marino et al., 2016). 

 

Similarly, the impact of the C-terminal on unwinding activity of the helicase core was 

determined performing a similar unwinding assay, by adding an equimolar amount of 

hRecQ4-Ct to the helicase reaction containing hRecQ4-Hel. The C-terminal domain seems to 

significantly enhance unwinding activity of the protein towards specific substrates, with a 

strong preference towards R-loops, as it shown in the picture below (Figure 3.10 B).  

Some conserved residues were predicted to be functionally important such as Arg1158, 

Arg1162, Arg1185 and Lysine 1186 and were mutated to alanine. Additionally, residues 

reported to be mutated in RTS patients, such as Pro1170 and Thr1200, were also mutated 

(Figure 3.1 A). These mutants were added to the helicase reaction with the helicase core of 

RecQ4. All the residues, except Arg1162, seem to affect the R-loops resolving activity of the 

protein, especially the RTS patient mutations, which showed a significant reduction in the 

activity of the protein (Figure 3.10 B).  
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Figure 3.10. The effect of the N-terminal and C-terminal wild type and mutants on the helicase 

activity of the hRecQ4-Hel. (A): The effect of the N-terminal wild type and mutants: UpZnk-m1: 

Cys403Ala/Asn406Ala; UpZnk-m2: His411Ala/Cys416Ala; UpZnk-m3: Asn406Cys; UpZnk-m4: 

Phe404Ala/Trp412Ala. UpZnk-m3 and UpZnk-m4 showed a significant decrease in R-loops resolving 

activity of the helicase core of hRecQ4  

(B): The effect of the C-terminal wild type and mutants. All the residues, except Arg1162, seem to 

affect the R-loops resolving activity of the helicase core of hRecQ4, especially the RTS patient 

mutations (Ct-m1: Arg1158Ala; Ct-m2: Arg1162Ala; Ct-m3: Pro1170Ala; Ct-m4: Arg1185Ala; Ct-m5: 

Lys1186Ala; Ct-m6: Thr1200Arg). 

 

 

3.8. A synergic role for the N- and C-terminal region of RecQ4 in nucleic acid unwinding 

 

Finally, an unwinding assay was carried out with all the three recombinant domains of RecQ4 

(Hel, UpZnk and Ct) together in equimolar amounts (Figure 3.11). While the N-terminal 

domain seems to enhance unwinding of all substrates, the C-terminal domain only enhances 

unwinding of selected substrates (R-loops, D-loops). In a few cases there is a synergic effect 

between N- and C-terminal domains. When all the domains are present the best substrates 

are R-loops. 

All these observations suggest that the N-terminal domain plays a role in improving the 

affinity of the protein towards all the substrates, whereas the C-terminal domain seems to 

play a role improving the affinity towards specific substrate, so playing an important role in 

improving substrate specificity to RecQ4 for R-loops structures.  
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Figure 3.11. The effect of N- and C-terminal domains in nucleic acid unwinding activity of the 

helicase core. Comparison of helicase activity of increasing amounts (0-160 nM) of hRecQ4-Hel 

(catalytic core, 445-1112) without and with equimolar amount of hRecQ4-UpZnk (335-427) and/or 

hRecQ4-Ct (1124-1208) with various substrates (10nM) shows that the N-terminal region enhances 

substrate unwinding activity towards all the substrates and the C-terminal region gives substrate 

specificity to the protein, preferring R-loops. In a few cases there is a synergic effect between N- and 

C-terminal domains. When all the domains are present the best substrates are R-loops. From these 

data, it seems that the major players in nucleic acid binding and unwinding are these three regions, 

encompassing amino acids from 335 to 1208. 

 

 

3.9. Possible in vivo significance of the RecQ4 activity towards R-loops 

 

The RecQ4 helicase is known to play an essential role in DNA replication, as well as in DNA 

repair. It has been found involved in several cellular pathways such as telomere maintenance 

(Ghosh, 2012), double-strand break repair (Lu et al., 2016), base excision repair (Schurman 

et al., 2009), maintenance of mitochondrial integrity (Croteau et al., 2012), but no unifying 

scenario on its exact role in the cells has yet emerged.   
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Here, a detailed biochemical analysis of the catalytic core of human RecQ4 was carried out, 

with or without the other additional protein domains, using a variety of substrates (including 

fork-DNA, fork-RNA, hybrid DNA/RNA forks, Holliday junctions, D-loops and R-loops), to 

understand the role of the N- and C-terminal domains in nucleic acid interaction and in 

enhancing the catalytic activity of the helicase domain. 

 

 
 

Figure 3.12. Schematic diagram of the domain organization of human RecQ4. In blue, the Sld2-like 

domain. In light blue, the Zn-knuckle and, highlighted in black, the region of interest (UpZnK). In red, 

the helicase domain. In green, the new recently characterized R4ZNBD. In purple, the C-terminal 

domain. 

 

Fork-DNA does not have a high affinity for RecQ4, but it is a good substrate for its helicase 

activity. On the contrary, although RecQ4 has a high affinity towards fork-RNA substrates, it 

does not unwind them efficiently. Hybrid forks are also bound with a reasonable affinity but 

not unwound efficiently. D-loops, and especially R-loops seem indeed to be the preferred 

substrates for unwinding. 

These findings, together with the fact that fork-DNA is unwound more efficiently than fork-

RNA, seem to suggest that RNA is important for substrate recognition, but the protein has a 

preference for translocating along a DNA strand, in a 3' to 5' direction. The N-terminal domain 

includes a Zn knuckle that has been shown to bind both DNA and RNA, with a mild preference 

for the latter (Marino et al., 2016), reinforcing the idea that RecQ4 has a preference for RNA 

containing substrates. This suggests that RNA-containing nucleic acids such as R-loops could 

be important physiological substrates of RecQ4. Results from our lab also suggest that RecQ4 

has the highest R-loops resolving activity among all human RecQ helicases, followed by BLM. 

 

R-loops metabolism is associated to neurodegenerative diseases and cancer development 

(Sollier & Cimprich, 2015; Groh & Gromak, 2014) and may also be related to the RTS 

underlying pathology. Moreover, R-loops play an important role in various cellular processes, 

such as efficient transcription termination, epigenetic modifications and immunoglobulin 

class switching (Aguilera & García-Muse, 2012; Hamperl & Cimprich, 2014). Although various 

nucleases (RNaseH1 and RNaseH2) and helicases (Pif1, DHX9 and Sen1) have already been 

found implicated in R-loop removal and resolution, additional proteins and DNA repair 

factors may help in removing R-loops and preventing transcription-associated DNA damage 

(Stirling & Hieter, 2016).  
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R-loops have been further found implicated in the initiation of DNA replication process in 

bacterial cells and mitochondria and recent findings seem to propose a role of R-loops also 

in the initiation of DNA replication in eukaryotic cells, suggesting that they may be 

responsible for the initiation of origin-independent replication events in ribosomal DNA 

(Stuckey et al., 2015) or can contribute to replication origin specification (Lombraña et al., 

2015). It is also possible that RecQ4 may play a role in R-loop resolution in the context of DNA 

replication initiation, both in the nucleus and in mitochondria.  Considering this complex 

scenario, we may suggest a role for RecQ4 in the resolution of R-loops at stalled replication 

forks.  

 

In this context, characterizing the metabolic role of RecQ4 in R-loops processing and 

resolution could have crucial implications to better understand RTS and other RecQ4 

associated disorders, as well as its role in carcinogenesis and response to cancer therapies.  
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CHAPTER 4 

 

CONCLUSIONS AND FUTURE WORK 

 

4.1 Conclusions 

 

The human RecQ4 helicase has a well conserved helicase domain, which conforms to the 

features of the RecQ family of helicases. For all the RecQ helicases, however, the catalytic 

core include an additional domain that is known as the RQC (RecQ C-terminal domain), 

comprises a Zn-binding domain and a Winged-Helix (WH) domain, and is essential for the 

activity (Pike et al., 2009; Lucic et al., 2011), which appeared to be absent in RecQ4. A more 

detailed sequence analysis (Marino et al. 2013) revealed the presence of a putative Zn-

binding region and a WH domain, suggesting that RecQ4 could have a divergent RQC domain; 

indeed site-directed mutagenesis of key residues in this region did confirm the importance 

of the region for the biochemical activity (Mojumdar et al., 2017). However, the crystal 

structure of human RecQ4 revealed that the region following the helicase core did contain a 

Zn-binding and two WH domains, but their arrangement was different from a canonical RQC, 

and unique to RecQ4 sequences (Kaiser et al., 2017). 

In addition to the catalytic core, RecQ4 possesses a N-terminal and a C-terminal extension. 

The first 150 amino-acid residues of RecQ4 were shown to be homologous to the N-terminus 

of the yeast replication factor Sld2 (Sangrithi et al., 2005). The NMR structure of the first 54 

amino acids at the N-terminus of human RecQ4 is known and it forms a helical bundle 

resembling a homeodomain (Ohlenschläger et al., 2012). A detailed bioinformatic study, 

previously done in our laboratory (Marino et al., 2013), predicted a second region of 

homology with the C-terminal region of Sld2, encompassing amino acids 343-368 in RecQ4. 

Moreover, the residues between the Sld2-like domain and the helicase core comprises a 

cysteine-rich region classified as “retrovirus Zn finger like” or “Zn knuckle”. This region was 

found to indeed fold as a Zn knuckle, as predicted, and to bind a variety of nucleic acid 

substrates, with a mild preference for RNA (Marino et al., 2016). Besides, the segment 

located upstream the Zn knuckle, that is highly conserved and rich in positively charged and 

aromatic residues, strongly enhances binding to nucleic acids in both the human and Xenopus 

proteins (Marino et al., 2016). 

 

Although a good amount of structural information is known, not much is clear about RecQ4 

biochemical aspects and, in particular, its functional role in human cells. Our group has tried 

to identify, by a detailed biochemical analysis, the best human RecQ4 substrate in terms of 

both binding and catalytic unwinding. 

A detailed biochemical analysis of the catalytic core of RecQ4, using different DNA and RNA 

substrates, identified RecQ4 as a helicase able to efficiently resolve R-loops in vitro. In fact, 

although the protein binds a variety of nucleic acids, it has a preference for R-loops. Our 

collaborators have also found that R-loops are the substrate most efficiently unwound by 
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RecQ4 and, when compared with all other human RecQ helicases, RecQ4 exhibits the highest 

R-loops resolving activity. These biochemical results were then confirmed by a further 

analysis in vivo. Fibroblasts originating from a RTS patient with a RecQ4 truncated at the 

beginning of the helicase domain (maintaining an intact N-terminal domain, which is 

essential for DNA replication and cell viability) displayed a high frequency of R-loops, whereas 

the enforced expression of a full length RecQ4 in those same cells caused a marked decrease 

in the R-loops count. Furthermore, shRNA-mediated downregulation of RecQ4 also caused 

accumulation of R-loops in a colon carcinoma cell line. These results provided evidence for a 

novel functional role of RecQ4, during DNA replication, in resolution of R-loops at stalled 

replication forks (Mojumdar & Kenig, unpublished data). 

 

In this work we have further analyzed the structural and functional role of the independent 

accessory domains of the catalytic core of the protein to understand if/how they could be 

involved in substrate recognition and in enhancing both binding and unwinding of different 

DNA and RNA substrates. We have also mutated a number of aminoacidic residues conserved 

throughout the RecQ family and predicted to be functionally important, or based on 

mutations found in patients, and tested their effect on nucleic acid interaction and 

processing. 

 
 
4.1.1. The N-terminal domain 
 
The analysis of the N-terminal region of human RecQ4 was focused on biochemical 

characterization of the region encompassing the last region of homology with the yeast Sld2 

factor and the Zn knuckle (amino acid residues 335-427), with the aim to define its role in 

assisting the catalytic core in nucleic acid binding and unwinding, and in particular in 

enhancing R-loops affinity and resolution by RecQ4. 

 

The summary of this work is as follows: 

 

- The N-terminal region shows binding affinity towards almost all the substrates with a 

preference for R-loops, Holliday Junctions, D-loops and hybrid fork-RNA/DNA. 

 

- The in trans addition of the N-terminal domain to the unwinding reaction with the 

catalytic core of RecQ4 shows a significant increase in the unwinding activity of the 

helicase core towards all the substrates, especially for R-loops. 

-  

- N-terminal region residues within the zinc knuckle, predicted and/or shown to be 

functionally important in nucleic acid interaction, were mutated and added in 

equimolar amount to the helicase reaction with the helicase core of RecQ4. In 

particular we targeted the Zn ligands (Cys403, Asn 406, His411 and Cys 416); it has to 

be stressed that in the human sequence one of the canonical Zn ligands (Cys) is 
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substituted by an Asn. Mutation of these residues to alanine did not significantly 

affect R-loops unwinding; an attempt of reconstituting a canonical Zn knuckle, by 

changing Asn406 to Cys surprisingly showed a decrease in the R-loops resolving 

activity of the protein. Based on the NMR structure, two aromatic residues (Phe404 

and Trp412) were predicted to be involved in nucleic acid binding. Indeed, their 

mutation to alanine strongly affected the unwinding, confirming that these residues 

play a role in substrate interaction. 

 

 

4.1.2. The C-terminal domain 
 
The analysis of the C-terminal region of human RecQ4 was focused on a structural and 

biochemical characterization of the last 100 amino-acid residues and on defining its role in 

enhancing R-loops binding and unwinding by the catalytic core of the protein. An analysis of 

the sequence reveals the presence of 4 or 5 helices. Although no structure 

prediction/threading provides strong evidence for the likely 3D structure, the presence of a 

likely helix bundle may suggest a fold that resemble the HRDC domains that are present in 

many RecQ helicases. No sequence homology is detectable with other HRDC domains, but 

this is a fold with no clear structural determinants or high level of conservation. 

 

The structural and biochemical studies of this fragment done in this work are summarized 

below: 

 

- An expression and purification protocol of the C-terminal domain of hRecQ4, 

comprising the last 100 aminoacidic residues, and its mutants, was developed and the 

proteins were expressed and purified in a reasonable amount for structural and 

biochemical studies. 

 

- Circular dichroism analysis of C-terminal domain of hRecQ4 showed a typical alpha-

helical spectrum, suggesting a well folded protein. Circular Dichroism spectrum 

analysis by Dichroweb also showed the presence of a helical bundle (approximate 5 

helices of an average length of 14 residues). These results confirmed the secondary 

structure predictions and are consistent with the hypothesis that this domain may 

fold as an HRDC domain, as in other RecQ helicases. 

 
- The purified 6His-tagged C-terminal domain of human RecQ4 does not exhibit any 

nucleic acid binding activity but it seems to significantly enhance unwinding activity 

of the protein towards specific substrates, with a strong preference towards R-loops, 

when added in trans to the binding reaction with the catalytic core of RecQ4. 

 
- Some Ct domain conserved residues, predicted to be functionally important such as 

Arg1158, Arg1162, Arg1185 and Lysine 1186, were mutated to alanine. Residues 
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reported to be mutated in RTS patients, such as Pro1170 and Thr1200, were also 

mutated. These mutants were added to the helicase reaction with the helicase core 

of RecQ4. All the residues, except Arg1162, seem to affect the R-loops resolving 

activity of the protein. Intriguingly, whereas the mutations of the positively charged 

residues simply reduce or abolish the enhancement of unwinding caused by the 

presence of the C-terminal domain, the presence of the two mutations derived from 

the patients seem to have an effect on the activity that is worse than the absence of 

the C-terminal domain itself. 

 
 

- An unwinding assay was carried out with all the three recombinant domains of RecQ4 

(Hel, UpZnk and Ct) together in equimolar amounts. While the N-terminal domain 

seem to enhance unwinding of all substrates, the C-terminal domain enhances 

unwinding of selected substrates (R-loops, D-loops). In a few cases there is a synergic 

effect between N- and C-terminal domains. When all the domains are present the 

best substrates are R-loops. 

 

In summary, during my PhD we have further characterized accessory domains of human 

RecQ4 and reported the effect of their presence on binding and unwiding activity of the 

protein. These results enhance the knowledge about human RecQ4 and provide a useful 

base of a detailed study to dissect the mechanism of action of the protein in cells 

metabolism and R-loops resolution.  

 

4.2. Future work 

 

These results provided us a useful base to obtain a detailed structural and biochemical 

characterization of human RecQ4 and for further cellular studies to better understand RecQ4 

functional role in cellular metabolism. We therefore want to continue our studies performing 

the following experiments: 

 

- Using a combination of structure determination techniques such as  

X-ray crystallography, NMR and SAXS to further structurally characterize the protein. 

In particular we are aiming to visualize the whole protein using Cryo-EM, and to 

determine the structure of either the full length or the catalytic core (possibly 

together with regions of the N/C-terminus) in the presence of suitable substrates 

(nucleic acids such as single strands, forks, hybrid forks, G-quadruplexes,  Holliday 

junctions; and/or nucleotides such as ADP, ATP, non-hydrolysable ATP analogues, 

analogues of the transition states). 
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- Investigating the role of each protein domain in affecting R-loops resolution in vivo, 

by cloning different protein constructs in a mammalian vector and trasfecting 

mammalian cells, to confirm our biochemical findings.   

 

- Carrying out a detailed biochemical study of the annealing activity of RecQ4, to dissect 

the role of RecQ4 and its domains in annealing various substrates.  

 

- Identifying the potential interaction partners of the protein. The laboratory can 

provide a large number of proteins involved in human DNA replication, including 

MCM2-7, MCM89, MCM10, Cdc45, GINS, AND-1, Cdt1. As for substrates involved in 

DNA repair, we will rely on collaborations with colleagues working in the field.  
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