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Introduction 

The genome of cells is inevitably damaged and is therefore under constant repair. Imprecise 

repair must be avoided. Therefore, genome maintenance processes must be both effective 

and error-free. Members of the RecQ helicase family play central roles in the progression 

and quality control of multiple DNA repair pathways in many living organisms. RecQ 

helicases couple ATP hydrolysis to translocation along single-stranded (ss) DNA (in a 3’-5’ 

direction) and unwinding of double-stranded (ds) DNA. Uniquely, these helicases – probably 

due to their modular domain architecture – are able to process a large variety of DNA 

structures that arise during repair processes and are more complex than canonical dsDNA. 

Such complex DNA structures include branched, multi-stranded D-loops and Holliday 

junction, which arise during homologous recombination-based DNA repair processes.  

All RecQ helicases possess a helicase core comprising two tandem RecA-like motor 

domains and a zinc-binding domain. In addition, numerous family members (e.g. E. coli RecQ 

and human Bloom’s syndrome (BLM) helicases) also possess the winged helix (WH) and 

helicase and RNase D C-terminal (HRDC) accessory DNA-binding domains.   

The WH domain mediates sequence-specific dsDNA binding in numerous DNA-

binding proteins. However, this domain has a different function in RecQ helicases. It was 

proposed that this domain has an essential function in efficient DNA unwinding as a 

bulldozer-like strand separation wedge element. In addition, the WH domain is able to bind 

to various complex DNA structures.  

The HRDC domain is able to bind ssDNA with varying affinities among RecQ helicases. 

In case of BLM helicase the domain mainly interacts with the helicase core, presumably 

modifying the activities of the core. It was further shown that the HRDC domain largely 

contributes to the Holliday junction disruption activity of BLM.      

Based on the above considerations, these auxiliary DNA-binding domains allow RecQ 

helicases to process a wide series of complex DNA structures. However, it remains unknown 

how the unexplored molecular mechanisms allow the processing of such a wide scale of 

different DNA structures. The role of the above specified domain architecture in these 

processes and the contribution of these mechanisms to precise repair of DNA damage is also 

unknown. 
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Aims 

Our main goal was to explore the role of the conserved, E. coli RecQ-like domain architecture 

(shared also by human BLM) in the function of RecQ helicases. We aimed to create – based 

on our results – a mechanistic model that explains how complex DNA structures are 

processed, and accounts for the individual roles of the different helicase domains.   

 Furthermore, in the context of Veronika Ferenczi’s PhD work, our laboratory would 

like to explore the role of the domain architecture in DNA repair processes by performing in 

vivo experiments using E. coli. 

 

To reach our main goal we sought answers to the following specific questions:   

1. How does the domain architecture influence the ATPase and ssDNA translocation 

activities? 

2. How do the domain architecture and the geometry of DNA influence the unwinding 

activities? 

3. How do the WH and HRDC domains contribute to the recognition and processing of 

complex DNA structures? 

 

Experimental approach 

To answer the above questions we investigated various aspects of the activities of E. coli 

RecQ and human BLM helicases via a wide scale of in vitro single-molecule and bulk 

biophysical assays. Besides the wild type enzymes, we produced a series of truncated E. coli 

RecQ and human BLM helicase constructs with different domain architectures by protein 

engineering. We also produced a RecQ mutant construct in which the DNA-binding ability of 

the HRDC domain is abolished. 
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List of applied techniques 

 Construction of DNA plasmid encoding E. coli RecQ and human BLM helicase 

constructs with different truncated domain architectures using restriction 

endonuclease-based DNA cloning. DNA plasmids encoding the Y555A point mutant E. 

coli RecQ helicase and the G26C point mutant E. coli SSB (single-stranded DNA 

binding protein) proteins were made by the QuikChange technique. 

 Recombinant protein expression and purification by affinity and ion exchange 

chromatography. Protein purity was checked by SDS-PAGE.   

 Labeling SSB point mutant protein with MDCC fluorophore on cysteine residue.  

 Construction of double or multiple-stranded DNA substrate molecules and 

purification by ion exchange chromatography. 

 Equilibrium tryptophan (Trp) fluorescence and fluorescence anisotropy (using Cy3 or 

fluorescein labeled DNA molecules) spectroscopic measurements.  

 PK/LDH-coupled photometric steady-state ATPase activity measurements.  

 Transient enzyme kinetic measurements using stopped-flow instrument: 

 ATPase activity measurements using MDCC-PBP (fluorescently labeled 

phosphate binding protein) fluorescence; 

 measuring dissociation kinetics from ssDNA using Trp fluorescence;  

 monitoring RAD51 nucleoprotein filament disruption using MDCC-SSB 

(fluorescently labeled ssDNA binding protein). 

 Monitoring DNA unwinding using fluorescently labeled DNA in combination with 

native PAGE and densitometry. 

 Global kinetic modeling. 
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Theses 

1.1 The zinc-binding domain is essential for the ATPase activity of BLM via stabilizing protein 

structure. 

1.2 The auxiliary domains (WH and HRDC) do not influence interactions with ATP in the 

presence of ssDNA in RecQ or BLM.  

1.3 In case of RecQ the ssDNA binding ability of the HRDC domain contributes slightly, 

whereas the WH domain contributes largely to the overall ssDNA affinity of the protein. In 

case of BLM neither auxiliary domain contributes significantly to ssDNA binding.  

1.4 The HRDC domain suppresses the ATPase activity both in RecQ and BLM, possibly via 

interactions with the helicase core. In case of RecQ the DNA binding ability of the HRDC 

domain is not required for ATPase suppression. The WH domain does not influence the 

ATPase activity.  

1.5 The HRDC domain lowers the rate of ssDNA translocation through suppression of the 

ATPase activity both in RecQ and BLM. The WH domain does not influence the rate of 

translocation. Neither auxiliary domain influences the mechanochemical coupling during 

translocation. 

1.6 In case of RecQ the HRDC domain lowers the dissociation rate constant from ssDNA 

during translocation. Both the HRDC and WH domains lower protein dissociation rate from 

the 5’ end of ssDNA.  

1.7 The HRDC domain of RecQ slightly decreases the processivity of translocation, whereas 

the WH domain appears essential for processive translocation. In case of BLM the auxiliary 

domains do not influence translocation processivity.  

1.8 The WH and HRDC domains are not essential for the RAD51 nucleoprotein filament 

disruption activity of BLM. 

2.1 The WH domain largely contributes to binding of dsDNA molecules with ssDNA 

overhangs both in RecQ and BLM. 
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2.2 Both in RecQ and BLM the WH domain is required for efficient dsDNA unwinding, 

whereas the HRDC domain is dispensable for this activity.  

2.3 In case of RecQ both the ssDNA binding ability of the HRDC domain and its presence 

lowers the rate of dsDNA unwinding, without significantly influencing the mechanochemical 

coupling. 

2.4 The HRDC domain (via its ssDNA binding ability) induces pausing and shuttling during 

unwinding of a hairpin DNA molecule. 

2.5 The HRDC domain of RecQ helicase interacts with the displaced ssDNA strand (i.e. the 

strand complementary to the one tracked by the helicase core) during unwinding.  

2.6 Both in RecQ and BLM the HRDC domain lowers the processivity of unwinding (via its 

ssDNA binding ability, as observed for RecQ). The WH domain is essential for processive 

unwinding.  

3.1 RecQ and BLM helicases bind D-loop structures with high affinity. The HRDC domain 

contributes slightly, whereas the WHD contributes largely to binding.  

3.2 Both RecQ and BLM interact with D-loop structures in a configuration that leads to 

efficient disruption of strand invasions. The oriented binding is mediated by the HRDC 

domain, but its ssDNA binding ability is not required.  

  



 
7 

 

Summary 

Our in vitro biophysical experiments revealed that both RecQ and BLM helicases can unwind 

dsDNA either in a simple or a complex (shuttling) fashion, depending on DNA geometry.  We 

also found that both helicases are able to efficiently disrupt D-loop structures due to a 

preferential binding orientation. Based on our results we created a mechanistic model that 

explains the role of the domain architecture in the mechanism of action of RecQ helicases.  

The helicase core alone can translocate on ssDNA and can unwind dsDNA with a low 

efficiency. The WH domain interacts with dsDNA and enhances the processivity of 

unwinding.  The complex (shuttling) unwinding behavior is brought about by the geometry-

dependent ssDNA interactions of the HRDC domain and the dsDNA interactions of the WH 

domain. We also revealed that oriented D-loop binding and disruption is dominantly 

mediated by the HRDC domain. Furthermore, the HRDC domain suppresses the rate of 

translocation/unwinding via suppressing the ATPase activity, likely through direct 

interactions with the helicase core. 

In summary, the conserved, E. coli RecQ-like domain architecture (also shared by BLM) 

allows RecQ helicases to continuously sense the geometry of DNA and elicits complex 

activities depending on the actual DNA geometry during DNA processing. The interactions of 

the WH and HRDC domains with DNA and other protein elements enable RecQ helicases to 

process a large variety of DNA structures, which – based on Veronika Ferenczi’s results – is 

essential for precise DNA repair. 
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