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Abstract 

DNA replication is the most vulnerable process of DNA metabolism in proliferating 

cells and therefore it is tightly controlled and coordinated with processes that maintain genomic 

stability. Human RecQ helicases are among the most important factors involved in the 

maintenance of replication fork integrity, especially under conditions of replication stress. 

Collisions between replication and transcription machineries represent a significant source of 

genomic instability. RECQ5 DNA helicase binds to RNA-polymerase (RNAP) II during 

transcription elongation and suppresses transcription-associated genomic instability. Here we 

show that RECQ5 also associates with RNAPI and enforces the stability of ribosomal DNA 

arrays in cells exposed to replication stress. We demonstrate that RECQ5 associates with 

transcription complexes in DNA replication foci and counteracts replication fork stalling in 

RNAPI- and RNAPII-transcribed genes, suggesting that RECQ5 exerts its genome stabilizing 

effect by acting at sites of concomitant replication and transcription. Moreover, RECQ5-

deficient cells accumulate RAD51 foci that are formed in a BRCA1-dependent manner at sites 

of interference between replication and transcription and likely represent unresolved replication 

intermediates. Importantly, BRCA1-dependent formation of RAD51 foci at these sites requires 

active transcription. Further, we provide evidence that RECQ5 promotes RAD18-dependent 

PCNA ubiquitination at sites of replication-transcription interference by its interaction with 

PCNA. This is also manifested by the accumulation of RAD18 foci in the absence of RECQ5 

or the presence of a RECQ5 mutant defective in PCNA binding. The helicase activity of RECQ5 

promotes unloading of ubiquitinated PCNA from chromatin and counteracts the accumulation 

of RAD51 foci in S-phase cells. These findings suggest that RECQ5 promotes PCNA 

remodeling at replication forks stalled due to the collision with transcription complex and in 

coordination with BRCA1-mediated replication fork stabilization promotes the resolution of 

replication-transcription collisions. 
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Abstrakt 

 V průběhu replikace často dochází k zastavení postupu replikačních vidlic v důsledku 

poškození DNA templátu, přítomnosti transkripčních komplexů nebo tvorby sekundárních 

struktur DNA. RecQ helikázy patří v buňce k nejdůležitějším faktorům, které zajišťují stabilitu 

genomu za podmínek replikačního stresu. Přestože jsou transkripce i replikace esenciálními 

buněčnými mechanismy, jejich vzájemná interference může vést k poškození DNA a následné 

genomové nestabilitě. RECQ5 helikáza interaguje s RNA polymerázou II během elongační fáze 

transkripce a zabraňuje vzniku transkripcí indukovaného poškození DNA. V této studii 

ukazujeme, že RECQ5 interaguje také s RNA polymerázou I a zabraňuje ztrátě či znásobení 

úseků ribozomální DNA, na kterých dochází k přepisu ribozomální RNA. Prokázali jsme, že 

během S-fáze buněčného cyklu RECQ5 asociuje s transkripcí v místech právě probíhající 

replikace. Odstranění RECQ5 pomocí RNA interference vede k zastavení replikačních vidlic 

v oblastech transkribovaných RNA polymerázou I nebo II, což naznačuje, že RECQ5 udržuje 

stabilitu genomu v místech kolize mezi replikací a transkripcí. Snížením exprese RECQ5 

pomocí RNA interference dochází v jádrech replikujících buněk k akumulaci RAD51 a RAD18 

fokusů, které pravděpodobně představují nerozřešené replikační intermediáty, které jsme 

v buňkách po odstranění RECQ5 také detekovali. Vznik RAD51 fokusů v místech kolize mezi 

replikací a transkripcí je závislý na přítomnosti BRCA1 a aktivní transkripci. Také jsme 

prokázali, že aktivní transkripce zabraňuje kolapsu replikačních vidlic a je potřeba pro jejich 

restart. V místech kolize mezi replikací a transkripcí indukuje helikázová aktivita RECQ5 

částečné odstranění PCNA z replikační vidlice, přičemž zbylé PCNA je díky interakci s RECQ5 

posttranslačně modifikováno ubikvitinací. RECQ5 pomocí své helikázové aktivity umožňuje 

také rozřešení replikačních intermediátů stabilizovaných pomocí RAD51. Přítomnost RECQ5 

v místech kolize mezi replikací a transkripcí tedy indukuje změny na zastavené replikační 

vidlici, která je současně chráněna pomocí BRCA1 před kolapsem. Oba tyto procesy vedou 

k rozřešení kolize a restartu replikace. Tato práce identifikuje RECQ5 jako jeden z klíčových 

faktorů při řešení kolize mezi replikací a transkripcí. 
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Abbreviations 

ActD  actinomycin D 

ALT  Alternative lengthening of telomeres 

Aph  aphidicolin 

ATR  ataxia telangiectasia and Rad3 related 

CFS  common fragile site 

CMG  CDC45-MCM-GINS 

CPT  camptothecin 

CTD  C-terminal domain 

dNTPs  deoxynucleotide triphosphates 

ERFS  early replicating fragile site 

FRAP  fluorescence recovery after photobleaching 

GFP  green fluorescence protein 

HJ  Holliday junction 

HR  homologous recombination 

HU  hydroxyurea 

ChIP  chromatin immunoprecipitation 

CHK1  checkpoint kinase 1 

IRI  internal RNAPII-interacting  

kb  kilo base pairs 

KIX  kinase-inducible interaction 

Mb  mega base pairs 
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MCM2-7 minichromosome maintenance proteins 2–7  

nt  nucleotides 

PCNA  proliferating cell nuclear antigen 

PIP  PCNA-interacting peptide 

qPCR  quantitative real-time polymerase chain reaction 

rDNA  ribosomal DNA 

RNAP  RNA polymerase 

rRNA  ribosomal RNA 

SCE  sister chromatide exchange 

SRI  Set2-Rpb1-interacting  

UV  ultraviolet
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1. Introduction 

Faithful replication of the genome is essential for cell survival. The fidelity of DNA 

replication is ensured by the high accuracy of replicative DNA polymerases and by a number of 

associated factors involved in checkpoint signaling pathways, DNA repair, chromatin 

remodeling, sister chromatid cohesion and cell cycle control. Defects in any of these activities 

can cause replication fork slowing or stalling, a condition referred to as replication stress, which 

leads to genomic instability manifested by birth defects, developmental abnormalities, 

neurodegeneration, premature aging and cancer predisposition (Boyer et al., 2016; Losada, 

2014; Macheret and Halazonetis, 2015; Zeman and Cimprich, 2014; Zhang et al., 2016). DNA 

replication is the most vulnerable process of DNA metabolism in proliferating cells and 

therefore it is tightly controlled and coordinated with processes that maintain genomic stability. 

RecQ helicases promote recovery of replication forks being stalled due to different replication 

roadblocks of either exogenous or endogenous source. They prevent generation of aberrant 

replication fork structures and replication fork collapse, and are involved in proper checkpoint 

signaling. The essential role of human RecQ helicases in the genome maintenance during DNA 

replication is underlined by association of defects in their function with cancer predisposition. 

 

1.1. DNA replication – a brief overview 

The initial step of DNA replication is the assembly of origin recognition complex (ORC1 

to ORC6 subunits) in late mitosis or early G1 phase (Fragkos et al., 2015). Next, CDC6 (cell-

division cycle 6) and CDT1 (cdc10-dependent transcript 1) assist to load an inactive double 

hexamer of minichromosome maintenance proteins 2–7 (MCM2-7) to complete the formation 

of pre-replication complex required for the establishment of bidirectional replication forks 

(Fragkos et al., 2015). At the G1/S boundary, S-phase specific DDK (DBF4-dependent kinase) 

and CDK (CDK2/cyclin A/E) kinases activate MCM2-7, which requires the recruitment of 

CDC45 and the GINS complex to form the so-called CMG complex (CDC45-MCM-GINS) 

(Fragkos et al., 2015). Activation of the CMG complex at origins of replication is achieved by 

recruitment of additional initiation factors including TOBP1, Treslin/TICRR, RECQ4 and 

MCM10, and the loading of DNA polymerase  permit DNA synthesis (Fragkos et al., 2015). 

MCM2-7 complex serves as a catalytic core of the replicative DNA helicase that uses ATP 

binding and hydrolysis to unwind double-stranded DNA at the replication fork. However, only 
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a subset of pre-replication complexes is activated during S-phase. Mammalian cells replicate 

their genome by firing 20,000-50,000 origins, which is likely less than 10 percent of the total 

licensed origins (Rivera-Mulia and Gilbert, 2016). The large excess of licensed origins ensures 

the completion of genome duplication under conditions of perturbed replication that leads to 

activation of the dormant origins (Rivera-Mulia and Gilbert, 2016). The firing of origins over 

the course of S-phase is regulated at the level of replication domains (400 kb to 1 Mb in 

mammalian cells) that each contains a cluster of synchronously activated origins (Fragkos et al., 

2015). Replication of genome in a domain fashion has a distinctive temporal order that is 

developmentally regulated and coordinated with specific changes in transcriptional activity and 

genome organization (Rivera-Mulia and Gilbert, 2016). Replication domains can be visualized 

as replication foci by either labeling replisome components or by detecting sites of nucleotide 

incorporation upon pulse labeling using nucleotide analogs (Fragkos et al., 2015). The number 

of replication foci detected per nucleus range from 800 to 5000 (each containing 4 to 6 origins 

on average) depending on the stage of S-phase (Chagin et al., 2016; Fragkos et al., 2015).  

 Genome duplication is performed by a multiprotein complex called replisome that 

simultaneously replicates both strands of the parental duplex. DNA duplication is initiated at 

both the leading and lagging strands with synthesis of short RNA primers by DNA polymerase 

primase complex. Binding of PCNA to the 3′ end of the primer enables the exchange of DNA 

polymerase  for replicative polymerases with higher processivity (Maga and Hubscher, 2003). 

The leading and lagging strands use two different DNA polymerases, DNA polymerase ε and 

DNA polymerase δ, respectively. PCNA functions as a processivity factor for DNA polymerases 

/ and a platform that mediates interactions with other replisome components (Maga and 

Hubscher, 2003). DNA polymerases extend DNA only in the 5′–3′ direction. On the lagging 

strand, which is copied in the opposite direction than MCM2-7 helicase unwinding, this is 

solved by synthesis of multiple Okazaki fragments (Johnson and O'Donnell, 2005). Each 

Okazaki fragment is initiated by DNA polymerase /primase complex, which generates a ∼10-

nt RNA primer followed by a limited primer extension with deoxynucleotides. DNA polymerase 

 completes the synthesis of Okazaki fragment (∼200 nt in length), which requires reloading of 

PCNA (Burgers, 2009). Connection between the leading and lagging strand polymerases leads 

to the accumulation of discontinuous stretches of single-stranded DNA at the lagging strand 

template, which is tightly bound by single-stranded DNA binding protein complex, replication 

protein A (RPA). Maturation of the Okazaki fragments is achieved by the removal of initiating 
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primers from the 5′-end of each fragment and the generation of a covalently linked daughter 

strand. This process requires coordinated activities of DNA polymerase δ, flap endonuclease 

FEN1, DNA2 nuclease/helicase and DNA ligase I (Zheng and Shen, 2011). The velocity of 

replication fork progression differs during S-phase. Replication forks move at a rate of 

1.2 kb/min during early S-phase and slow down in mid S-phase to 0.74 kb/min. In contrast, 

during late S-phase, fork rates steadily increased to a maximum of 2.3 kb/min (Herrick and 

Bensimon, 2008). 

 

1.2. Cellular response to replication fork stalling 

Progression of replication forks is challenged by various types of obstacles that results 

in replication fork slowing or stalling, a condition generally referred to as replication stress. 

Replication fork stalling causes physical changes of the fork and the replisome. Cells respond 

to replication stress by activating a complex network of pathways that lead to replication fork 

stabilization followed by replication resumption. Under conditions of prolonged replication 

stress, the cell may not be able to rescue the stalled forks, which can result in DNA double-

stranded break formation and a concomitant replication fork collapse. DNA double-stranded 

breaks need to be processed by any of DNA repair pathway with predominance of homologous 

recombination (Zeman and Cimprich, 2014). 

1.2.1. S-phase checkpoint 

The stalling of replication fork results in the formation of single-stranded DNA stretches 

that are coated by RPA. This structure is essential to activate S-phase checkpoint. RPA-coated 

single-stranded DNA recruits ATR (ataxia telangiectasia and Rad3-related protein) through an 

ATRIP-RPA interaction. ATR is a serine/threonine-specific protein kinase that phosphorylates 

a variety of proteins to induce replication stress checkpoint (Zeman and Cimprich, 2014). 

Activation of ATR is a multistep process that includes recruitment of RAD17 again by RPA 

followed by loading of RAD9/RAD1/HUS1 complex (called checkpoint clamp complex). This 

complex recruits TOPBP1 to activate ATR (Allen et al., 2011). The most important downstream 

effector of ATR is CHK1 kinase (Checkpoint kinase 1). ATR phosphorylates CHK1 on Ser317 

and Ser345, which is mediated by the interaction between RPA, Tipin, Timeless and Claspin 

(Kemp et al., 2010). Phosphorylated CHK1 dissociates from chromatin and targets downstream 

effector molecules. CHK1 phosphorylates particularly CDC25A phosphatase to promote its 

proteasome-dependent degradation, which is followed by CDK2 inactivation, inhibition of 
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origin firing and cell cycle arrest (Sorensen and Syljuasen, 2012). The effect of CHK1 activation 

is suppression of late origin firing and simultaneously activation of dormant origins at the local 

replication domain (Rivera-Mulia and Gilbert, 2016). The global effect of ATR/CHK1 pathway 

activation protects cell from exhaustion of RPA at stalled forks and their subsequent collapse 

by conversion to DNA double-stranded breaks (Toledo et al., 2013). CHK1 also targets factors 

that promote replication fork stabilization and repair like RAD51, BRCA2 and BLM (Gonzalez 

Besteiro and Gottifredi, 2015). Apart from CHK1, ATR directly regulates the activity or 

localization of fork repair proteins including WRN, BRCA1, RPA and others. Phosphorylation 

of RPA32 subunit at Ser33 and CHK1 at Ser345 are the most specific indications of replication 

stress.  

1.2.2. Replication fork remodeling 

During replication stalling, several changes at protein and DNA level have been 

observed at replication fork. Uncoupling of MCM2-7 helicase from DNA polymerase leads to 

generation single-stranded DNA stretches coated by RPA, which leads to activation of S-phase 

checkpoint. In yeast, it was shown that PCNA and DNA polymerase  retain their association 

with the leading strand during replication fork stalling (Cobb et al., 2003; Yu et al., 2014). 

However, PCNA is unloaded from the lagging strand of stalled forks. PCNA unloading depends 

on the presence of Elg1, on the PCNA ubiquitination at Lys164 performed by RAD6-RAD18, 

and on the activation of S-phase checkpoint (Yu et al., 2014).  

Stalled replication forks can undergo fork reversal by rewinding the parental DNA and 

annealing of the two nascent strands behind the fork to generate regressed arm (also called 

“chicken foot”) that resembles Holliday junction (HJ) structure (Neelsen and Lopes, 2015). The 

formation and/or stabilization of regressed arm are dependent on RAD51, a central homologous 

recombination factor (Zellweger et al., 2015). Other homologous recombination factors 

BRCA1/2 protect nascent strands of stalled forks from unscheduled DNA-end resection by 

stabilizing RAD51 filament (Schlacher et al., 2011; Schlacher et al., 2012). The conversion of 

stalled forks to the HJ structure by fork reversal may be a global response to replication stress 

(Zellweger et al., 2015). The formation of regressed arm may stabilize stalled fork for repair or 

removal of the roadblock, and the regressed arm also represents a suitable substrate for 

replication fork recovery by homology-driven invasion of the re-annealed template strands, 

avoiding DNA double-stranded break formation (Neelsen and Lopes, 2015).  



 

10 

 

A specific response to replication fork stalling at lesions in DNA (such as pyrimidine 

dimmers) is an exchange of replicative DNA polymerase for translesion polymerases. These 

polymerases are capable of DNA synthesis over the damaged DNA (Guo et al., 2009). 

 

1.3. Sources of replication stress 

There are various inhibitors used under experimental conditions that directly or 

indirectly block replication fork progression. The most common inhibitors used are the 

following. Hydroxyurea (HU) inhibits the enzyme ribonucleotide reductase, resulting in 

decreased pools of dNTPs and thus inhibition of DNA synthesis. Aphidicolin (Aph) is a 

selective inhibitor of DNA polymerase . Camptothecin (CPT) inhibits topoisomerase I by 

stabilizing the DNA-topoisomerase I covalent complex. Mitomycin C and cisplatinum generate 

DNA inter-strand cross-links. Inhibitors of ATR or CHK1 cause uncontrolled origin activation. 

Last but not least UV irradiation induces helix-distorting DNA lesions, such as cyclobutane 

pyrimidine dimmers. 

However, replisomes also encounter a substantial number of natural impediments during 

fork progression (Figure 1). Genomic regions containing repetitive DNA sequences represent 

such hard-to-replicate loci. Trinucleotide repeats can form secondary DNA structures like 

hairpins that cause replication fork stalling. As a result of this, repetitive sequences are prone to 

expansions or contractions of the repeat sequence, and subsequent gene dysfunction (Kim and 

Mirkin, 2013). Another obstacle is DNA structure called G-quadruplex that forms at guanine-

rich sequences. In mammals, telomeres consisting of long TTAGGG tandem repeats are regions 

with the highest concentration of G-quadruplexes (Lipps and Rhodes, 2009). Chemical 

stabilization of G-quadruplexes by pyridostatin or PhenDC3 results in slower replication fork 

progression, increased DNA breakage and telomere fragility (Zimmer et al., 2016).  

The physiological status of the cells also determines the level of replication stress. 

Embryonic stem cells represent a transient biological state, where pluripotency is coupled with 

fast proliferation. Embryonic stem cells display a constitutively active ATR pathway. They 

display accumulation of single-stranded DNA gaps, reduced fork speed and frequent fork 

reversal. All these features are lost upon onset of differentiation. Replication stress appears to 

be linked with contracted cell cycle structure in embryonic stem cells, consisting of a short G1- 

and G2-phase and a high proportion of cells in S-phase (Ahuja et al., 2016). 
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Constitutive activation or overexpression of oncogenes is a frequent feature of 

precancerous cells and leads to perturbation of replication (Halazonetis et al., 2008). Oncogene 

activation results in unscheduled replication initiation that cause re-replication and/or premature 

origin activation as seen upon expression of cyclin E, cyclin D2, CDC25 and MYC oncogenes. 

The increased origin firing is a condition that can lead to depletion of nucleotide pools or 

interference between replication and transcription (Zeman and Cimprich, 2014). 

 

1.4. Replication-transcription collisions 

Studies in bacterial, yeast and mammalian cells have shown that replication-transcription 

encounters are unavoidable and represent one of the major sources of replication stress. 

Replication-transcription encounters cause spontaneous DNA breakage and chromosomal 

rearrangements, particularly if cells are subjected to other source of replication stress (Helmrich 

et al., 2013). Replication fork encounters the transcription machinery head-on on the lagging 

strand template and co-directionally on the leading strand. Although both types of collisions are 

associated with replication fork stalling in vivo, several lines of evidence indicate that the head-

on clashes between replication and transcription mainly affect genome stability (Azvolinsky et 

al., 2009; Brambati et al., 2015; Merrikh et al., 2011). In bacteria, head-on encounters are clearly 

more severe since insertion of an inducible ColE1 replication origin upstream or downstream of 

Figure 1. Sources of replication stress. There are a number of conditions or obstacles that can slow or 

stall DNA replication, including limiting nucleotides, DNA lesions, ribonucleotide incorporation, 

repetitive DNA elements, transcription complexes and/or RNA–DNA hybrids, DNA secondary 

structure, fragile sites, and oncogene-induced stress. Some of the key resolution pathways that are 

known for each source of stress are indicated in bold (Zeman and Cimprich, 2014). 
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a ribosomal RNA (rRNA) operon in E. coli demonstrated that head-on transcription significantly 

impairs replication progression (French, 1992). The organization of bacterial genomes probably 

reflects the unfavourable effects of head-on collisions between replication and transcription. All 

sequenced bacterial genomes are biased for the majority of genes to be encoded on the leading 

strand. In B. subtilis, ∼95% of essential genes and 75% of the other genes are on the leading 

strand independently of the level of expression (Rocha, 2008).  

In yeast, highly expressed chromosomal regions are potential hot spots for replication-

transcription conflicts irrespective of the orientation of collisions (Azvolinsky et al., 2009). By 

genome-wide mapping of replicative DNA polymerase binding to yeast chromatin, it has been 

demonstrated that highly transcribed RNA polymerase (RNAP) II genes are sites of replication 

fork pausing (Azvolinsky et al., 2009). In yeast, specific reporter assays have shown that 

RNAPII transcription concomitant to head-on oncoming, but not co-directional, replication 

causes a replication fork pause that is linked to a significant increase in DNA recombination 

(Prado and Aguilera, 2005). However, it remains unclear why head-on collisions are more 

challenging to preserve genomic stability. DNA instability can arise from tethering of highly 

transcribed genes to the nuclear envelope, which may lead to generation of topological tension 

as replication fork approaches (Bermejo et al., 2011). Phosphorylation of nucloeporins by S-

phase checkpoint kinases detach transcribed genes from nuclear pores to prevent DNA breakage 

(Bermejo et al., 2011). Importantly, transcription machinery itself has a direct role in defects of 

replication fork progression. Yeast cells harbouring mutation of RNAPII (rpb1-1, rpb1-S751F 

and rpb9Δ) that display transcription elongation defects are sensitive to HU and accumulate 

replication-born DNA breaks. Moreover, replication defect observed in rpb1-1 leads to the 

accumulation of Rad51-dependent HJ-intermediates and activation of dormant origins. rpb1-1 

mutant showed an increased retention of RNAPII on genes, suggesting that active transcription 

suppresses replication fork slowing (Felipe-Abrio et al., 2015).  

In human cells, replication fork slowing is caused by perturbed transcription due to the 

lack or CPT-induced inhibition of DNA topoisomerase I (Ribeyre et al., 2016; Tuduri et al., 

2009). Cells treated with CPT also display increased level of CHK1 phosphorylation at Ser345 

and accumulate reversed forks. All the above mentioned phenotypes are rescued by premature 

termination of transcription using cordycepin, suggesting that transcription is the major 

determinant of replication hindrance by CPT or topoisomerase I deficiency (Ribeyre et al., 2016; 

Tuduri et al., 2009). Interference between replication and transcription also underlies replication 
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fork slowing and DNA breakage in cells with an oncogene-induced hyperactivation of 

replication origins (Jones et al., 2013). Cyclin E over-expression significantly increases the 

number of early S-phase replication foci, which can escalate the number of replication-

transcription encounters leading to multiple replication fork stalling. As a result of that, cells 

accumulate RAD51 foci. However, the inhibition of transcription rescues the rate of replication 

fork progression and decreases DNA breakage without affecting the replication fork itself (Jones 

et al., 2013). 

A correlation between replication stress–provoked genomic instability and active 

transcription is particularly apparent in case of common fragile sites (CFSs) and recently 

identified early replicating fragile sites (ERFSs) (Barlow et al., 2013; Helmrich et al., 2011). 

CFSs are specific genomic regions that exhibit increased frequency of gaps or breaks on 

metaphase chromosomes if DNA replication is partially inhibited (Durkin and Glover, 2007). 

Interestingly, CFSs are frequently located within the coding regions of very long genes (>650 

kb), whose transcription is completed even within more than one complete cell cycle that is a 

prerequisite for inevitable replication-transcription collisions (Helmrich et al., 2011; Helmrich 

et al., 2006). Further, collisions between replication and transcription complexes at CFSs are 

accompanied by the formation of RNA:DNA hybrids, structures referred to as R-loops, which 

can cause chromosomal breakage. There is also evidence that the chromosomal breakage at 

CFSs is an outcome of replication paucity and subsequent incompletion due to a low density of 

replication origins within these loci (Debatisse et al., 2012). In contrast to late replicating CFSs, 

ERFSs are located within early replicating regions that contain clusters of highly transcribed 

genes (Barlow et al., 2013). ERFSs break spontaneously during replication, but their fragility is 

significantly increased by early S-phase replication stress induced by HU, oncogene activation 

or ATR inhibition. ERFSs are characterized by the instability of early replication forks whose 

stalling occurs at intragenic sequences and promoters of highly transcribed genes (Barlow et al., 

2013). Importantly, the chromosomal breakage at selected ERFS near SWAP70 gene is greatly 

dependent on the level of transcription, suggesting that it is driven by replication-transcription 

encounters (Barlow et al., 2013). An accumulation of BRCA1 accompanied the replication fork 

stalling at these sites, indicating involvement of homologous recombination process in 

replication fork protection and restart (Barlow et al., 2013; Schlacher et al., 2012). 



 

14 

 

Despite accumulating evidence that conflicts between replication and transcription are 

frequent events in proliferating cells and have detrimental effects on genome integrity, little is 

known about the molecular mechanisms underlying their resolution.  

 

1.5. RecQ helicases 

Evidence suggests that members of the RecQ helicase family are among the most 

important factors that maintain genomic stability during DNA replication, especially under 

conditions of replication stress. The importance of RecQ helicases is underlined by the presence 

of at least one RecQ family member in all organisms with some exceptions for bacteria and 

archaea that mostly possess small genomes (Nakayama, 2002). Bacteria and yeasts usually 

contain a single representative of the RecQ family, namely RecQ in E. coli, Sgs1p in S. 

cerevisiae and Rqh1p in S. pombe. Intriguingly, the number of RecQ family members expressed 

in particular organism increases with the size of its genome (Nakayama, 2002). Non-redundant 

functions of multiple RecQ homologues in an organism are apparent from their structure. 

Eukaryotic RecQ helicases share an evolutionary conserved helicase domain flanked by unique 

N- and C-terminal regions containing interaction sites for other proteins that determine specific 

functions (Figure 2) (Croteau et al., 2014). In humans, five RecQ homologues have been 

identified thus far and named RECQ1, BLM, WRN, RECQ4 and RECQ5 (encoded by RECQL, 

BLM, WRN, RECQL4 and RECQL5 genes, respectively). The significance of these RecQ 

helicases is highlighted by the association of mutations in the genes encoding for BLM, WRN 

and RECQ4 with severe hereditary disorders named Bloom, Werner and Rothmund-Thompson 

syndrome, respectively (Croteau et al., 2014). These rare recessive disorders are characterized 

by genomic instability and predisposition to cancer (Oshima et al., 1993; Oshima et al., 2016; 

Sanz et al., 1993; Wang and Plon, 1993). Recently, defects in RECQ1 and RECQ5 have been 

also connected to cancer development (Cybulski et al., 2015; He et al., 2014; Qi and Zhou, 2014; 

Sun et al., 2015; Zhi et al., 2014). Moreover, the RECQL gene has been added on the list of 

breast cancer susceptibility genes that mostly contains genes involved in the maintenance of the 

integrity of replication forks like BRCA1/2 (Banerjee and Brosh, 2015; Venkitaraman, 2014). 
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Despite the accumulating evidence for the role of human RecQ helicases in the 

maintenance of genome stability, the underlying molecular mechanisms remain elusive. Human 

RecQ helicases have been associated with DNA repair by homologous recombination, base 

excision repair and non-homologous end joining (Croteau et al., 2014). However, recent studies 

have particularly demonstrated the involvement of human RecQ helicases in different aspects 

of DNA replication.  

1.5.1. RecQ helicases associate with replisome components 

Slow replication fork movement has been observed in cells depleted for BLM, WRN, 

RECQ1, but not for RECQ4 and RECQ5 (Hand and German, 1975; Kim et al., 2015; Park et 

al., 2006; Sidorova et al., 2013; Sidorova et al., 2008; Thangavel et al., 2010). However, a 

decreased proliferation of mouse embryonic fibroblasts lacking RECQ4 was observed 

(Sangrithi et al., 2005). Interaction partners of RecQ helicases indicate their participation in 

processes associated with replication fork progression. RECQ5 and WRN possess the so-called 

PIP (PCNA-interacting peptide) motif that mediates interaction with PCNA, one of the key 

replisome components, and both helicases localize to replication factories in unperturbed cells 

(Kanagaraj et al., 2010; Rodriguez-Lopez et al., 2003). WRN, RECQ5, BLM and RECQ1 

interact with FEN1 flap endonuclease that participates in Okazaki fragment maturation, and all 

stimulate 5'-flap DNA cleavage by FEN1 in vitro, in a manner independent of their helicase 

Figure 2. The domain structure of human RecQ helicases (adapted from Croteau et al., 2014). 
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activity (Bachrati and Hickson, 2008; Sami et al., 2015). Moreover, RECQ1 was shown to 

facilitate efficient binding of FEN1 to telomeres (Sami et al., 2015). WRN interacts with DNA 

polymerase δ and facilitates copying tetraplex and hairpin structures (Kamath-Loeb et al., 2001). 

Moreover, WRN exonuclease is involved in proofreading during DNA synthesis by DNA 

polymerase δ (Kamath-Loeb et al., 2012). WRN can also help overcome DNA lesions during 

replication by interacting with translesion polymerases and stimulating their action (Kamath-

Loeb et al., 2007; Phillips and Sale, 2010) and by serving as their proofreader (Maddukuri et al., 

2012). However, recent studies have shown that rather than forming a stable part of replisome, 

human RecQ helicases remove replication roadblocks and act to promote replication 

resumption. 

1.5.2. Role of RECQ4 in the initiation of DNA replication  

RECQ4 seems to be involved in the DNA replication process per se, specifically in 

replication origin activation (Collart et al., 2013; Matsuno et al., 2006; Thangavel et al., 2010). 

The N-terminus of RECQ4 shares a weak but significant homology to the yeast Sld2 that assists 

in the recruitment of GINS to replication origins during S phase in a manner dependent on CDK 

activity (Matsuno et al., 2006; Sangrithi et al., 2005; Tanaka et al., 2007; Zegerman and Diffley, 

2007). Indeed, the N-terminal region of RECQ4 was shown to be essential for cell viability (Abe 

et al., 2011; Ichikawa et al., 2002; Matsuno et al., 2006). RECQ4 associates with several proteins 

involved in replication initiation like the MCM2-7 complex, MCM10, GINS, CDC45 (Im et al., 

2009; Xu et al., 2009). The absence of RECQ4 was shown to significantly affect the formation 

of CMG complex (Im et al., 2009; Xu et al., 2009). Moreover, other replication factors including 

RPA, PCNA and particularly DNA polymerase  display reduced binding to chromatin in the 

absence of RECQ4 (Sangrithi et al., 2005; Thangavel et al., 2010). RECQ4 is recruited to 

replication origins at G1/S boundary upon ORC and MCM complex assembly, and forms a 

complex with CTF4 and MCM10 in a process dependent on the CDK and DDK kinase activities 

(Im et al., 2015; Thangavel et al., 2010; Xu et al., 2009). The efficient binding of RECQ4 to 

replication origins followed by their firing may be controlled by the interaction between RECQ4 

and MCM10 (Im et al., 2009; Im et al., 2015; Kliszczak et al., 2015; Thangavel et al., 2010). 

However, the interaction between RECQ4 and MCM10 is not required for cell viability 

(Kliszczak et al., 2015). Moreover, MCM10, the prominent interactor of RECQ4, was recently 

shown to promote replication fork progression under conditions of replication stress (Chadha et 

al., 2016). Depletion of both, MCM10 and RECQ4, results in reduced binding of DNA 
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polymerase  and PCNA on chromatin (Chadha et al., 2016; Sangrithi et al., 2005; Thangavel 

et al., 2010). Thus, MCM10 and RECQ4 may act together to keep or recover DNA polymerase 

, PCNA, CDC45 and GINS at lagging strand during replication fork stalling. Consistently, the 

essential role of both proteins in initiation of replication is in conflict with proficient bulk DNA 

synthesis after their depletion (Park et al., 2008; Thangavel et al., 2010). Interestingly, studies 

in budding yeast revealed that PCNA is unloaded only from the lagging strand arm of forks 

stalled by HU treatment (Yu et al., 2014). Thus, RECQ4 and MCM10 may be involved in the 

recovery of replisome at stalled forks. 

1.5.3. BLM promotes resolution of aberrant DNA structures at stalled replication forks 

Common feature of cells deficient in BLM is increased frequency of sister chromatid 

exchanges (SCEs) that are thought to arise from aberrant repair of damaged replication forks 

(Hickson, 2003). To suppress excessive homologous recombination, BLM is recruited to sites 

of replication fork stalling in a manner dependent on RNF8/RNF168-mediated ubiquitination 

of the N-terminal region of BLM and subsequent BLM binding to the ubiquitin-interacting 

motifs of RAP80 (Tikoo et al., 2013). BLM is required for efficient replication fork restart and 

suppression of dormant origin firing after replication blockage, which is dependent on its 

helicase activity and phosphorylation (at Thr99) via the ATR/Chk1 pathway (Davies et al., 

2007; Sidorova et al., 2013). Cells derived from Bloom syndrome patients accumulate abnormal 

replication intermediates and display increased levels of single-stranded DNA and RAD51-

containing foci, which is pronounced after replication blockage by HU or Aph (Lonn et al., 

1990; Rassool et al., 2003). RAD51 is a central homologous recombination factor that plays an 

important role in the resumption of stalled and collapsed replication forks (Petermann et al., 

2010). BLM and RAD51 act together during fork recovery (Sidorova et al., 2013). Sumoylation 

of BLM increases the in vitro interaction between RAD51 and BLM, and may regulate the 

recovery of stalled forks by facilitating RAD51 recruitment or stabilization of its binding to 

stalled forks, and preventing the accumulation of single-stranded DNA coated by RPA. 

Accordingly, impaired BLM sumoylation (at lysine K317 and K331) increases fork collapse 

and cell death (Ouyang et al., 2009; Ouyang et al., 2013). 

Four-way DNA structures called Holliday junctions (HJs) can arise during the recovery 

of stalled replication forks (Petermann and Helleday, 2010). BLM forms a complex with 

topoisomerase III(TOPOIII) and RMI1/2 to dissolve double-HJs, which arise during 

homologous recombination, via a strand passage mechanism preventing crossover outcomes 
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(Wu and Hickson, 2003). The TOPOIII-interacting domain of BLM is required for the 

suppression of SCEs in BS cells (Hu et al., 2001). RMI1 also suppress SCEs and the interaction 

between BLM and RMI1 promotes proper fork progression and recovery from replication stress 

(Yang et al., 2012; Yin et al., 2005). The BLM-TOPOIII-RMI1/2 complex localizes to 

subnuclear foci, which is pronounced after replication blockage by HU or Aph (Yang et al., 

2012). Thus, the excess of nuclear foci containing single-stranded DNA in the absence of BLM 

can arise due to the impaired localization of TOPOIII (Yang et al., 2010). Recently, FANCD2 

was shown to be involved in the efficient assembly of the BLM-TOPOIII-RMI1/2 complex at 

sites of stalled replication forks and to act with BLM in a common pathway to promote 

replication fork restart and suppression of new origin firing (Chaudhury et al., 2013). The 

dissolution reaction catalyzed by the BLM-TOPOIII-RMI1/2 complex appears to be a unique 

function of BLM among human RecQ helicases (Wu et al., 2005). This activity is also important 

at sites of termination of DNA replication, because BLM accumulates on late replication 

intermediates to assist in duplex separation so that DNA replication can be efficiently completed 

(Barefield and Karlseder, 2012; Chan et al., 2007; Chen and Brill, 2010; Lukas et al., 2011). 

In addition to double-HJs dissolution, BLM is able to unwind G-quadruplexes formed 

at guanine rich sequences (Sun et al., 1998). In mammals, telomeres are regions with the highest 

concentration of G-quadruplexes (Lipps and Rhodes, 2009). Indeed, BLM was shown to 

maintain stability of telomeres (Barefield and Karlseder, 2012; Lillard-Wetherell et al., 2004). 

BLM can suppress G-quadruplex formation both genome-wide and, specifically, at telomeres 

(Drosopoulos et al., 2015). BLM binds to the telomere-specific shelterin proteins TRF1, TRF2 

and POT1, which are essential for telomere capping and repression of DNA damage signaling 

(Lillard-Wetherell et al., 2004; Opresko et al., 2005; Opresko et al., 2002). BLM-deficient 

mouse cells show a high frequency of spontaneous telomere fragility visible as a separation of 

telomeric signals from chromatid ends (Sfeir et al., 2009; Zimmermann et al., 2014). Moreover, 

it was shown that TRF1 binding to BLM prevented telomere fragility, with most of the fragile 

telomeres resulting from lagging strand DNA synthesis (Zimmermann et al., 2014). The 

majority of telomeres are replicated by forks moving toward the telomere end using the 

TTAGGG repeat strand as the template for lagging strand DNA synthesis (Sfeir et al., 2009). 

However, compared to BLM-proficient cells, BLM-deficient cells also show a slower rate of 

leading strand synthesis that initiates within the telomere and higher frequency of replication 

initiation originating closer to the telomere (Drosopoulos et al., 2015). Further, slowdown of 
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telomeric replication fork movement was observed upon treatment of BLM-deficient cells with 

G-quadruplex stabilizer PhenDC3, suggesting that BLM facilitates telomere replication by 

resolving G-quadrulexes (Drosopoulos et al., 2015). However, the G-quadruplex-stabilizing 

compound pyridostatin increases telomeric-SCEs in cells lacking homologous recombination 

factors such as BRCA1, BRCA2 or RAD51 and reduces the viability of these cells (Zimmer et 

al., 2016). Thus, the above mention activities of BLM (in homologous recombination or double-

HJs dissolution) may be utilized to promote restart of stalled forks at G-quadruplexes. 

BLM is also implicated in recombination-mediated mechanism of telomere 

maintenance, referred to as alternative lengthening of telomeres (ALT) (Rezazadeh, 2013). 

Overexpression of BLM in cells using ALT increases telomeric signals, suggesting that BLM 

promotes ALT (Stavropoulos et al., 2002). Depletion of BLM in cells using ALT leads to 

increased levels of telomere length attrition and telomeric SCEs (Bhattacharyya et al., 2009; 

Hagelstrom et al., 2010; Sarkar et al., 2015). In the absence of functional BLM, the SLX4-

nuclease complex resolves persistent HR intermediates to yield crossover products, resulting in 

increased SCEs (Sarkar et al., 2015; Wechsler et al., 2011). Recently, it has been shown that 

BLM function is modulated by BRCA1 and FANCD2 during ALT (Acharya et al., 2014; Root 

et al., 2016). 

1.5.4. WRN promotes restart of stalled replication forks 

Cells derived from Werner syndrome patients display a high frequency of chromosomal 

translocations, deletions and telomere loss, but not SCEs (Fukuchi et al., 1989; Gebhart et al., 

1988; Schulz et al., 1996). Further, fibroblasts isolated from Werner syndrome patients show 

chromosome and chromatid fusions that result from repair attempts of dysfunctional telomeres 

(Crabbe et al., 2007). Werner syndrome cells are also highly sensitive to replication-perturbing 

agents (Pichierri et al., 2001; Poot et al., 2002; Poot et al., 1999; Poot et al., 2001). Similarly, 

WRN-deficient cells exposed to various types of replication stress accumulate DNA double-

stranded breaks and show increased expression of CFSs as compared to WRN-proficient cells 

(Basile et al., 2014; Franchitto et al., 2008; Murfuni et al., 2012; Murfuni et al., 2013; Pirzio et 

al., 2008). Replication stress triggers extensive co-localization of WRN with RPA at nuclear 

foci in a manner dependent on WRN phosphorylation by ATR (Ammazzalorso et al., 2010; 

Constantinou et al., 2000; Franchitto and Pichierri, 2004). Consistently, WRN possesses two 

RPA binding sites (Doherty et al., 2005). Moreover, WRN was shown to promote ATR-

dependent checkpoint activation upon replication fork stalling (Basile et al., 2014; Hyun et al., 
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2016; Patro et al., 2011). The effect of WRN on the ATR-signaling pathway as well as WRN 

phosphorylation by ATR may result from its interaction with the checkpoint sliding clamp 

RAD9-RAD1-HUS1 that upon fork arrest recruits the ATR activator TOPBP1 (Pichierri et al., 

2012). The significance of WRN phosphorylation is underlined by the fact that stalled forks 

undergo collapse followed by DNA double-stranded break formation in cells expressing ATR-

unphosphorylable mutant of WRN, like in WRN-deficient cells (Ammazzalorso et al., 2010; 

Franchitto et al., 2008; Murfuni et al., 2013). The accumulation of DNA double-stranded breaks 

in WRN-deficient cells is dependent on MUS81 nuclease activity (Franchitto et al., 2008; 

Murfuni et al., 2013). However, a co-depletion of MUS81 and WRN has more severe effect on 

cell viability than depletion of either protein, even without induction of replication stress, 

suggesting existence of alternative mechanisms for response to replication fork stalling 

(Franchitto et al., 2008; Murfuni et al., 2013). 

Decreased rate of replication fork progression in the absence of functional WRN is 

accompanied by a significant asymmetry of bidirectional forks (Rodriguez-Lopez et al., 2002). 

The recovery of stalled forks is impaired in WRN-deficient cells, which is consistent with 

proposed function of WRN in sustaining replication (Ammazzalorso et al., 2010; Franchitto et 

al., 2008; Sidorova et al., 2008; Thangavel et al., 2015). Importantly, WRN-depleted cells 

accumulate reversed forks, which is more prominent after HU treatment (Thangavel et al., 

2015). Moreover, the human DNA2 and WRN form complex to promote replication restart that 

is dependent on degradation of nascent DNA by nuclease activity of DNA2 and helicase activity 

of WRN (Thangavel et al., 2015).  

While the processing of replication intermediates by WRN/DNA2 is independent of 

other nucleases that are typically involved in DNA resection like EXO1, MRE11 or CTIP, recent 

evidence implicated exonuclease activity of WRN in protection of nascent DNA strands against 

unscheduled degradation by combined action of MRE11 and EXO1 after low dose of CPT 

(Iannascoli et al., 2015). Moreover, WRN protein independently of its enzymatic activities is 

required to prevent degradation of nascent DNA at replication-dependent double-stranded 

breaks induced by high doses of CPT (Su et al., 2014). In this case, NBS1 recruits WRN to 

replication-associated DNA breaks to stabilize RAD51 binding and limit activity of MRE11 (Su 

et al., 2014). 

The characteristic features of cells derived from Werner syndrome patients is premature 

senescence and accelerated telomere shortening, suggesting that WRN has a critical function in 
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telomere maintenance (Crabbe et al., 2004; Opresko et al., 2003; Schulz et al., 1996). Similar to 

BLM, WRN associates with telomeres during S-phase and binds to the telomere-specific 

shelterin proteins TRF2 and POT1, which are essential for telomere capping and repression of 

DNA damage signaling (Crabbe et al., 2004; Opresko et al., 2005; Opresko et al., 2002). WRN 

has been shown to suppress defects in telomere lagging strand synthesis (Crabbe et al., 2004). 

Mutational inactivation of WRN helicase domain results in loss of telomeric signal only from 

the chromatid that uses G-rich strand as template for lagging strand synthesis, while leading 

strand telomere is not lost (Crabbe et al., 2004). Consistently, WRN deficiency results in 

increased frequency of G-quadruplex formation genome-wide and at telomeres (Drosopoulos et 

al., 2015). Although BLM helicase is also contributing to chromosome-end maintenance, WRN 

has distinct role in this process. This is supported by observation that simultaneous loss of both 

helicases substantially exacerbates the telomere dysfunction in comparison to loss of individual 

helicase (Barefield and Karlseder, 2012; Drosopoulos et al., 2015; Sfeir et al., 2009). 

1.5.5. RECQ1 unwinds reversed replication forks 

Cells lacking RECQ1 display an elevated number of genomic and telomeric SCEs 

(Popuri et al., 2014; Sharma and Brosh, 2007; Sharma et al., 2007). RECQ1 deficiency results 

in sensitivity to various DNA damaging agents that directly or indirectly block replication fork 

progression (Popuri et al., 2012). RECQ1 associates with replication origins in unperturbed cells 

and shows an increased binding to the lamin B2 origin and CFSs under conditions of replication 

stress (Thangavel et al., 2010). RECQ1-depleted cells or cells expressing RECQ1 mutants that 

lack helicase or branch migration activity display reduced replication fork rates and defects in 

checkpoint activation under conditions of replication stress (Banerjee et al., 2015; Thangavel et 

al., 2010). RECQ1-defficiency also leads to nascent strand degradation at stalled replication 

forks, which is dependent on DNA2 and WRN (Thangavel et al., 2015). A recent study revealed 

a role for RECQ1 in restarting stalled replication forks caused by DNA topoisomerase I 

inhibition with CPT (Berti et al., 2013). The ATPase activity of RECQ1 is essential for 

replication fork progression in cells exposed to CPT (Berti et al., 2013). In the presence of CPT, 

replication forks stall and undergo fork reversal, which prevents replication fork run-off and 

formation of DNA double-stranded breaks (Ray Chaudhuri et al., 2012). The poly(ADP-

ribosyl)ation activity of PARP1 is necessary for stabilization of regressed forks upon CPT 

treatment until the lesion is repaired (Ray Chaudhuri et al., 2012). PARP1 was shown to interact 

with RECQ1 and to regulate the restart of stabilized forks in the regressed state by RECQ1-
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mediated unwinding of the regressed arm (Berti et al., 2013; Sharma et al., 2012). In vitro 

experiments indicated that PARylated PARP1 inhibits fork restoration activity of RECQ1 (Berti 

et al., 2013). Reversed forks accumulate in RECQ1-depleted cells (Berti et al., 2013). Inhibition 

of PARP1 activity causes an untimely restart of reversed forks in a manner dependent on 

RECQ1, which results in DSB formation (Berti et al., 2013). Moreover, the restart of reversed 

forks by RECQ1-mediated mechanism can be a more general response to a wide variety of 

replication blocking agents (Zellweger et al., 2015). 

1.5.6. RECQ5 suppresses transcription associated DNA breakage during replication 

Subunits of RNA polymerase (RNAP) II are the most prominent proteins that co-

immunoprecipitate with RECQ5 from human cell extracts (Aygun et al., 2008; Izumikawa et 

al., 2008). RECQ5 was shown to interact with the largest catalytic subunit of RNAPII, termed 

RPB1 (Aygun et al., 2008), and this interaction is enhanced during S-phase (Li et al., 2011). 

Two regions of RECQ5 polypeptide were identified to mediate the interaction with RPB1: (i) 

the internal RNAPII-interacting (IRI) domain including KIX motif, which binds to RPB1 jaw 

domain; and (ii) the Set2-Rpb1-interacting (SRI) domain, which binds to the 

hyperphosphorylated C-terminal repeat domain (CTD) of RPB1 (Islam et al., 2010; Kanagaraj 

et al., 2010; Kassube et al., 2013). Intriguingly, the tertiary structure of the KIX domain 

resembles the domain II of TFIIS that resolves the paused state of backtracked RNAPII 

(Kassube et al., 2013; Wind and Reines, 2000). RECQ5 associates with chromatin particularly 

at RNAPII-transcribed regions (Izumikawa et al., 2008; Kanagaraj et al., 2010; Saponaro et al., 

2014). Moreover, RECQ5 controls the movement of RNAPII across genes to prevent it from 

pausing or arrest, a condition referred to as transcription stress (Saponaro et al., 2014). 

Importantly, RECQ5 also localizes to DNA replication foci throughout S phase and interacts 

physically with the proliferating cell nuclear antigen (PCNA), a key component of the replisome 

(Kanagaraj et al., 2006). A slight increase in the nuclear level of RECQ5 helps to deal with 

thymidine-induced replication stress (Blundred et al., 2010). It has been shown that replication 

stress results in the accumulation of RPA at stalled forks, which can lead to RPA exhaustion 

and subsequent fork collapse (Toledo et al., 2013). Consistently, the slight increase of RECQ5 

cellular concentration suppresses the increased level of RPA foci observed under conditions of 

replication stress (Blundred et al., 2010). RECQ5-deficient cells display an increased level of 

RAD51 foci and elevated SCEs (Hu et al., 2007). Depletion of RECQ5 results in transcription-

dependent chromosome fragmentation during S phase and accumulation of chromosomal 
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rearrangements with the breakpoints located in the genes and common fragile sites (CFSs) (Li 

et al., 2011; Saponaro et al., 2014). Interestingly, the incidents of genome instability in RECQ5-

depleted cells colocalize with the areas of elevated transcription stress (Saponaro et al., 2014). 

Finally, inactivation of the Recql5 gene in mice results in cancer susceptibility which supports 

the role of RECQ5 as a tumor suppressor (Hu et al., 2007). Together, these finding suggest that 

RECQ5 prevents genomic instability at sites of concomitant replication and transcription. 

However, it is unclear whether RECQ5 operates directly at sites of replication-transcription 

interference. 
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2. Aims of the study 

The main aim of the study was to elucidate the role of RECQ5 helicase in the 

maintenance of genomic stability. 

The specific aims of this study were: 

- To characterize the association of RECQ5 with RNA polymerase I and II 

- To explore the role of RECQ5 at the interface of replication and transcription 

- To study the molecular mechanism underlying the resolution of replication-

transcription encounters 



 

25 

 

3. List of used methods 

Standard molecular biology techniques (nucleic acid isolation, DNA cloning, reverse 

transcription, qPCR, SDS-PAGE, immunoblotting, immunoprecipitation, immunofluorescence) 

Cell culture, RNA interference, DNA transfection 

Flow cytometry 

Cell fractionation 

Chromatin Immunoprecipitation (ChIP) 

Comet assay 

Protein purification, antibody production 

Fluorescence recovery after photobleaching (FRAP) 
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5. Participation of Václav Urban on presented publications 

 

Research paper #1 – Václav Urban as a first author performed all of the experiments, 

participated on manuscript preparation and submission 

Research paper #2 – Václav Urban as co-author performed purification of some proteins used 

for biochemical assays 

Research paper #3 – Václav Urban as a co-author participated on cloning of RECQ5 variants 

for mapping of the interaction between RECQ5 and RPB1 

Review paper #4 – Václav Urban as a first author participated on manuscript preparation and 

submission 
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6. Linking of publications 

Publications #1 and #3 characterize the interaction of RECQ5 with RNAPI and RNAPII, 

respectively. We describe the interaction domains of RECQ5 with both RNAPs and association 

of RECQ5 with coding regions devoted to RNAPI and II transcription. Publication #1 further 

investigates the role of RECQ5 at the interface of replication and transcription. We show that 

RECQ5 promotes resolution of replication-transcription conflicts in human cells. We 

characterize distinct roles of helicase and PCNA-interacting domains of RECQ5 in the 

resolution of replication intermediates that arise at sites of replication-transcription encounters. 

Publication #2 suggests a possible biochemical mechanism how BLM helicase may 

disrupt G-quadruplex structures that represent a significant impediment for replication fork 

progression. 

In publication #4, distinct roles of human RecQ helicases are reviewed with emphasis 

on the role of human RecQ helicases in the processing of stalled replication forks. The major 

outcomes of publication #1 are presented there.  
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7. Discussion 

The roles of human RecQ helicases during DNA replication are unwavering. Their 

common feature is to promote recovery of forks being stalled due to different replication 

roadblocks of either exogenous or endogenous source. Human RecQ helicases participate 

particularly in replication fork progression through genomic loci that represent natural 

impediment for replication such as CFSs, repetitive sequences, telomeres and actively 

transcribed regions. The overview of their proposed functions during DNA replication was 

reviewed in publication #4 and is depicted in Figure 3.  

RECQ5 DNA helicase is essential for maintenance of genomic stability, but its exact 

molecular functions remain unclear. Recent studies (including publication #3) have shown that 

human RECQ5 binds to RNAPII during transcription elongation and maintains genomic 

stability at RNAPII-transcribed genes by acting as a factor that prevents transcription pausing 

Figure 3. Overview of the functions of human RecQ helicases in genome maintenance during DNA 

replication. Replication intermediates or obstacles proposed to be resolved by the individual RecQ 

helicases are shown (right). Interaction partners of human RecQ helicases involved in their actions at 

replication forks are also listed along with phenotypic consequences of deficiency in individual RecQ 

helicases (left). Upwards arrows indicate increase; downwards arrows indicate decrease (Urban et al., 

unpublished) 
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or arrest, a condition termed transcription stress (Kanagaraj et al., 2010; Li et al., 2011; Saponaro 

et al., 2014). In our study (publication #1), we show that RECQ5 also forms a complex with 

RNAPI, namely with its the largest catalytic subunit, RPA194. RECQ5 was significantly 

enriched on the pre-rRNA coding region, showing a distribution pattern similar to that of 

RPA194. Interestingly, we observed a significant enrichment of RNAPI in the pre-rRNA coding 

region, but not on the promoter, in cells lacking RECQ5. These data suggest that RECQ5 

associates with RNAPI and might counteract RNAPI transcription stalling. Our data describing 

association between RNAPI and RECQ5 are consistent with the proposal that RECQ5 acts as a 

general transcription elongation factor that is important for preserving genome stability during 

transcription (Kanagaraj et al., 2010; Li et al., 2011; Saponaro et al., 2014). 

However, we also demonstrate that RECQ5 depletion caused DNA copy number 

variations, particularly within the pre-rRNA coding region of the rDNA repeat unit. Importantly, 

upon replication stress induced by HU treatment, RECQ5 depletion caused a significant 

amplification of DNA sequences only within the transcribed part of rDNA. Further, we also 

demonstrate that RECQ5 depletion causes the persistence of unresolved replication 

intermediates with replisomes stalled in both RNAPI- and RNAPII-transcribed genes. These 

findings suggest that the genome stabilization effect of RECQ5 at sites of transcription might 

reflect a role for RECQ5 in resolving collisions between the replication and transcription 

machineries. In support of this hypothesis, we have found that inhibition of transcription by 

ActD dramatically impaired the mobility of GFP-RECQ5 in replication foci, whereas no change 

in the mobility of GFP-RECQ5 outside the replication foci was observed. Thus, RECQ5 

associates with active transcription complexes in DNA replication foci, suggesting that it acts 

at sites of concomitant transcription and replication.  

Mechanisms that cells evolved to resolve conflicts between replication and transcription 

remain elusive. Studies in bacteria and yeast have shown that specific helicases act in 

conjunction with the replisome to remove transcription complexes and other obstacles that 

impair replication fork progression (Azvolinsky et al., 2009; Boubakri et al., 2010; Sabouri et 

al., 2012). However, on very long genes in mammalian cells, collisions between transcription 

and replication complexes occur within each round of transcription, because the synthesis of the 

full-length transcript of these genes takes more than one cell cycle (Helmrich et al., 2013). 

Therefore, to ensure proper gene expression, cells must have mechanisms that permit RNA 

chain elongation after the collision with replication fork. In our study, we provide evidence that 
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RECQ5, BRCA1, and RAD18 are recruited independently of each other to sites of replication-

transcription collisions. Based on the counts of BRCA1 and RAD18 foci detected in S-phase 

nuclei, we can speculate that collision between replication and transcription is a quite frequent 

event in dividing cells. We have concluded that coordinated action of RECQ5 and BRCA1 at 

sites of replication-transcription interference promotes resolution of the conflict. BRCA1-

dependent loading of RAD51 on stalled replication forks, which depends on active transcription, 

leads to fork stabilization. RECQ5 promotes RAD18-dependent PCNA ubiquitination and 

unloading at sites of replication-transcription interference that might allow the passage of 

oncoming transcription complexes across the fork to complete RNA synthesis (Figure 4). 

Failure of either of these activities would lead to persistence of stalled replication forks, resulting 

in genomic instability. In the absence of BRCA1, RECQ5 can mediate PCNA ubiquitination 

and unloading, but the replication fork fails to restart because of the impaired RAD51 loading. 

In the absence of RECQ5 or RAD18, BRCA1 can promote assembly of RAD51 filaments to 

protect stalled replication forks, but RNA polymerase cannot translocate across the replication 

fork, and hence replication restart is prevented (Figure 4). 

RECQ5 deficiency leads to accumulation of RAD18 and RAD51 foci in S-phase cells. 

Recently, RAD51 has been shown to form and/or stabilize the regressed arm of replication fork 

converted to HJ-structure in response to replication fork stalling (Zellweger et al., 2015). Thus, 

RAD51 foci in RECQ5-deficient cells likely represent unresolved replication intermediates. 

Consistently, they display a long-term stability in the presence of RAD51 inhibitor B02, which 

prevents the formation of RAD51 foci in normal cells. We have shown that the helicase activity 

of RECQ5 is crucial to resolve these replication intermediates. RECQ5 also promotes RAD18-

dependent ubiquitination of PCNA at sites of replication-transcription interference by directly 

interacting with PCNA via its PIP motif. The absence of RECQ5 or inactivation of its PIP motif 

increased both chromatin binding of RAD18 and frequency of RAD18 foci in S-phase nuclei, 

suggesting that it is a consequence of a defect in PCNA ubiquitination. Moreover, the helicase 

activity of RECQ5 is required for PCNA unloading from chromatin. Both activities, 

ubiquitination and unloading of PCNA, are intensified under brute overexpression of RECQ5 

in cells, which results in the inhibition of replication and arrest of cells at G1/S boundary of the 

cell cycle. In contrast to the finding that RECQ5 inhibits RNAPII-transcription in vitro in a 

manner dependent on the IRI domain (Aygun et al., 2009), we have not observed any negative 

effect of RECQ5 overexpression on the rate of transcription in vivo, suggesting that RECQ5 
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influences the replisome to favour transcription. Studies in budding yeast have shown that 

strains defective in PCNA unloading (e.g., Δelg1 or PCNA-K164R mutants) exhibit 

uncontrolled DNA replication and accumulate Rad52 foci, an indication of genomic instability 

(Yu et al., 2014). Interestingly, these studies have revealed that PCNA is unloaded only from 

the lagging strand arm of forks stalled by HU treatment (Yu et al., 2014). Thus, one can 

speculate that RECQ5-driven PCNA unloading and ubiquitination might allow the passage of 

oncoming transcription complexes across the fork to complete RNA synthesis.  

BRCA1 acts to form RAD51 filaments at arrested replication forks to protect them from 

nucleolytic degradation (Schlacher et al., 2012). Similarly to RECQ5, BRCA1 mobility in S-

phase foci was dramatically reduced in cells treated with ActD to arrest transcription. In 

Figure 4. Model for resolution of conflicts between replication and transcription. (A) Scheme of the 

model. RECQ5, BRCA1, and RAD18 (R18) are recruited independently of each other to sites of 

replication-transcription collisions. BRCA1-dependent loading of RAD51 on stalled replication forks, 

which depends on active transcription, leads to fork stabilization. RECQ5 promotes RAD18-dependent 

PCNA ubiquitination and unloading at sites of replication-transcription interference that might allow 

the passage of oncoming transcription complexes across the fork to complete RNA synthesis. (B) 

Consequences of BRCA1 and RECQ5/RAD18 deficiencies. In the absence of BRCA1, RECQ5 can 

mediate PCNA ubiquitination and unloading, but the replication fork fails to restart because of the 

defect in RAD51 loading. In the absence of RECQ5 or RAD18, BRCA1 can promote assembly of 

RAD51 filaments to protect stalled replication forks, but RNA polymerase cannot translocate across 

the replication fork, and hence replication restart is prevented. Failure of either of these activities would 

lead to persistence of stalled replication forks, resulting in genomic instability. (Urban et al., 2016) 
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agreement with the immobilization of BRCA1 upon ActD treatment, the formation of RAD51 

foci in S-phase cells was strongly attenuated by ActD, which further confirmed that BRCA1 

activity is dependent on active transcription. In support of this notion, previous studies have 

shown that BRCA1 binds to hyperphosphorylated RNAPII that is present in the transcription 

elongation complex (Krum et al., 2003). Thus, it is possible that, in the process of resolution of 

replication-transcription collisions, BRCA1 acts in association with the transcription machinery. 

There is accumulating evidence suggesting a role for active transcription in the 

resolution of replication-transcription collisions. It was shown that RNA polymerase 

translocation is required for the resolution of head-on collisions between the transcription 

machinery and bacteriophage Φ29 DNA polymerase in Bacillus subtilis (Elias-Arnanz and 

Salas, 1999). Similarly, studies in budding yeast have shown that RNAPII mutants with a defect 

in transcription elongation impair replication fork progression and cause genomic instability 

(Felipe-Abrio et al., 2015). In our study, we have shown that halted RNAPI transcription 

complexes prevented the movement of the replisome through rDNA in human cells. 

Interestingly, the data from our ChIP experiments showed that ActD-induced arrest of 

transcription complex at transcription start site of rDNA results in the increased binding of DNA 

polymerase ε within the transcription unit peaking at the site located approximately 8 kb from 

the transcription start site. This suggests the presence of a topological barrier between colliding 

transcription and replication complexes, which was recently linked with genomic instability of 

highly transcribed genes in yeast (Bermejo et al., 2011). Moreover, we provide evidence that 

replication forks stalled by halted transcription complexes could be elongated once the RNA 

polymerase is allowed to resume transcription. Thus, RNA polymerase might actively 

participate in the resolution of replication-transcription encounters. 

In conclusion, the process of replication fork stalling and recovery may be a very tangled 

mechanism that includes complex remodeling of both DNA and protein moieties of replication 

fork. The study of RecQ helicases can uncover individual steps of this process that prevents 

genomic instability. In our study, we provide evidence that RECQ5 exerts its genome 

maintenance function through its involvement in the resolution of collisions between replication 

and transcription complexes. Interference between replication and transcription represents a 

significant source of genome instability and contributes to oncogene-induced tumorigenesis 

(Poveda et al., 2010). Because RECQ5 deficiency is associated with cancer susceptibility in 

mice (Hu et al., 2007), our study provides further evidence for the role of replication-
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transcription interference in cancer development. Understanding the mechanisms that maintain 

replication fork stability may be crucial for diagnosis and therapy of human diseases caused by 

defects in response to replication stress. 
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8. Conclusions 

In this work, we have provided evidence that RECQ5 prevents genomic instability 

resulting from replication-transcription collisions. We have proposed a mechanism for the 

resolution of replication-transcription encounters, which involves the coordinated action of 

RECQ5, BRCA1/RAD51 and RAD18. The major outcomes of this study can be summarized as 

follows: 

- RECQ5 interacts with both RNAPI and II. 

- RECQ5 is enriched at the coding regions of RNAPI- and II-transcribed genes. 

- RECQ5 prevents RNAPI-transcription stress, and enforces the stability of the pre-

rRNA coding regions of rDNA arrays. 

- Depletion of RECQ5 leads to accumulation of unresolved replication intermediates 

with replisomes stalled in both RNAPI- and RNAPII-transcribed genes. 

- RECQ5 associates with transcription complexes in replication foci. 

- BRCA1, RAD18, RAD51 are recruited to sites of replication-transcription 

collisions. 

- BRCA1 promotes transcription-dependent formation of RAD51 filaments in 

unperturbed cells. 

- RECQ5 promotes RAD18-dependent ubiquitination of PCNA at sites of replication-

transcription interference by directly interacting with PCNA. 

- The helicase activity of RECQ5 is required for the resolution of replication 

intermediates stabilized by RAD51 filaments upon replication-transcription 

encounters. 

- Transcription forms a barrier for replication fork progression and active transcription 

promotes resolution of replication-transcription collisions. 
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Introduction

DNA replication and transcription are mediated by robust ma-
chineries that compete for the same regions of the genome 
during S phase of the cell cycle. Studies in yeast and mamma-
lian cells have shown that replication-transcription encounters 
are unavoidable and represent one of the major sources of DNA 
breakage and chromosomal rearrangements, particularly in cells 
subjected to replication stress (Azvolinsky et al., 2009; Barlow 
et al., 2013; Helmrich et al., 2013; Jones et al., 2013; Wilson 
et al., 2015). A correlation between replication stress–provoked 
genomic instability and active transcription is particularly ap-
parent in case of common fragile sites (CFSs) and recently 
identified early replicating fragile sites (ERFSs; Helmrich et al., 
2011; Barlow et al., 2013). CFSs are specific genomic regions 
that manifest as gaps or breaks on metaphase chromosomes, 
particularly when DNA replication is partially inhibited (Durkin 
and Glover, 2007). Interestingly, CFSs are frequently located 
within the coding region of very long genes whose transcrip-
tion takes even more than one cell cycle, making replication- 
transcription collisions inevitable (Helmrich et al., 2011). In 
contrast to late replicating CFSs, ERFSs are located within early 

replicating regions that contain clusters of highly transcribed 
genes (Barlow et al., 2013). ERFSs break spontaneously during 
replication, but their fragility is significantly increased by ex-
ogenously induced replication arrest in early S phase (Barlow 
et al., 2013). ERFS fragility is also dependent on the level of 
transcription activity at these loci, suggesting that it is driven by 
replication-transcription encounters (Barlow et al., 2013).

Despite accumulating evidence that conflicts between 
replication and transcription are frequent events in proliferat-
ing cells and have detrimental effects on genome integrity, lit-
tle is known about the molecular mechanisms underlying their 
resolution. In fission yeast, the progression of replication forks 
through actively transcribed genes depends on DNA helicase 
Pfh1, suggesting a general role for accessory helicases in the 
displacement of transcription complexes at sites of replica-
tion-transcription collisions (Sabouri et al., 2012). However, 
studies in budding yeast have shown that RNA-polymerase 
(RNAP) II mutants defective in transcription elongation impair 
replication fork progression and cause genomic instability, sug-
gesting that RNA​PII transcription complex might actively par-
ticipate in the resolution of replication-transcription conflicts 
(Felipe-Abrio et al., 2015).

Collisions between replication and transcription machineries represent a significant source of genomic instability. RECQ5 
DNA helicase binds to RNA-polymerase (RNAP) II during transcription elongation and suppresses transcription- 
associated genomic instability. Here, we show that RECQ5 also associates with RNA​PI and enforces the stability of ribo-
somal DNA arrays. We demonstrate that RECQ5 associates with transcription complexes in DNA replication foci and 
counteracts replication fork stalling in RNA​PI- and RNA​PII-transcribed genes, suggesting that RECQ5 exerts its genome- 
stabilizing effect by acting at sites of replication-transcription collisions. Moreover, RECQ5-deficient cells accumulate 
RAD18 foci and BRCA1-dependent RAD51 foci that are both formed at sites of interference between replication and 
transcription and likely represent unresolved replication intermediates. Finally, we provide evidence for a novel mecha-
nism of resolution of replication-transcription collisions wherein the interaction between RECQ5 and proliferating cell 
nuclear antigen (PCNA) promotes RAD18-dependent PCNA ubiquitination and the helicase activity of RECQ5 promotes 
the processing of replication intermediates.
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Human RECQ5 belongs to the RecQ family of DNA he-
licases (Croteau et al., 2014). RECQ5 is known to associate 
with RNA​PII during transcription elongation (Izumikawa et al., 
2008; Kanagaraj et al., 2010). It also localizes to DNA replica-
tion foci throughout S phase and interacts physically with the 
proliferating cell nuclear antigen (PCNA), a key component of 
the replisome (Kanagaraj et al., 2006). A recent study shows 
that RECQ5 controls the movement of RNA​PII across genes 
to prevent it from pausing or arrest, a condition referred to as 
transcription stress (Saponaro et al., 2014). RECQ5 depletion 
results in transcription-dependent chromosome fragmentation 
during S phase and accumulation of chromosomal rearrange-
ments with the breakpoints located in genes and CFSs (Li et al., 
2011; Saponaro et al., 2014). Although the incidents of genome 
instability in RECQ5-depleted cells colocalize with the areas 
of elevated transcription stress (Saponaro et al., 2014), it is un-
clear whether RECQ5 operates directly at sites of interference 
between replication and transcription.

Here, we demonstrate that RECQ5 associates with tran-
scription complexes in DNA replication foci and counteracts 
replication fork stalling in RNA​PI- and RNA​PII-transcribed 
genes. We present evidence for a novel molecular mechanism 
involved in the resolution of replication-transcription collisions 
wherein RECQ5 promotes RAD18-dependent PCNA ubiq-
uitination by directly interacting with PCNA, and the helicase 
activity of RECQ5 promotes the processing of replication in-
termediates protected by BRCA1-dependent RAD51 filaments.

Results

RECQ5 associates with RNA​PI 
transcription complexes
Previous studies have suggested that RECQ5 acts as an elon-
gation factor of the RNA​PII transcription machinery (Sapon-
aro et al., 2014). To assess whether RECQ5 is also involved in 
RNA​PI transcription, we tested by chromatin immunoprecipi-
tation (ChIP) whether RECQ5 associates with rDNA. Chroma-
tin prepared from asynchronously growing HEK293 cells was 
precipitated with antibodies against RECQ5 or the largest cat-
alytic subunit of RNA​PI, RPA194. Immunoprecipitated DNA 
was subjected to quantitative real-time PCR (qPCR) analysis 
using primer pairs covering the entire rDNA repeat unit: (a) the 
promoter region (amplicon H42); (b) the transcription start site 
(TSS); (c) the pre-rRNA coding region (H0.4-H13); and (d) the 
intergenic spacer (IGS; H18 and H27; Fig. 1 A). We found that 
RECQ5 was significantly enriched on the pre-rRNA coding re-
gion, showing a distribution pattern similar to that of RPA194 
(Fig. 1 B). Moreover, inhibition of transcription by actinomycin 
D (ActD) resulted in the accumulation of RPA194 and RECQ5 
at the pre-rRNA TSS (Fig. 1 B).

To determine whether RECQ5 interacts with the compo-
nents of RNA​PI transcription complex, a HEK293 cell extract 
was subjected to immunoprecipitation (IP) with anti-RECQ5 
antibody, and the immunoprecipitated material was tested for 
the presence of RPA194. To exclude RNA- or DNA-mediated 
interactions, the extract was treated with benzonase nuclease. 
We found that RPA194 coprecipitated with anti-RECQ5 anti-
body but not with control IgG, suggesting that RECQ5 forms 
a complex with RNA​PI (Fig. 1 C). RECQ5-RNA​PI interaction 
was confirmed by coimmunoprecipitation of RECQ5 with ecto-
pically expressed RPA43-GFP (Fig. S1 A).

To determine which region of RECQ5 is required for its 
interaction with RNA​PI, different C-terminally truncated vari-
ants of GFP-tagged RECQ5 were overexpressed in HEK293 
cells and tested for RPA194 binding by IP (Fig. S1, B and C). 
The results showed that the interaction between RECQ5 and 
RPA194 was abolished by deletion of the last 61 C-terminal 
amino acids of the RECQ5 polypeptide (Fig. 1 D and Fig. S1, B 
and C). It should be noted that this RECQ5 variant (RECQ5ΔCt) 
also lacks a part of the Set2-Rpb1-interacting (SRI) domain, 
which binds to the hyperphosphorylated C-terminal repeat do-
main (CTD) of RNA​PII and mediates the association of RECQ5 
with RNA​PII-transcribed genes (Kanagaraj et al., 2010). Ac-
cordingly, RECQ5ΔCt showed reduced binding to the hyper-
phosphorylated form of RNA​PII (IIo), whereas its binding to 
the hypophosphorylated form of RNA​PII (IIa), mediated by 
the internal RNA​PII–interacting (IRI) domain, was similar to 
that of wild-type RECQ5 (Kanagaraj et al., 2010; Fig.  1  D). 
Importantly, a RECQ5 variant lacking the IRI and SRI do-
mains (GFP-RECQ5ΔIRIΔSRI), which failed to bind RNA​PII, 
still retained RPA194 binding activity (Fig.  1  D), suggesting 
that the RNA​PI-interacting domain of RECQ5 is located ad-
jacent to the SRI domain.

Finally, by ChIP assay using anti-GFP antibody, we com-
pared the binding of ectopically expressed GFP-RECQ5 and 
GFP-RECQ5ΔCt to rDNA in HEK293 cells. The results showed 
that the C-terminal region of RECQ5 is required for the efficient 
binding of RECQ5 to the pre-rRNA coding region of the rDNA 
repeat unit (Fig.  1  E). Collectively, these results provide evi-
dence that RECQ5 binds to RNA​PI during rDNA transcription.

RECQ5 depletion increases RNA​PI density 
in the pre-rRNA coding region
To explore the possible involvement of RECQ5 in processes 
associated with RNA​PI-directed transcription, we analyzed the 
effect of RECQ5 depletion on RPA194 density along rDNA re-
peat units in HEK293 cells. Interestingly, we observed a sig-
nificant enrichment of RNA​PI in the pre-rRNA coding region, 
but not on the promoter, in cells lacking RECQ5 (Fig.  1  F). 
These cells did not show any alteration in the cell cycle pro-
file compared with mock-depleted cells (Fig. S1 D), excluding 
the possibility that the observed increase in RNA​PI occupancy 
on rDNA was caused by an increase in the proportion of S/G2 
cells, where RNA​PI-directed transcription reaches its highest 
level (Grummt, 2003). These data suggest that RECQ5 might 
counteract RNA​PI transcription stalling.

RECQ5 depletion leads to amplification of 
DNA segments within the pre-rRNA coding 
region in cells exposed to replication stress
To determine whether RECQ5 is required for the stability of 
rDNA arrays, it was kept knocked down in HEK293 cells for 
12 d by successive siRNA transfections (Fig.  2  A). Subse-
quently, genomic DNA was isolated, and rDNA copy numbers 
at selected amplicons were measured by qPCR relative to Oct-4 
gene, which is not transcribed in HEK293 cells (Nejepinska 
et al., 2012). To assess whether RECQ5 prevents rDNA re-
combination arising as a consequence of interference between 
transcription and replication, cells were also exposed to mild 
replication stress generated by 0.2  mM hydroxyurea (HU; 
Fig. 2 A). We found that RECQ5 depletion caused DNA copy 
number variations, particularly within the pre-rRNA coding re-
gion of the rDNA repeat unit (Fig. 2 B). Importantly, upon HU 
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treatment, a significant amplification of DNA sequences within 
the pre-rRNA coding region was observed in RECQ5-depleted 
cells, but not in mock-depleted cells (Fig. 2 C). Such structural 
changes of rDNA likely arose as the consequence of DNA 
double-strand breaks generated within the pre-rRNA coding 
region by clashes between transcription and replication com-
plexes, suggesting an important role for RECQ5 in preventing 
rDNA instability arising from interference between replica-
tion and transcription.

Depletion of RECQ5 causes replisome 
stalling in actively transcribed genes
To explore the hypothesis that RECQ5 is involved in the reso-
lution of collisions between replication and transcription ma-
chineries, we investigated whether RECQ5 depletion leads to 
replication fork stalling at rDNA arrays. To this end, we mea-
sured DNA polymerase ε (Pol ε) occupancy along the rDNA re-
peat unit in mock- and RECQ5-depleted HEK293 cells released 
synchronously from a nocodazole (NC) block. The characteris-
tic feature of rDNA arrays is that the actively transcribed rDNA 
repeats are replicated in early S phase, whereas the silent repeats 
are replicated in late S phase (Li et al., 2005). Therefore, we first 
determined rDNA replication timing in our experimental setup. 
By IP of BrdU pulse-labeled DNA followed by PCR analysis, 
we found that the first wave of rDNA replication occurred 6–9 h 

after NC block release, whereas the late-replicating rDNA was 
detected 12–16  h after release (Fig.  3  A). Hence, mock- and 
RECQ5-depleted cells were cross-linked at 8 or 14  h after 
NC block release and subjected to ChIP assay using antibody 
against the catalytic subunit of Pol ε. We found that RECQ5 
depletion was associated with a significant enrichment of Pol 
ε on rDNA 8 h after NC block release (Fig. 3, B–D), when the 
replication of actively transcribed repeats occurred (Fig. 3 A). 
In contrast, the Pol ε occupancy profile at the late-replicating 
portion of rDNA (14 h after NC block release) was not affected 
by RECQ5 knockdown (Fig. 3 D). This suggests that RECQ5 
counteracts replication fork stalling in transcriptionally active 
rDNA repeats during early S phase.

We also examined the effect of RECQ5 depletion on rep-
lication fork progression through rDNA in cells exposed to mild 
replication stress. Mock- and RECQ5-depleted HEK293 cells 
were released from NC block in medium containing 0.2 mM HU, 
and the level of Pol ε binding to rDNA was analyzed 8 or 14 h after 
NC block release. As expected, HU treatment slowed down cell 
cycle progression, with cells being in early S phase at 14 h after 
release from the NC block (Fig. 3 B). Importantly, we observed 
that RECQ5 knockdown caused a gradual accumulation of Pol ε 
on the rDNA repeat unit over the analyzed time period (Fig. 3 E).

Finally, we investigated whether RECQ5 depletion led to 
replication fork stalling in RNA​PII-transcribed genes. We used 

Figure 1.  RECQ5 associates with RNA​PI during transcription elongation. (A) Scheme of the human rDNA repeat unit showing location of the amplicons 
(in red) used in this study. ETS, external transcribed spacer; IGS, intergenic spacer. (B) Distribution of RECQ5 and RNA polymerase I (RPA194 subunit) 
along the rDNA repeat unit in nontreated or ActD-treated (1 µg/ml, 1 h) HEK293 cells determined by ChIP assay. (C) Coimmunoprecipitation of RPA194 
with RECQ5 from extracts of HEK293 cells. Where indicated, cell extract was treated with benzonase nuclease to degrade nucleic acids. (D) Interaction 
of RPA194 or RPB1 (the largest catalytic subunit of RNA​PII) with wild-type and mutant forms of GFP-RECQ5 expressed ectopically in HEK293 cells. Cell 
extracts were subjected to IP with GFP-Trap_A beads. Bound proteins were analyzed by WB. The RECQ5 variants were visualized by Ponceau S staining. 
IIo, hyperphosphorylated form of RPB1; IIa, hypophosphorylated form of RPB1. (E) Binding of GFP-RECQ5 and GFP-RECQ5ΔCt to rDNA in HEK293 cells 
determined by ChIP assay using anti-GFP antibody. Expression of GFP-RECQ5 and GFP-RECQ5ΔCt was confirmed by WB (right). (F) RPA194 density along 
rDNA repeat unit in mock- or RECQ5-depleted HEK293 cells determined by ChIP assay. RECQ5 down-regulation (using siRECQ5 #1) was confirmed by 
WB (right). For B, E, and F, data are represented as mean ± SD.
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chromatin prepared from HEK293 cells exposed to 0.2 mM HU 
to analyze Pol ε occupancy on the coding regions of several 
constitutively transcribed genes. We chose the ACTG1 gene, 
which was previously shown to be occupied by RECQ5 in a 
RNA​PII-dependent manner (Kanagaraj et al., 2010), and the 
genes encoding the ribosomal proteins RPS19 and RPL22. We 
found that RECQ5 depletion resulted in a significant enrich-
ment of Pol ε on the coding regions of all three genes at 14 h 
after NC block release (Fig.  3  F). Importantly, no significant 
enrichment of Pol ε was observed at amplicon ACTG1-I, which 
represents an intergenic region located ∼2 kb downstream of 
the ACTG1 transcription termination site (Fig.  3  F). Collec-
tively, these results suggest that RECQ5 counteracts replication 
fork stalling in actively transcribed genes, particularly under 
conditions of replication stress.

RECQ5 associates with transcription 
machinery in replication foci
RECQ5 was previously shown to accumulate in DNA replica-
tion foci (Kanagaraj et al., 2006). To identify the core complex 
bound by RECQ5 in these foci, we used the FRAP technique 
to measure the intranuclear mobility of GFP-tagged RECQ5 
before and after the blockage of transcription or replication. 
HEK293 cells were transfected with vectors expressing GFP-
tagged RECQ5 and RFP-tagged PCNA and brought to early S 
phase by the release from NC block. Live cell imaging revealed 
that GFP-RECQ5 formed discrete nuclear foci that largely 
colocalized with RFP-PCNA foci (Fig. 4 A, left). FRAP mea-
surements of GFP-RECQ5 in circular regions containing one to 

three replication foci showed a very high mobility of RECQ5, in 
both the replication foci and the surrounding area (Fig. 4, right). 
In contrast, PCNA is characterized by a very slow fluorescence 
recovery, on the order of minutes, indicating a stable association 
with replication forks (Sporbert et al., 2002; unpublished data). 
Thus, the observed fast fluorescence recovery of GFP-RECQ5 
in replication foci suggests that RECQ5 is not stably bound to 
the replication machinery. This was also supported by our ob-
servation that GFP-RECQ5 mobility in replication foci was not 
affected by aphidicolin (Aph), which inhibits DNA replication 
(Fig. 4). In contrast, inhibition of transcription by ActD dramat-
ically impaired the mobility of GFP-RECQ5 in replication foci 
(Fig.  4), whereas no change in the mobility of GFP-RECQ5 
outside the replication foci was observed (Fig.  4, magnified 
sections). These findings suggest that RECQ5 associates with 
transcription machinery in replication foci.

BRCA1 and RAD51 function at sites of 
replication-transcription interference
To gain insight into the role of RECQ5 in the resolution of 
conflicts between replication and transcription, we explored its 
functional relationship with proteins that are involved in the re-
pair of damaged replication forks. BRCA1, an important tumor 
suppressor, has been implicated in the stabilization and process-
ing of stalled replication forks, and it is known to be recruited 
to ERFSs both after HU-induced replication arrest and during 
normal replication (Schlacher et al., 2012; Barlow et al., 2013; 
Willis et al., 2014). BRCA1 forms discrete nuclear foci in un-
perturbed S-phase cells (Scully et al., 1997). Interestingly, we 

Figure 2.  Ribosomal DNA instability in RECQ5-depleted 
cells. (A) Experimental scheme. RECQ5 was kept down- 
regulated in HEK293 cells for 12 d by successive transfec-
tions (T) of either siRECQ5#1 or esiRECQ5. Samples of cells 
were collected after each splitting (S) and analyzed by WB 
(bottom). Lamin B was used as loading control. Cells were 
treated with 0.2 mM HU at indicated time intervals (red lines) 
or left untreated. (B and C) Effect of RECQ5 depletion on 
rDNA stability in the absence or presence of 0.2 mM HU. 
The rDNA copy number at indicated amplicons (see Fig. 1 A) 
was measured by qPCR of genomic DNA (∼2 ng) relative to 
the Oct-4 gene. Data are represented as mean ± SD. *, P < 
0.0005; **, P < 0.00005 (two-tailed unpaired t test).
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found that the formation of BRCA1 foci in U2OS cells was 
impaired by cordycepin, which causes premature termination 
of transcription (Fig. 5, A and B; and Fig. S2 A), thus lowering 
the probability of replication-transcription clashes (Jones et al., 
2013). In contrast, the number of BRCA1 foci increased if cells 
were exposed to ActD, which is capable of arresting transcrip-
tion complexes on DNA, thereby creating a barrier to replication 

fork movement (Fig. 5, A–C; and Fig. S2 A). In agreement with 
this notion, RNA​PI transcription complexes arrested on DNA 
by ActD treatment (Fig. 1 B) caused a significant increase in Pol 
ε occupancy on the rDNA repeat unit (Fig. S3 A). Neither of the 
transcription inhibitors used altered the percentage of S-phase 
cells (Fig. S2 B). Importantly, inhibition of DNA replication by 
Aph or HU significantly decreased the number of BRCA1 foci 

Figure 3.  RECQ5 depletion leads to replication fork stalling in actively transcribed genes. (A) rDNA replication timing in HEK293 cells. Cells were released 
from NC block and pulse labeled with BrdU for 30 min before harvesting at the indicated time points. BrdU-labeled DNA was immunoprecipitated and 
analyzed by PCR using primer pair for amplicon H6. (B) Cell cycle distribution of HEK293 cells released from NC block for indicated periods of time in 
the presence or absence of 0.2 mM HU. (C) Western blot analysis of RECQ5 protein levels in chromatin (10 µg) used for ChIP assays. (D) DNA Pol ε 
occupancy on rDNA repeat unit in HEK293 cells transfected with either control siRNA (siControl) or RECQ5 siRNA (siRECQ5#1). Chromatin was isolated 
at indicated time points after the release from NC block and subjected to ChIP assay. (E) As in D, but cells were released from NC block into medium 
containing 0.2 mM HU. (F) Effect of RECQ5 knockdown on Pol ε occupancy on the indicated RNA​PII-transcribed genes (RPS19, RPL22, and ACTG1). 
Chromatin for ChIP assay was prepared as in E. ATCG1-I represents a nontranscribed intergenic region located ∼2 kb downstream of ACTG1 stop codon. 
For D, E, and F, data are represented as mean ± SD.
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in both mock- and ActD-treated cells (Fig. 5 C and Fig. S2, C 
and D), suggesting that the formation of these foci is driven by 
interference between replication and transcription. To further 
characterize the nature of BRCA1 foci, we performed FRAP 
experiments to measure GFP-BRCA1 mobility in these sites be-
fore and after replication or transcription arrest. We found that 
BRCA1 mobility in cells treated with Aph (replication arrest) 
was similar to that measured in mock-treated cells (Figs. 5 D 
and S2 E). In contrast, BRCA1 mobility was dramatically re-
duced in cells treated with ActD (transcription arrest; Figs. 5 D 
and S2 E). These data suggest that BRCA1 localized in S-phase 
foci associates with the transcription machinery at sites of rep-
lication-transcription interference.

BRCA1 acts to form RAD51 filaments at arrested rep-
lication forks to protect them from nucleolytic degradation 
(Schlacher et al., 2012). Like BRCA1, RAD51 forms discrete 
nuclear foci in unperturbed S-phase cells, and the formation 
of these foci is strictly dependent on the presence of BRCA1 
(Scully et al., 1997; Fig. 5 E). Of note, RAD51 foci colocalize 
with BRCA1 foci only partially, suggesting that BRCA1 dis-
sociates from these sites upon RAD51 recruitment (Scully et 
al., 1997; Fig. S2 F). In agreement with the immobilization of 
BRCA1 upon ActD treatment, the formation of RAD51 foci in 
S-phase cells was strongly attenuated by ActD (Fig.  5  F and 
Fig. S2, C and G), which further confirmed that BRCA1 ac-
tivity is dependent on active transcription. RAD51 foci forma-
tion was also impaired in cells treated with the transcription 

terminator cordycepin or replication inhibitors HU and Aph 
(Fig. 5 F and Fig. S2, C and G). Combined treatment of cells 
with ActD and either HU or Aph further decreased the num-
ber of RAD51 foci per cell (Fig. 5 F and Fig. S2, C and G), 
suggesting that the formation of these foci is driven by replica-
tion-transcription interference.

Depletion of RECQ5 causes accumulation 
of unresolved replication intermediates
Next, we analyzed the frequency of BRCA1 foci in cells de-
pleted of RECQ5. Interestingly, RECQ5 depletion led to a re-
duction in the frequency of BRCA1 foci in unperturbed cells 
but not in ActD-treated cells (Fig. 5, A and B; and Fig. S2 A). 
These results suggest that RECQ5 is not required for BRCA1 
foci formation, but rather affects late steps of the process ini-
tiated by BRCA1 at sites of replication-transcription interfer-
ence. Thus, we investigated the effect of RECQ5 depletion on 
the frequency of RAD51 foci in S-phase cells. We found that 
in RECQ5-deficient cells, the number of RAD51 foci that did 
not colocalize with a BRCA1 focus was increased compared 
with RECQ5-proficient cells, whereas the number of colocaliz-
ing foci was not affected (Fig. 5 G). Interestingly, the RAD51 
inhibitor B02, which strongly inhibited RAD51 foci formation 
in mock-depleted cells, did not significantly reduce RAD51 
foci in RECQ5-depleted cells (Fig. 5 H). This suggests that in 
the absence of RECQ5, cells accumulate replication intermedi-
ates stabilized by RAD51.

Figure 4.  RECQ5 associates with transcription complexes in replication foci. (A, left) GFP-RECQ5 foci selected for FRAP analysis colocalize with PCNA-RFP 
foci in mock-, aphidicolin-, and ActD-treated HEK293 cells. (right) Representative images from a FRAP sequence showing the fluorescence recovery of 
GFP-RECQ5 in replication foci under indicated conditions. Bleached regions are depicted in white circles and also separately magnified for ActD-treated 
cells. FRAP measurements of GFP-RECQ5 were performed 6–9 h after release of cells from NC block. (B) Graph showing mean ± SD (n = 8–12) of relative 
fluorescence recovery in the bleached regions as a function of time.  on A
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To further explore this hypothesis, we monitored replica-
tion fork elongation in RECQ5-proficient and RECQ5-deficient 
cells by alkaline BrdU comet assay (Mórocz et al., 2013). In this 
assay, the stretches of newly synthesized DNA pulse labeled 
with BrdU are separated from the parental strand by alkaline de-
naturation and electrophoresis and are visualized as a comet tail 

by immunostaining with anti-BrdU antibody (Fig. 5 I). If DNA 
replication continues after BrdU pulse labeling, the nascent 
DNA strands become continuous and remain in the comet head 
(Fig. 5 I). In our experiments, we measured comet tail lengths 
at time points of 0, 2, and 4 h after the BrdU pulse. We found 
that at 4 h after BrdU labeling, RECQ5-depleted cells showed 

Figure 5.  RECQ5 depletion leads to accumulation of unresolved replication intermediates at sites of replication-transcription interference. (A) Representa-
tive images of mock- and RECQ5-depleted (siRECQ5#2) U2OS cells stained for BRCA1 and EdU. Nuclei were stained with DAPI. EdU (20 µM) was added 
to cell cultures 1 h before fixation. Where indicated, cells were treated with cordycepin (50 µM) for 2 h or ActD (1 µg/ml) for 1 h before fixation. (B, left) 
Quantification of BRCA1 foci counts in EdU-positive nuclei of mock- or RECQ5-depleted U2OS cells represented in A. (right) Western blot analysis of U2OS 
cells transfected with indicated siRNAs. (C) Analysis of BRCA1 foci counts in EdU-positive nuclei of U2OS cells exposed to inhibitors of replication (5 µM 
Aph or 2 mM HU) for 90 min and/or transcription inhibitor (1 µg/ml ActD) for 1 h before fixation. Note that EdU was added 1 h before addition of Aph 
or HU. (D) Graph showing time dependency of relative fluorescence recovery for bleached nuclear regions containing GFP-BRCA1 foci in mock-, Aph-, and 
ActD-treated HEK293 cells. HEK293 cells were transfected with GFP-BRCA1 and PCNA-RFP (to identify cells in S phase) constructs, and FRAP measurements 
were performed 6–9 h after the release of cells from NC block. (E) Representative images of mock-, BRCA1-, RECQ5-, and BRCA1/RECQ5-depleted U2OS 
cells stained for RAD51 and EdU. Nuclei were stained with DAPI. (F) Analysis of RAD51 foci counts in EdU-positive nuclei of cells treated with 50 µM 
cordycepin for 2 h, or as in C. (G) Effect of RECQ5 depletion on the frequency of BRCA1-positive and BRCA1-negative RAD51 foci in U2OS cells. (H) 
Analysis of RAD51 foci counts in EdU-positive nuclei of RECQ5-proficient and RECQ5-deficient cells treated or not with the Rad51 inhibitor B02 (20 µM) 
for 6 h. (I) Representative images of mock- or RECQ5-depleted U2OS cells analyzed by alkaline BrdU comet assay. U2OS cells were pulse labeled with 
20 µM BrdU for 20 min and harvested at the indicated time points after the BrdU wash-off to perform alkaline comet assay followed by immunostaining 
of BrdU-labeled DNA and staining with SYBR Gold. (J and K) Statistical analysis of BrdU-positive comet tail lengths measured for mock-, RECQ5-, and 
BRCA1-depleted U2OS cells. Whiskers indicate 10th to 90th percentile. ns, not significant; *, P < 0.01; ***, P < 0.0001 (two-tailed unpaired t test). Data 
in B–D and F–H are represented as mean ± SD.
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substantially longer comet tails than mock-depleted cells, con-
firming that RECQ5 deficiency is associated with accumula-
tion of unresolved replication intermediates (Fig.  5, I and J). 
Similarly, BRCA1-depleted cells also displayed longer comet 
tail lengths compared with mock-depleted cells (Fig. 5 K). Im-
portantly, cells depleted for both RECQ5 and BRCA1 did not 
show a further increase in comet tail length as compared with 
cells depleted for either protein (Fig. 5 K). Collectively, the data 
described point to a coordinated action of RECQ5 and BRCA1/
RAD51 at sites of replication-transcription interference to pro-
mote replication fork recovery.

RECQ5 is required for RAD18-dependent 
PCNA ubiquitination at sites of replication-
transcription interference
Studies in budding yeast have shown that PCNA sliding clamp 
is unloaded from the lagging strand arm of stalled replication 
forks in a manner dependent on its ubiquitination at lysine 
164 (Yu et al., 2014). To explore the possible involvement of 
RECQ5 and BRCA1 in replisome remodeling during the res-
olution of conflicts between replication and transcription ma-
chineries, we examined effects of their depletion on the level of 
ubiquitinated PCNA (Ub-PCNA) in chromatin fraction of un-
perturbed HEK293 cells. Ub-PCNA was monitored by Western 
blotting (WB) as a form of PCNA with reduced electrophoretic 
mobility that is readily detected in chromatin fraction of cells 
exposed to HU (Fig. 6, A and B). Depletion of BRCA1, but not 
that of RECQ5, substantially increased the level of Ub-PCNA 
in chromatin (Fig. 6, A and B). This PCNA ubiquitination was 
largely alleviated by cordycepin, suggesting that it arises as a 
consequence of interference between replication and transcrip-
tion (Fig. 6, A and B). Importantly, almost no Ub-PCNA was 
detected in chromatin of cells depleted for both BRCA1 and 
RECQ5, suggesting that Ub-PCNA formation in the absence 
of BRCA1 depends on RECQ5 (Fig. 6, A and B). Moreover, 
depletion of RECQ5 alone increased the level of unmodified 
PCNA in chromatin, suggesting that RECQ5 might promote 
PCNA unloading (Fig. 6, A [low exposure] and C).

To explore this further, we measured the levels of Ub-
PCNA and unmodified PCNA in the chromatin fraction of 
HEK293 cells overexpressing GFP-RECQ5. We found that 
GFP-RECQ5 overexpression stimulated PCNA ubiquitination 
and reduced the levels of unmodified PCNA on chromatin in 
both mock-depleted and BRCA1-depleted cells (Fig. 6 D). A 
similar phenotype was seen upon replication arrest induced by 
HU (Fig. 6 A). Consistently, DNA synthesis in GFP-RECQ5–
overexpressing cells was strongly attenuated as revealed by 
measurement of EdU incorporation (Fig.  6  E). In contrast, 
overexpression of GFP-RECQ5 did not significantly affect 
transcription as measured by incorporation of 5-fluorouridine 
(Fig. 6 F). Interestingly, BRCA1-depleted cells overexpressing 
GFP-RECQ5 contained significantly higher levels of chroma-
tin-bound Ub-PCNA compared with BRCA1-proficient cells 
overexpressing GFP-RECQ5 or BRCA1-deficient cells ex-
pressing only GFP (Fig. 6 D). This suggests that in the absence 
of BRCA1, Ub-PCNA generated by a RECQ5-mediated mech-
anism accumulates on chromatin.

To confirm that RECQ5 promotes PCNA ubiquitination 
and unloading, we examined the effect of GFP-RECQ5 over-
expression on chromatin binding of a His-tagged version of a 
nonubiquitinable PCNA mutant, PCNA-K164R. We found that 
overexpression of GFP-RECQ5 did not affect the binding of 

PCNA-K164R to chromatin, whereas it significantly reduced 
chromatin binding of wild-type PCNA (Fig. 6 G, low exposure). 
As expected, binding of PCNA-K164R to chromatin was also 
not affected upon HU treatment (Fig. 6 G). Interestingly, over-
expression of a helicase/ATPase-dead mutant of RECQ5, GFP-
RECQ5-K58R (Garcia et al., 2004), dramatically increased the 
level of Ub-PCNA in chromatin without reducing the level of 
unmodified PCNA (Fig. 6 G), suggesting a role for the helicase 
activity of RECQ5 in PCNA unloading.

We also tested the effect of GFP-RECQ5 overexpression 
on the level of Ub-PCNA in chromatin of cells lacking RAD18, 
an E3 ubiquitin ligase, which is recruited to stalled replica-
tion forks to monoubiquitinate PCNA (Tsuji et al., 2008). We 
found that depletion of RAD18 impaired PCNA ubiquitina-
tion induced by the overexpression of wild-type GFP-RECQ5 
or GFP-RECQ5-K58R, suggesting that RECQ5 promotes 
RAD18-dependent PCNA ubiquitination (Fig. 6 H).

Next, we investigated a relationship between RECQ5 and 
RAD18 at the interface of replication and transcription. First, 
we characterized the nature of RAD18 foci in cells exposed to 
different transcription or replication inhibitors (Fig. S4). The 
formation of RAD18 foci in S-phase cells was decreased upon 
cordycepin treatment (Fig. 6 I), which prematurely terminates 
transcription. Cells exposed to HU or ActD treatment, condi-
tions leading to replication fork blockage, showed an increased 
number of RAD18 foci compared with untreated cells (Fig. 6 I). 
Importantly, combined treatment of cells with ActD and HU 
significantly decreased the number of RAD18 foci per cell 
(Fig. 6 I), suggesting that RAD18 foci formation is dependent 
on replication fork stalling caused by collisions with transcrip-
tion complexes. As in the case of RECQ5, RAD18 depletion 
increased the number of RAD51 foci in S-phase cells, and these 
foci also persisted after exposure of cells to B02 (Fig.  6  J). 
Moreover, codepletion of RAD18 and RECQ5 did not cause 
a further increase in the number of RAD51 foci in compari-
son with depletion of either protein (Fig. 6 J), suggesting that 
RAD18 and RECQ5 act in the same pathway to resolve rep-
lication intermediates. Importantly, RECQ5 depletion caused 
accumulation of RAD18 foci in S-phase cells, implying that 
RECQ5 is not involved in the recruitment of RAD18 to stalled 
forks (Fig.  6  K). Moreover, BRCA1 depletion, which causes 
replication stalling, did not significantly change the number of 
RAD18 foci in S-phase cells (Fig. 6 K), suggesting that the in-
creased frequency of RAD18 foci in RECQ5-deficient cells is 
a consequence of a defect in PCNA ubiquitination, leading to 
persistence of RAD18 at sites of stalled replication forks.

Helicase and PCNA-interacting domains 
of RECQ5 have distinct roles in the 
resolution of replication intermediates
Next, we wanted to identify the domains of RECQ5 involved 
in PCNA ubiquitination. For this, we prepared GFP-RECQ5 
variants containing the K58R mutation in the helicase domain 
(its overexpression caused accumulation of Ub-PCNA on chro-
matin; Fig. 6, G and H) in combination with either a R943A 
mutation in the SRI domain (abolishment of RECQ5 binding 
to RNA​PII CTD) or mutations in the PCNA-interacting pep-
tide (PIP4A, abolishment of RECQ5–PCNA interaction). We 
tested the effect of overexpression of these RECQ5 variants 
on the level of chromatin-bound PCNA in HEK293 cells. We 
found that the K58R/PIP4A variant largely failed to induce 
PCNA ubiquitination, whereas K58R/R943A stimulated PCNA 
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Figure 6.  RECQ5 promotes RAD18-dependent PCNA ubiquitination at sites of replication-transcription interference. (A) Western blot analysis of PCNA, 
RECQ5, BRCA1, and Lamin B2 (loading control) levels in chromatin fractions isolated from HEK293 cells transfected with indicated siRNAs. Where indicated, 
cells were treated with 2 mM HU for 14 h or 50 µM cordycepin (Cord.) for the last 2 h. NT, nontreated. For unmodified PCNA, high and low exposures are 
shown. (B and C) Quantitative analysis of band intensity of ubiquitinated PCNA (Ub-PCNA) and unmodified PCNA, respectively, on Western blots represented 
in A. PCNA intensity was normalized to Lamin B2 intensity. Data are expressed as percentage of Ub-PCNA levels in chromatin of HU-treated cells or as per-
centage of unmodified PCNA levels in chromatin of mock-depleted cells, respectively. n.d., signal was not detected. *, P < 0.01; **, P < 0.005 (two-tailed 
unpaired t test). (D) Western blot analysis of PCNA levels in chromatin fractions of mock- or BRCA1-depleted HEK293 cells transiently overexpressing either 
GFP or GFP-RECQ5. Lamin B2 was used as loading control. (E) Flow cytometry analysis of EdU incorporation (y axis) and DNA content (propidium iodide, 
x axis) in HEK293 cells performed 48 h after transfection of vectors expressing either GFP or GFP-RECQ5. Only GFP-positive cells were analyzed. (F) Flow 
cytometry analysis of 5-FU incorporation into nascent RNA in HEK293 cells expressing either GFP or GFP-RECQ5. Mock-treated HEK293 cells (without 5-FU) 
served as noise-signal control. (G) Western blot analysis of PCNA levels in chromatin fractions isolated from HEK293 cells transiently expressing wild-type (WT) 
or mutant (K164R) forms of His-tagged PCNA. Cells were treated with 2 mM HU for 14 h or transfected with vectors expressing either wild-type (GFP-Q5) or 
helicase/ATPase-dead mutant (GFP-Q5 K58R) of RECQ5. (H) Western blot analysis of PCNA levels in chromatin of HEK293 cells transiently overexpressing 
GFP, GFP-Q5, or GFP-Q5 K58R that were either mock- or RAD18-depleted. (I) Analysis of RAD18 foci counts in EdU-positive nuclei of U2OS cells exposed to 
transcription inhibitors cordycepin (Cord.; 50 µM for 2 h) and ActD (1 µg/ml for 1 h) and/or replication inhibitor (2 mM HU) for 90 min before fixation. Note 
that EdU was added 1 h before addition of HU or fixation. (J, left) Analysis of RAD51 foci counts in EdU-positive nuclei of mock-, RECQ5-, and/or RAD18- 
depleted cells treated or not with the Rad51 inhibitor B02 (20 µM) for 6 h. (right) Western blot analysis of U2OS cells transfected with indicated siRNAs. (K) 
Analysis of RAD18 foci counts in EdU-positive nuclei of U2OS cells transfected with indicated siRNAs. Data in B, C, and I–K are represented as mean ± SD.
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ubiquitination, although to a lesser extent compared with the 
K58R mutant (Fig.  7  A). These data suggest that RECQ5 
promotes PCNA ubiquitination by directly interacting with 
PCNA via the PIP motif.

To investigate the phenotypes of RECQ5 mutants if ex-
pressed at levels comparable to that of endogenous RECQ5 pro-
tein, we established a cellular system that uses a pAIO-based 
vector (Ghodgaonkar et al., 2014) for inducible replacement 
of the endogenous RECQ5 with an shRNA-resistant mutant of 
interest. We prepared stable U2OS T-REx cell lines inducibly 
expressing Flag-tagged versions of wild-type RECQ5, RECQ5-
K58R, RECQ5-R943A, and RECQ5-PIP4A, along with an 
shRNA targeting endogenous RECQ5. Thus, cells exposed to 
doxycycline (0.4 ng/ml) expressed a RECQ5 variant of inter-
est with concomitant down-regulation of endogenous RECQ5 
(Fig. S5). To detect Ub-PCNA in unchallenged cells, we used 
an antibody specifically recognizing ubiquityl-PCNA (Lys 
164). We found that the substitution of endogenous RECQ5 
with RECQ5-K58R caused accumulation of both Ub-PCNA 
and unmodified PCNA on chromatin (Fig.  7  B). Moreover, 
the lack of RECQ5 helicase activity increased the number of 
RAD51 foci in S-phase cells (Fig. 7 D). These results suggest 
that the helicase activity of RECQ5 prevents the accumulation 
of unresolved replication intermediates. On the contrary, the 
substitution of endogenous RECQ5 with RECQ5-PIP4A did 
not cause accumulation of unmodified PCNA nor Ub-PCNA on 
chromatin (Fig. 7 B). Instead, it increased the level of RAD18 
in chromatin fraction and the number of RAD18 foci in S-phase 
cells (Fig. 7, B and E), which is consistent with our earlier find-
ing of the requirement of RECQ5–PCNA interaction for PCNA 
ubiquitination. Interestingly, although the expression levels 
of all RECQ5 variants were comparable (Fig. 7 C), the levels 

of RECQ5-K58R and RECQ5-PIP4A in chromatin were sig-
nificantly increased compared with that of wild-type RECQ5 
(Fig.  7  B), providing a further evidence for a defect in their 
function. Together, these results suggest that a coordinated ac-
tion of the helicase and PCNA-interacting domains of RECQ5 
promotes the resolution of replication-transcription encounters.

Discussion

RECQ5 DNA helicase is essential for maintenance of genomic 
stability, but its exact molecular functions remain unclear. Re-
cent studies have shown that human RECQ5 binds to RNA​PII 
during transcription elongation and maintains genomic stability 
at RNA​PII-transcribed genes by acting as a factor that prevents 
transcription pausing or arrest, a condition termed transcription 
stress (Kanagaraj et al., 2010; Li et al., 2011; Saponaro et al., 
2014). Here, we show that RECQ5 also forms a complex with 
RNA​PI during rDNA transcription, prevents RNA​PI-transcrip-
tion stress, and enforces the stability of the pre-rRNA coding 
regions of rDNA arrays. These results are consistent with the 
proposal of RECQ5 acting as a general transcription elongation 
factor that is important for preserving genome stability during 
transcription (Kanagaraj et al., 2010; Li et al., 2011; Sapon-
aro et al., 2014). However, we also demonstrate that RECQ5 
depletion causes the persistence of unresolved replication in-
termediates with replisomes stalled in both RNA​PI- and RNA​
PII-transcribed genes. These findings suggest that the genome 
stabilization effect of RECQ5 at sites of transcription might 
reflect a role for RECQ5 in resolving collisions between the 
replication and transcription machineries. In support of this 
hypothesis, we have found that RECQ5 associates with active 

Figure 7.  Distinct roles of the helicase and PCNA-interacting domains of RECQ5 in resolution of replication intermediates. (A) Western blot analysis of 
PCNA levels in chromatin of HEK293 cells transiently overexpressing various mutants of GFP-RECQ5 with defects in the helicase activity (K58R), RNA​
PIIo binding (R943A), and PCNA-interacting motif (PIP4A). (B) Western blot analysis of chromatin fraction of U2OS T-REx cells with doxycycline-regulated 
expression of Flag-tagged (shRNA-resistant) wild-type RECQ5 (WT), RECQ5-K58R (K58R), RECQ5-R934A (R934A), or RECQ5-PIP4A (PIP4A). Endogenous 
RECQ5 in these cells is down-regulated by shRNA. Parental U2OS T-REx cells were transfected with siControl or siRECQ5. (C) Western blot analysis of 
whole cell extracts of U2OS T-REx cells in B. (D and E) Analysis of RAD51 or RAD18 foci counts in EdU-positive nuclei of U2OS T-REx cells as in B. Data 
in D and E are represented as mean ± SD.
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transcription complexes in DNA replication foci, suggesting 
that it acts at sites of concomitant replication and transcription. 
Moreover, our data show that BRCA1, RAD51, and RAD18, 
proteins involved in the stabilization and restart of stalled forks, 
form foci at sites of replication-transcription interference, where 
they cooperate with RECQ5 to resume replication. Finally, we 
provide evidence that RECQ5 promotes RAD18-dependent 
ubiquitination of PCNA by directly interacting with PCNA and 
that the helicase activity of RECQ5 promotes the resolution of 
replication intermediates stabilized by RAD51 filaments upon 
replication-transcription encounters.

Mechanisms that cells evolved to resolve conflicts be-
tween replication and transcription remain elusive. Studies in 
bacteria and yeast have shown that specific helicases act in 
conjunction with the replisome to disrupt transcription com-
plexes and other obstacles that impair replication fork progres-
sion (Azvolinsky et al., 2009; Boubakri et al., 2010; Sabouri et 
al., 2012). However, on very long genes in mammalian cells, 
collisions between transcription and replication complexes 
occur within each round of transcription, because the synthe-
sis of the full-length transcript of these genes takes more than 
one cell cycle (Helmrich et al., 2013). Therefore, to ensure 
proper gene expression, cells must have mechanisms that per-
mit RNA chain elongation after the collision with replication 
fork. Here, we provide evidence that RECQ5, BRCA1, and 
RAD18 are recruited independently of each other to sites of 
replication-transcription collisions. BRCA1-dependent load-
ing of RAD51 stabilizes the stalled replication forks for rep-
lication resumption (Schlacher et al., 2012). RECQ5 promotes 
RAD18-dependent PCNA ubiquitination and unloading from 

replication forks upon their collision with active transcription. 
It is therefore likely that RECQ5-mediated replisome remodel-
ing at stalled forks might allow the passage of oncoming tran-
scription complexes across the fork to complete RNA synthesis 
(Fig. 8 A). There is accumulating evidence suggesting a role for 
active transcription in the resolution of replication-transcription 
collisions. It was shown that RNA polymerase translocation is 
required for the resolution of head-on collisions between the 
transcription machinery and bacteriophage Φ29 DNA poly-
merase in Bacillus subtilis (Elías-Arnanz and Salas, 1999). 
Similarly, studies in budding yeast have shown that RNA​PII 
mutants with a defect in transcription elongation impair repli-
cation fork progression and cause genomic instability (Felipe- 
Abrio et al., 2015). In addition, we have shown in human cells 
that halted RNA​PI transcription complexes prevented the move-
ment of the replisome through rDNA (Fig. S3 A). Moreover, we 
provide evidence that replication forks stalled by halted tran-
scription complexes could be elongated once the RNA poly-
merase is allowed to resume transcription (Fig. S3 B). Thus, 
RNA polymerase might actively participate in the resolution of 
replication-transcription collisions.

Studies in budding yeast revealed the presence of a 
Fob1-dependent replication fork barrier at the 3′-end of the 
rDNA transcription unit that prevents head on clashes of the 
replisome with RNA​PI transcription complexes (Takeuchi et 
al., 2003). However, termination of DNA replication throughout 
the rDNA transcription units has been observed in human cells, 
suggesting that replication fork barriers at the 3′ end of rDNA 
transcription units may not be absolute and that some leftward- 
moving forks pass through the barriers and enter the transcribed 

Figure 8.  Model for resolution of conflicts between replication and transcription. (A) Scheme of the model. RECQ5, BRCA1, and RAD18 (R18) are 
recruited independently of each other to sites of replication-transcription collisions. BRCA1-dependent loading of RAD51 on stalled replication forks, 
which depends on active transcription, leads to fork stabilization. RECQ5 promotes RAD18-dependent PCNA ubiquitination and unloading at sites 
of replication-transcription interference that might allow the passage of oncoming transcription complexes across the fork to complete RNA synthesis.  
(B) Consequences of BRCA1 and RECQ5/RAD18 deficiencies. In the absence of BRCA1, RECQ5 can mediate PCNA ubiquitination and unloading, but 
the replication fork fails to restart because of the defect in RAD51 loading. In the absence of RECQ5 or RAD18, BRCA1 can promote assembly of RAD51 
filaments to protect stalled replication forks, but RNA polymerase cannot translocate across the replication fork, and hence replication restart is prevented. 
Failure of either of these activities would lead to persistence of stalled replication forks, resulting in genomic instability.
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region (Little et al., 1993). Such events would require a resolu-
tion mechanism like the one suggested by our study.

Our study provides evidence for a coordinated action of 
RECQ5 and BRCA1 at sites of replication-transcription colli-
sions, which leads to their resolution. We have found that cells 
lacking BRCA1 show increased levels of Ub-PCNA in chro-
matin, which is dependent on RECQ5 and transcription. On 
the other hand, cells lacking RECQ5 (as well as cells lacking 
RAD18) accumulate RAD51 nuclear foci that are formed in 
a BRCA1-dependent manner at sites of concomitant replica-
tion and transcription. These RAD51 foci in RECQ5-deficient 
cells likely represent unresolved replication intermediates 
because they display a long-term stability in the presence of 
RAD51 inhibitor B02, which prevents the formation of RAD51 
foci in normal cells. Our findings imply that in the absence of 
BRCA1, RECQ5 can mediate PCNA ubiquitination and un-
loading followed by RNA polymerase bypass, but the replica-
tion fork fails to restart because of the defect in RAD51 loading 
(Schlacher et al., 2012; Fig. 8 B). In the absence of RECQ5, 
BRCA1 can promote assembly of RAD51 filaments to protect 
stalled replication forks, but RNA polymerase cannot translo-
cate across the replication fork; hence replication restart is pre-
vented (Fig. 8 B). Thus, both the RECQ5-RAD18-PCNA and 
the BRCA1-RAD51 “arms” of this mechanism are required to 
properly resolve replication-transcription collisions. Failure of 
either of these activities would lead to the persistence of stalled 
replication forks, resulting in genomic instability (Fig. 8 B).

Studies in budding yeast have shown that strains defec-
tive in PCNA unloading (e.g., Δelg1 or PCNA-K164R mutants) 
exhibit uncontrolled DNA replication and accumulate Rad52 
foci, an indication of genomic instability (Yu et al., 2014). In-
terestingly, these studies have revealed that PCNA is unloaded 
only from the lagging strand arm of forks stalled by HU treat-
ment (Yu et al., 2014). In human cells, the process of replisome 
remodeling at stalled forks is not understood. We have shown 
that the PIP motif of RECQ5 induces RAD18-dependent ubiq-
uitination of PCNA, which accumulated on chromatin of cells 
expressing a helicase-dead mutant of RECQ5. Mutational in-
activation of the PIP motif of RECQ5 resulted in accumulation 
of RAD18 on chromatin in S-phase cells, indicating a failure 
in PCNA ubiquitination. However, PIP motif mutations did not 
apparently affect PCNA unloading induced by overexpression 
of GFP-RECQ5, which is also dependent on the modification 
of PCNA Lys-164 (Fig. 7 A, compare lanes 3 and 6). Of note, 
overexpression of GFP-RECQ5 led to the accumulation of Ub-
PCNA on chromatin, whereas unmodified PCNA was largely 
absent in chromatin under these conditions. A similar scenario 
can be observed for PCNA in HU-treated cells. Therefore, it 
is possible that the PIP motif of RECQ5 is involved in ubiq-
uitination of PCNA trimers that remain at stalled forks during 
the resolution of replication-transcription encounters. The un-
loaded PCNA is likely to be ubiquitinated independently of 
RECQ5’s PIP motif, but the unloading process depends on the 
helicase activity of RECQ5. This would explain our observation 
of increased Ub-PCNA levels in chromatin of RECQ5-depleted 
U2OS cells (Fig. 7 B, lane 5).

Interestingly, we have obtained evidence that BRCA1 as-
sociates with the transcription machinery at sites of replication- 
transcription interference. Moreover, we have found that ac-
tive transcription is required for the formation of BRCA1- 
dependent RAD51 foci in S-phase cells. Thus, BRCA1 might 
act in association with the transcription machinery during the 

process of resolution of replication-transcription collisions. 
Consistently, previous studies have shown that BRCA1 binds to 
hyperphosphorylated RNA​PII present in the transcription elon-
gation complex (Krum et al., 2003).

Interference between replication and transcription rep-
resents a significant source of genome instability and contrib-
utes to oncogene-induced tumorigenesis (Poveda et al., 2010). 
Here, we provide evidence that RECQ5 exerts its genome 
maintenance function through its involvement in the resolu-
tion of collisions between replication and transcription com-
plexes. Because RECQ5 deficiency is associated with cancer 
susceptibility in mice (Hu et al., 2007), our study provides fur-
ther evidence for the role of replication-transcription interfer-
ence in cancer development.

Materials and methods

Antibodies, siRNAs, and plasmids
The following antibodies were used for WB, IP, ChIP, or immunoflu-
orescence staining (IF): rabbit polyclonal anti-RPA194 (WB, IP, and 
ChIP; sc-28714; Santa Cruz Biotechnology, Inc.), rabbit polyclonal 
anti-RECQ5 (WB, IP, ChIP, and IF; made in the laboratory), mouse 
monoclonal anti-GFP (WB and ChIP; ab290; Abcam), mouse mono-
clonal anti-Pol ε (ChIP; ab3163; Abcam), bridging antibody for mouse 
IgG (ChIP; 53017; Active Motif), mouse monoclonal anti–lamin B 
(WB; NA12; EMD Millipore), mouse monoclonal anti–lamin B2 (WB; 
gtx628803; GeneTex), rabbit polyclonal anti-TFI​IH (WB; sc-293; 
Santa Cruz Biotechnology, Inc.), mouse monoclonal anti-PCNA (WB; 
sc-56; Santa Cruz Biotechnology, Inc.), mouse monoclonal anti-RNA​
PII (clone 7C2; WB; gift from J.-M.  Egly, Institute of Genetics and 
Molecular and Cellular Biology, Illkirch, France), mouse monoclo-
nal anti-BrdU (IF and IP; B2531; Sigma-Aldrich), mouse monoclonal 
anti-BRCA1 (WB; GTX70111; GeneTex), mouse monoclonal anti- 
BRCA1 (IF; sc-6954; Santa Cruz Biotechnology, Inc.), rabbit mono-
clonal anti-RAD18 (IF and WB; #9040; Cell Signaling Technology), 
rabbit monoclonal anti-ubiquityl-PCNA Lys164 (WB; #13439; Cell 
Signaling Technology), and mouse monoclonal anti-Flag (WB; F1804; 
Sigma-Aldrich). The siRNA oligonucleotides used in this study were 
purchased from Microsynth AG. The sequences of the sense strand of 
siRNA duplexes are 5′-CGU​ACG​CGG​AAU​ACU​UCGA-3′ (siCon-
trol); 5′-GGA​GAG​UGC​GAC​CAU​GGCU-3′ (siRECQ5#1); 5′-CAG​
GUU​UGU​CGC​CCA​UUG​GAA-3′ (siRECQ5#2); and 5′-CAG​GAA​
AUG​GCU​GAA​CUA​GAA-3′ (siBRCA1). The esiRECQ5 (MIS​SION 
esiRNA human REC​QL5; Sigma-Aldrich) and esiRAD18 (MIS​SION 
esiRNA human RAD18; Sigma-Aldrich) are an siRNA pool. Transfec-
tions of siRNAs (10–40 nM) were done using Lipofectamine RNAi-
Max (Invitrogen) according to the manufacturer’s instructions. Cells 
were harvested 48–72 h after siRNA transfection. The EcoRV–KpnI 
fragment of the plasmid pJP136 containing human RECQ5 ORF 
was subcloned into the plasmid pAIO digested with EcoRV and KpnI 
(Schwendener et al., 2010; Ghodgaonkar et al., 2014). The resulting con-
struct was further modified as follows: (a) a DNA oligoduplex encoding 
for an shRNA corresponding to siRECQ5#1 (top strand: 5′-GAT​CCC​
CGG​AGA​GTG​CGA​CCA​TGG​CTT​TCA​AGA​GAA​GCC​ATG​GTC​GCA​
CTC​TCC​TTT​TTG​GAAA-3′; bottom strand: 5′-AGC​TTT​TCC​AAA​
AAG​GAG​AGT​GCG​ACC​ATG​GCT​TCT​CTT​GAA​AGC​CAT​GGT​CGC​
ACT​CTC​CGGG-3′) was introduced between the HindIII and BglII sites; 
(b) silent mutations were introduced into the RECQ5 cDNA between nu-
cleotides 102 and 120 to render the resulting RECQ5 transcript resistant 
to the shRNA; (c) the STOP codon in the RECQ5 cDNA was removed 
by site-directed mutagenesis to put the RECQ5 ORF in frame with the 
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3xFLAG tag present in the pAIO vector; (d) mutations were introduced 
into the RECQ5 ORF to generate K58R, R943A, PIP4A substitutions, 
respectively. Mutagenesis was performed using a QuickChange Site- 
Directed Mutagenesis kit (Agilent Technologies). The pEGFP-C1 deriv-
atives expressing GFP-tagged wild-type RECQ5, RECQ5ΔIRIΔSRI, or 
BRCA1 were described previously (Mailand et al., 2007; Kanagaraj et 
al., 2010). The previously mentioned point mutations were subcloned 
into GFP-RECQ5 construct. The truncated forms of GFP-RECQ5 cod-
ing for amino acids 1–930 (RECQ5ΔCt), 1–651, and 1–502 were cloned 
by PCR using Pfu DNA polymerase (Fermentas) and reverse primers 
5′-TCC​TCG​AGG​CCC​TCC​TTG​TAG​AAA​GGG​GTG-3′, 5′-TCC​TCG​
AGT​TTG​AGC​GAG​TAC​ACA​TGGG-3′, and 5′-GCA​GGA​TCC​GCT​
TGT​GGG​CCT​CAT​CTC​TG-3′, respectively. The resulting amplicons 
were digested with ScaI–XhoI (for 1–930 and 1–651) or ScaI–BamHI 
(for 1–502) and inserted between the ScaI–SalI or ScaI–BamHI sites in 
the GFP-RECQ5 plasmid. The PCNA-RFP and RPA43-GFP expression 
constructs were gifts from D. Stanek (Institute of Molecular Genetics, 
Prague, Czech Republic) and M. Dundr (Rosalind Franklin University 
of Medicine and Science, Chicago, IL), respectively. pcDNA3.1 deriv-
atives encoding for His-tagged wild-type PCNA or PCNA-K164R were 
described previously (Niimi et al., 2008). Plasmid transfections were 
performed using TransIT-2020 Reagent (Mirus Bio) according to the 
manufacturer’s instructions.

Cell culture
HEK293 and U2OS cells were cultured in DMEM (Sigma-Aldrich) 
supplemented with 10% FBS (Thermo Fisher Scientific) and strepto-
mycin/penicillin (100 U/ml). DMEM for cultivation of U2OS T-REx 
cells (Invitrogen) was supplemented with 10% Tet-system approved 
FBS (Biochrom). U2OS T-REx cells stably transfected with pAIO 
derivatives were selected in the presence of 1 µg/ml puromycin (In-
vivoGen). Doxycyclin (0.4 ng/ml) was added for 48 h to induce expres-
sion of recombinant RECQ5 proteins and down-regulate endogenous 
RECQ5. HEK293 cells were synchronized in mitosis by treatment 
with NC (0.1 µg/ml) for 14 h. Mitotic cells were shaken off, collected, 
washed twice with complete DMEM, and replated with fresh media. 
Where required, EdU was added to cell culture medium to a final 
concentration of 20 µM.

Flow cytometry
For analysis of cell cycle distribution by flow cytometry, cells were 
fixed with ethanol and stained with propidium iodide (PI; 10 µg/ml). 
EdU (20  µM, 1  h) or 5-FU (1  mM, 30 min) was added to medium 
before fixation with 4% paraformaldehyde in PBS, followed by per-
meabilization with 0.25% Triton X-100 in PBS for 5 min, EdU click 
reaction, or immunostaining with anti-BrdU antibody, respectively, 
and PI staining. Flow cytometry was performed using LSR​II (BD) and 
FlowJo software (Tree Star).

Immunoprecipitation
For IP experiments, harvested cells were resuspended in lysis buffer 
(50 mM Tris-HCl, pH 7.5, 120 mM NaCl, and 0.5% Nonidet P-40) sup-
plemented with protease inhibitor cocktail (Roche) and incubated for 5 
min on ice. After sonication and subsequent centrifugation (16,000 g for 
10 min at 4°C), the supernatants (500 µg protein) were incubated at 4°C 
either for 1 h with 10 µl GFP-Trap_A beads (for GFP-tagged proteins; 
ChromoTek) or overnight with 2 µg primary antibody and ChIP-IT 
Protein G Magnetic Beads (Active Motif). Where indicated, mixtures 
were supplemented with 25 U Benzonase nuclease (EMD Millipore) 
and 5 mM MgCl2. Beads were washed three times in lysis buffer, and 
bound proteins were eluted by boiling with 2× Laemmli sample buffer.

Analysis of rDNA copy number
HEK293 cells were cultured on 6-cm dishes. The final concentration of 
siRNAs/esiRNA used for RECQ5 down-regulation was 40 nM at 0.4 
ng/µl for the first transfection and 20 nM at 0.2 ng/µl for subsequent 
transfections. HU (0.2 mM) was added after cell passage or at indi-
cated time points (Fig. 3 A). Samples for WB were collected during 
each passage. Genomic DNA was isolated using GenElute Mammalian 
Genomic DNA Miniprep kit (Sigma-Aldrich) according to the manu-
facturer’s instructions. Extracted DNA was diluted to a concentration 
of 2 ng/µl and subjected to qPCR performed on a LightCycler 480 PCR 
System using LightCycler 480 SYBR Green I Master Mix (Roche). 
The changes in rDNA copy number were calculated by the comparative 
ΔCp method (2-ΔΔCp) using Oct-4 gene for DNA amount normalization. 
The sequences of primers used for qPCR are shown in Table S1.

ChIP assays
ChIP assays were performed using the ChIP-IT Express kit (Active 
Motif) according to the manufacturer’s instructions. HEK293 cells 
were fixed with 1% formaldehyde for 10 min. Mock- or RECQ5- 
knockdown cells (asynchronous) were fixed 40 h after siRNA transfec-
tion. Cells released from NC block were fixed at indicated time points. 
NC was added 24 h after siRNA transfection to synchronize cells in 
mitosis, and treatment with 0.2 mM HU was started immediately after 
NC block release. HEK293 cells transfected with GFP-RECQ5 plas-
mids were fixed 24 h after transfection. Cross-linked chromatin was 
sheared by sonication (Diagenode Bioruptor, water-bath sonicator) to 
achieve DNA fragments of ∼300 bp. Fragmented chromatin contain-
ing ∼15 µg DNA was immunoprecipitated with 2 µg of specific an-
tibody or control IgG (or bridging antibody) overnight at 4°C. In the 
case of ChIP with anti-GFP antibody, reactions contained only ∼7 µg 
chromatin. After elution, cross-link reversal, and proteinase K diges-
tion of the immunoprecipitated chromatin, DNA was recovered using 
QIAquick PCR Purification kit (QIA​GEN) and analyzed by qPCR. The 
sequences of primers used are shown in Table S1. The input chromatin 
was processed in the same way. DNA amounts were determined from a 
standard curve generated using input chromatin. Fold enrichment was 
calculated as a ratio of DNA amount precipitated by specific antibody 
versus DNA amount obtained with control IgG (or bridging antibody). 
Relative enrichment was calculated as the amount of precipitated DNA 
relative to the amount of DNA present in input chromatin (% of input), 
and normalized to the amplicon H27 of control sample.

Replication timing analysis
HEK293 cells were released from NC-induced mitotic arrest at indi-
cated time points and incubated with 30 µM BrdU for 30 min before 
harvesting. Genomic DNA was isolated by phenol/chloroform ex-
traction. 1 µg heat-denatured DNA was mixed with 5 µg anti-BrdU 
antibody and 15 µl ChIP-IT Protein G Magnetic Beads in 100 µl DNA 
binding buffer (50  mM Tris-HCl, pH 8, 120  mM NaCl, and 0.05% 
Triton X-100). After 1-h incubation, beads were washed with DNA 
binding buffer, and immunoprecipitated DNA was eluted by proteinase 
K treatment in the presence of 0.5% SDS. DNA was isolated using a 
QIAquick PCR Purification kit and subjected to PCR with primers am-
plifying the amplicon H6 (Fig. 1 B and Table S1). PCR products were 
analyzed by agarose electrophoresis.

Immunofluorescence microscopy and ScanR analysis
Cells grown on coverslips were fixed with 4% paraformaldehyde in 
PBS for 15 min and permeabilized with 0.25% Triton X-100 in PBS 
for 5 min. Coverslips were blocked with 1% BSA in PBS before in-
cubation with primary antibodies for 90 min. After washing in PBS, 
coverslips were incubated with appropriate Alexa Fluor–conjugated 
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secondary antibodies (Thermo Fisher Scientific) and mounted using 
Vectashield reagent (Vector Laboratories). Cell images were captured 
on a DM 6000 fluorescence microscope (Leica Biosystems) using an 
oil-immersion objective, 63×/1.4 NA. For RAD18 immunostaining, 
cells were preextracted with 25 mM Hepes-NaOH. pH 7.5, buffer con-
taining 50 mM NaCl, 1 mM EDTA, 3 mM MgCl2, 0.3 M sucrose, and 
0.5% Triton X-100 for 4 min at 4°C before fixation. In the case of 
BRCA1 and RAD51 immunostaining, methanol was used for perme-
abilization of cells (20 min at −20°C). EdU click reactions were per-
formed in buffer containing 100 mM Tris-HCl, pH 8.5, 2 mM CuSO4, 
100 mM ascorbate, and 5 µM Alexa Fluor 647 azide (Thermo Fisher 
Scientific) for 30 min in the dark followed by two washes with 1% BSA 
in PBS and immunostaining. DNA was counterstained with DAPI. For 
BRCA1, RAD51, and RAD18 foci counting and analysis, automated 
image acquisition was performed on an IX70 microscope (Olympus) 
equipped with ScanR imaging platform and 40×/1.3 NA oil-immersion 
objective. Nuclei were identified based on DAPI signal, and foci counts 
for each nuclear object were analyzed using a spot detection module of 
the Analysis ScanR software. At least 144 images were acquired and 
analyzed per sample (2,000 nuclei on average).

FRAP assays
FRAP measurements of GFP-RECQ5 and GFP-BRCA1 mobil-
ity in HEK293 cells were performed 6–9  h after the release from 
NC block. NC was added simultaneously with plasmid transfection 
(GFP-RECQ5/GFP-BRCA1 and PCNA-RFP), and cells were plated 
on glass-bottomed Petri dishes after NC removal. ActD (1 µg/ml) 
or Aph (10 µM) was added 30 min before the start of imaging. The 
cells were imaged with a SP5 confocal microscope equipped with an 
oil immersion objective (HCX Plan-Apochromat 63×/1.4 NA) and an 
environmental chamber controlling temperature (37°C) and CO2 level 
(5%). For GFP-RECQ5, data acquisition was performed using a 512 
× 512-pixel format at a 1,000-Hz scan speed and 1.6-Airy pinhole in 
8-bit resolution. After acquisition of eight prebleach images, a region 
of interest (circular spot 1.7 µm in diameter, covering one to three 
foci) was bleached with 100% laser power (488-nm line from an argon 
laser), and fluorescence recovery was monitored at low laser intensity 
in 110 iterations at 0.29-s intervals. For GFP-BRCA1, data acquisition 
was performed with modification in pixel format (1,024 × 1,024), and 
fluorescence recovery was monitored in 40 iterations at 4-s intervals. 
Fluorescence intensities of the bleached region and a proportionally 
equal distal unbleached area of the nucleus were measured at each time 
point using Fiji software. Values were corrected for extracellular back-
ground intensity and normalized to prebleach intensity to obtain rela-
tive fluorescence intensity.

Alkaline BrdU comet assay
Alkaline BrdU comet assay was performed as described previously 
(Mórocz et al., 2013). In brief, U2OS cells were pulse labeled with 20 µM 
BrdU for 20 min and chased in fresh medium for indicated periods of 
time. After washing in ice-cold PBS, 2 × 104 cells were resuspended in 
40 µl of 0.95% low-melting agarose (37°C; SeaPlaque GTG agarose; 
Lonza) dissolved in PBS, and the suspension was spread onto an agarose-
coated slide by covering with a coverslip. Agarose-embedded cells were 
lysed in ice-cold solution containing 10 mM Tris-HCl, pH 10, 2.5 M 
NaCl, 100 mM EDTA, 1% Triton X-100, and 0.5% N-lauroylsarcosine 
sodium salt for 90 min, with detergents added freshly before use, and 
washed three times for 5 min in PBS. The slides were placed in ice-cold 
alkaline electrophoresis solution (0.3 M NaOH and 1 mM EDTA, pH 
>13) for 40 min. Electrophoresis was subsequently conducted at 1 V/cm 
for 20 min in the same buffer. The slides were washed three times for 5 
min in neutralization buffer (0.4 mM Tris-HCl, pH 7.4) and twice for 

5 min in PBS and blocked with PBS-BT (PBS containing 0.1% Tween 
20 and 0.1% BSA) for 30 min before immunostaining. The slides were 
incubated with mouse monoclonal anti-BrdU antibody (B2531; Sigma-
Aldrich) for 1 h and washed three times with PBS and once with PBS-BT. 
Then the slides were incubated with secondary antibody Alexa Fluor 
647 and SYBR Gold (both Thermo Fisher Scientific) for 45 min. After 
three washes in PBS, slides were covered with coverslips and kept in a 
humidified box until microscopy. Comet images were captured on a DM 
6000 fluorescence microscope using a 20× objective, and the comet tail 
length was evaluated using OpenComet software (http​://www​.cometbio​
.org). At least 50 cells were analyzed for each of at least three independent 
experiments. Statistical analysis was done using GraphPad Prism5.

Cell fractionation
To obtain chromatin fractions, cells were resuspended in buffer A 
(10 mM Hepes-NaOH, pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 0.34 M 
sucrose, 10% glycerol, and 1 mM DTT) supplemented with 1 mg/ml 
digitonin and incubated on ice for 5 min. Nuclei were collected by 
centrifugation at 1,500 g for 4 min, washed once with buffer A, resus-
pended in buffer B (3 mM EDTA, 0.2 mM EGTA, and 1 mM DTT), 
and incubated on ice for 15 min. Chromatin was separated from nucle-
oplasmic fraction by centrifugation at 2,000 g for 5 min and sheared by 
sonication in buffer B.

Online supplemental material
Fig. S1 shows interaction of ectopically expressed RECQ5 variants 
with RPA194. Fig. S2 shows frequencies of BRCA1 and RAD51 foci 
in nuclei of cells exposed to different replication and transcription 
inhibitors, and images from a FRAP sequence showing fluorescence 
recovery of GFP-BRCA1 foci in mock-, Aph-, and ActD-treated 
HEK293 cells. Fig. S3 shows occupancy of Pol ε on rDNA repeat units 
and analysis of BrdU comet tail lengths in nontreated and ActD-treated 
cells. Fig. S4 shows representative images of RAD18 foci in nuclei 
of cells exposed to different replication and transcription inhibitors.  
Fig. S5 shows relative mRNA abundance of endogenous and total 
RECQ5 in U2OS T-REx cells expressing RECQ5 variants. Table S1 lists 
the sequences of primers used for qPCR. Online supplemental material 
is available at http​://www​.jcb​.org​/cgi​/content​/full​/jcb​.201507099​/DC1.
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Supplemental material

Urban et al., http​://www​.jcb​.org​/cgi​/content​/full​/jcb​.201507099​/DC1

Figure S1.  Interaction between RECQ5 and RNA​PI. (A) Reciprocal coimmunoprecipitation of RECQ5 and RNA​PI. Ectopically expressed subunit of RNA​PI, 
RPA43-GFP, was pulled down from HEK293 cell extract using GFP-Trap_A beads. RPA194, the catalytic subunit of RNA​PI. (B) Scheme of truncated vari-
ants of RECQ5 used for mapping of its RNA​PI-interacting domain. Helicase domain, RecQ-C terminal (RQC) domain, IRI domain and SRI domain are 
depicted. (C) Coimmunoprecipitation of RPA194 with indicated RECQ5-GFP variants expressed in HEK293 cells. GFP-RECQ5 variants are visualized 
by Ponceau S staining. Note that GFP-RECQ5 aa 1–930 is referred to as GFP-RECQ5ΔCt. (D) Cell cycle distribution of mock- and RECQ5-depleted 
(siRECQ5 #1) HEK293 cells.

http://www.jcb.org/cgi/content/full/jcb.201507099/DC1
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Figure S2.  BRCA1 and RAD51 form foci at sites of interference between replication and transcription. (A) Quantitative analysis of BRCA1 foci in mock- and 
RECQ5-depleted U2OS cells represented in Fig. 5 A. Where indicated, cells were treated with cordycepin (Cord.; 50 µM) for 2 h or ActD (1 µg/ml) for 
1 h before fixation. EdU-positive cells containing more than 10 BRCA1 foci were scored as positive. (B) Effect of ActD (1 µg/ml) and cordycepin (50 µM) 
on EdU incorporation in mock- and RECQ5-depleted cells. Percentage of EdU-positive cells is plotted. (C) Representative images of U2OS cells stained for 
BRCA1, RAD51, and EdU upon treatment with replication and/or transcription inhibitors as indicated. Aphidicolin (Aph; 5 µM) and hydroxyurea (HU; 
2 mM) were added 90 min before fixation, whereas ActD (1 µg/ml) was added 1 h before fixation. EdU was added 1 h before addition of replication 
inhibitors. For ActD-treated cells, EdU was added 1 h before fixation. Nuclei were stained with DAPI. NT, nontreated. (D) Quantitative analysis of BRCA1 
foci in EdU-positive nuclei represented in C. Cells containing more than 10 foci were scored as positive. (E) Representative images from a FRAP sequence 
showing fluorescence recovery of GFP-BRCA1 foci in mock-, Aph-, and ActD-treated HEK293 cells. Cells were transfected with GFP-BRCA1 and PCNA-RFP 
constructs, and measurements were performed 6–9 h after release of cells from NC block. (F) Partial colocalization of BRCA1 and RAD51 foci in EdU- 
positive U2OS cells. Nuclei were stained with DAPI. (G) Quantitative analysis of RAD51 foci in EdU-positive nuclei represented in C. Cells containing more 
than 10 foci were scored as positive. For A, B, D, and G, data are represented as mean ± SD.



Resolution of replication-transcription conflicts • Urban et al. S19

Figure S3.  Halted transcription complexes form a barrier for replication fork progression. (A) Occupancy of Pol ε on rDNA repeat unit in nontreated 
and ActD-treated (1 µg/ml) cells. ChIP assay was performed on chromatin used in Fig. 1 B. Data are represented as mean ± SD. (B) Statistical analysis 
of BrdU-positive comet tail lengths measured for mock- or ActD-treated U2OS cells. ActD (1 µg/ml) was added 10 min before the BrdU pulse labeling  
(20 min) and readded after the BrdU wash-off. Whiskers indicate 10th to 90th percentile.



JCB﻿﻿ • 2016S20

Figure S4.  RAD18 forms foci at sites of interference between replication and transcription. Representative images of U2OS cells stained for RAD18 and 
EdU upon treatment with replication and/or transcription inhibitors as indicated. HU (2 mM) was added for 90 min, ActD (1 µg/ml) was added for 1 h, 
cordycepin (Cord.; 50 µM) was added for 2 h. EdU was added 1 h before addition of HU or fixation. Nuclei were stained with DAPI. NT, nontreated.

Figure S5.  Relative expression of Flag-tagged RECQ5 variants and endogenous RECQ5 in U2OS T-REx cells. Relative mRNA abundance of endogenous or 
total RECQ5 (endogenous plus Flag-tagged wild-type RECQ5, RECQ5-K58R, RECQ5-R934A, or RECQ5-PIP4A) normalized to ALAS1 (5′-aminolevulinate 
synthase 1). Cells were cultured in the presence of doxycycline (0.4 ng/ml) for 48 h. Parental U2OS T-REx cells were transfected with siControl or siRECQ5. 
RNA was isolated using TRI reagent (Sigma-Aldrich). cDNA was prepared using the Superscript III reverse transcription (Invitrogen) with 1 µg total RNA 
in the reaction. cDNA was analyzed by qPCR using primers to distinguish endogenous RECQ5 (forward primer match to shRNA silent mutations in Flag-
tagged variants) from total RECQ5 (Table S1). Data are represented as mean ± SD.
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Table S1.  Sequences of primers used for quantitative real-time PCR

Amplicon Forward (5′ to 3′) Reverse (5′ to 3′)

H42 AGA​GGG​GCT​GCG​TTT​TCG​GCC CGA​GAC​AGA​TCC​GGC​TGG​CAG

TSS CCC​GGG​GGA​GGT​ATA​TCT​TT CCA​ACC​TCT​CCG​ACG​ACA

H0.4 CAG​GCG​TTC​TCG​TCT​CCG CAC​CAC​ATC​GAT​CGA​AGA​GC

H4 CGA​CGA​CCC​ATT​CGA​ACG​TCT CTC​TCC​GGA​ATC​GAA​CCC​TGA

H6 CAG​CTA​GCT​GCG​AGA​ATT​AATG CGA​TTG​ATC​GGC​AAG​CGAC

H8 AGT​CGG​GTT​GCT​TGG​GAA​TGC CCC​TTA​CGG​TAC​TTG​TTG​ACT

H11 GGA​CCA​GGG​GAA​TCC​GAC CGC​TTC​ATT​GAA​TTT​CTT​CAC

H13 ACC​TGG​CGC​TAA​ACC​ATT​CGT GGA​CAA​ACC​CTT​GTG​TCG​AGG

H18 GTT​GAC​GTA​CAG​GGT​GGA​CTG GGA​AGT​TGT​CTT​CAC​GCC​TGA

H27 CCT​TCC​ACG​AGA​GTG​AGA​AGCG CTC​GAC​CTC​CCG​AAA​TCG​TACA

H33 ATC​TCT​TGA​CCT​CGT​GAC​CCG TTG​CGT​TTC​TCT​GGA​CTG​ACT​TC

Oct-4 GTA​TTC​AGC​CAA​ACG​ACC​ATC CCC​ACC​CTT​ACC​TCC​TGA​AG

RSP19 GAG​GCA​GAG​GTT​GCA​GTG​AGTC CTG​GTA​GAG​AAC​AAG​CTC​CCAT

RPL22 GTG​AAC​GGA​AAA​GCT​GGG​AAC CTG​GGC​ACT​GGG​TGC​ACG​CA

ACTG1 GGT​GAC​ACA​GCA​TCA​CTA​AGGG GAC​AGC​ACC​GTG​TTG​GCG​TA

ACTG1-I GGT​GAC​ACA​GTG​AGA​CCC​TAT​CT GGC​GTT​CTT​TAC​ATA​TTG​TGG​AT

REC​QL5, total GTG​AAC​AGC​TGG​CCA​TAG​AGC GGA​CCT​TCT​CCT​CCA​TCC​AGTC

REC​QL5, endogenous CCT​TTA​CAG​GAG​AGT​GCG​ACC GGA​GAG​ACT​ACA​ATG​GTG​ATGC

ALAS1 CCA​CTG​GAA​GAG​CTG​TGT​GAT​GTG GCG​ATG​TAC​CCT​CCA​ACA​CAA​CC
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ABSTRACT

Various helicases and single-stranded DNA (ss-
DNA) binding proteins are known to destabilize G-
quadruplex (GQ) structures, which otherwise result
in genomic instability. Bulk biochemical studies have
shown that Bloom helicase (BLM) unfolds both inter-
molecular and intramolecular GQ in the presence of
ATP. Using single molecule FRET, we show that bind-
ing of RecQ-core of BLM (will be referred to as BLM)
to ssDNA in the vicinity of an intramolecular GQ leads
to destabilization and unfolding of the GQ in the ab-
sence of ATP. We show that the efficiency of BLM-
mediated GQ unfolding correlates with the binding
stability of BLM to ssDNA overhang, as modulated
by the nucleotide state, ionic conditions, overhang
length and overhang directionality. In particular, we
observed enhanced GQ unfolding by BLM in the pres-
ence of non-hydrolysable ATP analogs, which has
implications for the underlying mechanism. We also
show that increasing GQ stability, via shorter loops
or higher ionic strength, reduces BLM-mediated GQ
unfolding. Finally, we show that while WRN has sim-
ilar activity as BLM, RecQ and RECQ5 helicases do
not unfold GQ in the absence of ATP at physiologi-
cal ionic strength. In summary, our study points to
a novel and potentially very common mechanism of
GQ destabilization mediated by proteins binding to
the vicinity of these structures.

INTRODUCTION

Human Bloom helicase (BLM) is a member of RecQ fam-
ily (1,2), which includes Escherichia coli RecQ, Saccha-
romyces cerevisiae Sgs1p, Schizosaccharomyces pombe Rqh1
and human WRN, RECQL1, RECQL4 and RECQL5 he-

licases (3–7). RecQ helicases share a central domain that
includes Walker A and B box which bind and hydrolyze
adenosine triphosphate (ATP). Deficiencies in BLM cause
Bloom syndrome, which is marked by genomic instabil-
ity and increased predisposition to cancer, infertility and
dwarfism (8,9). BLM is particularly important in suppress-
ing reciprocal exchanges between sister chromatids. BLM
has been shown to form a hexameric ring (10) and other
multimeric structures (11). However, BLM mutants lacking
the oligomerization domain can unwind dsDNA, in the 3′
to 5′ direction (12). BLM works as part of a larger multipro-
tein complex called the ‘dissolvasome’ or BTR complex (a
complex of BLM, topoisomerase III�, RMI1 and RMI2) to
remove non-canonical DNA structures as part of homolo-
gous recombination-dependent repair during DNA replica-
tion and telomere maintenance (13,14). Even though BLM
is capable of forming multimeric structures, recent studies
suggest that such structures dissociate upon ATP hydroly-
sis and it is the BLM monomer that unwinds dsDNA and
resolves non-canonical DNA structures, such as Holliday
junctions and D-loops (11).

G-quadruplex structures (GQs) are non-canonical DNA
structures that form in guanine-rich regions of the genome.
GQs are stabilized by Hoogsteen hydrogen bonding be-
tween guanosines, stacking of G-tetrad layers, coordination
of Hoogsteen bonds by monovalent cations that intercalate
between the tetrad layers and by hydration (15–18). Telom-
eric DNA is capable of folding into GQs in eukaryotes (19–
21) and GQs are considered to take part in maintenance and
elongation of telomeres (22,23). In addition, potentially in-
tramolecular GQ forming sequences (PQS) have been com-
putationally identified in several hundred thousand sites in
the human genome (19,24–26). PQS are particularly con-
centrated in promoter sites (27–31), suggesting a poten-
tial role in transcription level gene expression regulation
(32,33). Therefore, GQs have been targeted by specific drugs
to modulate gene expression (34). Similarly, RNA GQs in
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the 5′-UTR region (30) have been demonstrated to regulate
translation level gene expression (35–38). GQs were recently
shown to exist in human cells being modulated during the
cell cycle (39), further highlighting the physiological rele-
vance of studying the interactions between these structures
and relevant proteins. GQs are typically thermally very sta-
ble and require protein activity to be unfolded (40–43).
Genome-wide studies have shown that eliminating helicases
that have GQ unfolding activity, such as S. cerevisiae Pif1 or
human BLM, resulted in increased DNA breaks in PQS and
severe retardation of DNA replication (41,44–48). It was re-
cently shown that Pif1 suppresses genome instability at GQ
motifs (48). In addition, in Sgs1 deficient cells, mRNA lev-
els from regions of the genome rich in PQS were repressed
at significantly higher levels relative to other regions, includ-
ing G-rich regions unable to form GQ (49). These measure-
ments suggested that Sgs1 targets GQ and destabilizes it, en-
abling transcription machinery to proceed. Similar results
were obtained in BLM deficient human cells as well (47). In
addition, BLM was proposed to have a genome-wide activ-
ity of resolving regions that are difficult to replicate, includ-
ing telomeres, which could form GQs (13).

In vitro studies have demonstrated that both Sgs1 and
BLM bind GQ with high affinity (KD ≈5 nM) and can ef-
ficiently unfold intermolecular GQs (50–53). Electron mi-
croscopy studies showed that BLM preferentially interacts
with GQ located within a much longer dsDNA, which is
a better representative of genomic DNA compared to iso-
lated short GQ constructs (54). A consensus exists among
various studies on the requirement of a 3′ overhang for suc-
cessful unfolding of GQ by BLM (55). However, the major-
ity of the previous studies probing BLM-GQ interactions
were performed on intermolecular GQs. Interactions with
intramolecular GQs, which are more likely to form in the
PQS regions of the genome, were only recently studied us-
ing bulk fluorescence quenching and polarization methods
(56). This study concluded that BLM unfolds intramolecu-
lar GQs with much lower efficiency compared to unwind-
ing dsDNA, which is in contrast to the intermolecular GQ
case. Other conclusions of this study were that BLM un-
folding of intramolecular GQ requires ATP and is inversely
proportional to the stability of the GQ structure.

In this study, we present findings that challenge the cur-
rent understanding of the mechanism of BLM-mediated
GQ unfolding, and helicase-GQ interactions in general. We
used single molecule Förster Resonance Energy Transfer
(smFRET) to measure unfolding of intramolecular GQ by
RecQ-core of BLM in the nucleotide-free (nt-free), ATP�S
and ADP states under physiological salt concentrations.
This truncated BLM construct, lacking the oligomerization
region, was used to study the activity of BLM monomers
(12) and will simply be referred to as BLM in the rest of
the manuscript. We used DNA constructs of human telom-
eric repeat that form a single intramolecular GQ and ter-
minate with a 3′ overhang of 2–15 nt. We have found that
BLM-mediated GQ unfolding activity is most efficient in
the ATP�S-bound state (will be referred to as ATP�S state),
followed by the nt-free state and then the ADP-bound state
(will be referred to as ADP state). This order correlates
with the binding stability of BLM to the overhang ssDNA

for these nucleotide states. In addition, we observed BLM-
mediated GQ unfolding for overhang lengths as short as
6 nt, but not for shorter overhangs. Enhancing GQ stabil-
ity by shortening the loops resulted in a decrease in BLM-
mediated GQ unfolding, and reducing GQ stability by using
lower ion concentration increased GQ unfolding. We ob-
served significantly less BLM-mediated GQ unfolding with
a 5′ overhang compared to a 3′ overhang. Finally, RecQ and
RECQ5 showed much weaker GQ unfolding activity com-
pared to BLM. In contrast, WRN had a similar GQ unfold-
ing activity as BLM.

MATERIALS AND METHODS

DNA and proteins

The GQ forming DNA constructs used in our study, with
one exception, contained the human telomeric sequence,
(GGGTTA)3GGG, as well as a 3′ overhang of 2–15 nt.
For the exception, we used a sequence that forms a three
layer GQ with 1 nt loops: (GGGT)3GGG. The sequences
of these constructs (purchased from and high pressure liq-
uid chromatography purified by Integrated DNA Technolo-
gies, Coralville, IA, USA) are given in Table 1. The under-
lined segment of sequences in Table 1 folds into GQ upon
addition of K+ ions. In order to minimize the interaction
of the GQ and BLM with the surface, partial duplex DNA
(pdDNA) constructs with an 18 base pair long RNA/DNA
heteroduplex stem and a flanking 3′ ssDNA were used. The
flanking 3′-ssDNA contains the GQ forming segment and
the overhang of 2, 4, 6, 8, 10, 12 or 15 nt (hGQxT or hGQ4nt
in Table 1). With the exception of 4 nt overhang, which has a
TTAG sequence, all other overhangs are polythymine. The
pdDNA constructs were formed by annealing the GQ con-
taining ssDNA with the RNA-Stem (Table 1), and are called
pd-hGQxT with x = 2, 6, 8, 10, 12 or 15. The construct
with 4 nt overhang is called pd-hGQ4nt. In pdDNA con-
structs, Cy5 and biotin are on the RNA-Stem and Cy3 is at
the flanking 3′-end. The exception to this is pd-hGQ12T-
5′, the construct with a free 5′ end, which has a Cy5 at
the 5′-end and a Cy3 and biotin on the DNA-Stem. See
Figure 1A for schematics of the constructs. In addition to
these GQ forming constructs, three DNA constructs that
did not form GQ or any other secondary structure, polyT15,
polyT15–5′ and polyT35, were annealed with the RNA-
Stem to form pd-polyT15, pd-polyT15–5′ and pd-polyT35,
respectively. These constructs were used for measurements
in which binding of BLM to the ssDNA in the absence of
GQ were probed.

A truncated core BLM (BLM642–1290) was purified and
characterized as described (57). In addition, mutant form
of core BLM, BLMK695M, carrying a K695M substitution
in helicase motif I was generated using QuikChange Site-
Directed Mutagenesis Kit (Stratagene), and purified us-
ing a similar protocol to core BLM. Core BLM lacks the
oligomerization domain, and therefore all experiments in
this report are performed with monomeric BLM. BLM pro-
tein was stored in storage buffer that contains 50 mM Tris-
HCl (pH = 7.5), 200 mM NaCl, 50% (v/v) glycerol and 1
mM dithiothreitol (DTT), and diluted in imaging solution,
described in the smFRET Assay section below, to the de-
sired concentration before being added to the microfluidic
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Figure 1. BLM-mediated unfolding for pd-hGQ12T (the GQ construct with 12 nt long 3′ overhang) in which BLM concentration is titrated in nt-free, 1
mM ATP�S, or 1 mM ADP states. All measurements were performed at 150 mM K+. (A) Cartoons depicting different DNA and BLM-DNA complex
conformations that are referred to in the manuscript. The size of circles representing the donor (green) and acceptor (red) fluorophores are drawn to reflect
their relative brightness in the relevant conformation. The folded GQ state has the highest EFRET and the BLM-bound unfolded state has the lowest EFRET.
(B)–(E) BLM titration in the nt-free state. (B) The folded GQ state before BLM is introduced. (C) Adding 300 nM BLM results in emergence of a low
FRET peak. (D) Adding 1 �M BLM further increases the low FRET peak population. (E) BLM-mediated GQ unfolding is quantified by subtracting the
FRET distribution of folded GQ, shown in (B), from the FRET distribution at various BLM concentrations. The inset shows a representative histogram
that results from this subtraction. The cumulative positive area is plotted as a function of BLM concentration. The redline is a Langmuir isotherm fit to
the data. (F)–(I) BLM-mediated GQ unfolding at 1 mM ATP�S for different BLM concentrations. (F) 300 nM BLM; (G) 1 �M BLM; (H) 2 �M BLM.
(I) Similar analysis as in (D) is performed for the ATP�S data. The redline is a Langmuir isotherm fit to the data. (J)–(M) BLM-mediated GQ unfolding
at 1 mM ADP for different BLM concentrations. (J) 100 nM BLM; (K) 500 nM BLM; (L) 1 �M BLM. (M) A summary of the data at 1 mM ADP and a
Langmuir binding isotherm fit to these data.
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Table 1. The DNA constructs used in these studies

Name Sequence

hGQxT 5′- TGG CGA CGG CAG CGA GGC TAG GGT TAG GGT TAG GGT TAG GG (xT) Cy3
x = 2, 6, 8, 10, 12, or 15

hGQ4nt 5′- TGG CGA CGG CAG CGA GGC TAG GGT TAG GGT TAG GGT TAG GG TTAG Cy3
3Ly1Lp12T 5′- TGG CGA CGG CAG CGA GGC TTG GGT GGG TGG GTG GG(12T) Cy3
hGQ12T-5′ 5′-Cy5-(12T) GGG TTA GGG TTA GGG TTA GGG TT TGG CGA CGG CAG CGA GGC
12ThGQ-5′ 5′-Cy3-TT GGG TTA GGG TTA GGG TTA GGG(12T) TGG CGA CGG CAG CGA GGC
polyT15 5′- TGG CGA CGG CAG CGA GGC (15T) Cy3
polyT15–5′ 5′-Cy5-(15T) TGG CGA CGG CAG CGA GGC
polyT35 5′-TGG CGA CGG CAG CGA GGC (35T) Cy3
RNA-Stem 5′- Cy5 GCC UCG CUG CCG UCG CCA Biotin
DNA-Stem 5′- Biotin GCC TCG CTG CCG TCG CCA Cy3

The constructs whose names are in bold letters are hybridized with the RNA-Stem to form a pdDNA. polyT15–5′ and DNA-Stem are hybridized to form
pd-polyT15–5′. The underlined nucleotides form the GQ structure. The number of consecutive thymines are written in parenthesis, e.g. (12T) means 12
consecutive thymines.

channel. Purification of E. coli RecQ (58), human full length
RECQ5 (59) and full length WRN (60) helicases was per-
formed according to protocols in the cited references.

Sample preparation

To create the sample chamber, double-sided tape was sand-
wiched between a quartz slide and a glass cover slip. The
quartz slide was first drilled, cleaned and coated with
polyethylene-glycol (PEG) and biotin-PEG in the ratio of
∼100:1 (m-PEG-5000:biotin-PEG-5000 from Laysan Bio
Inc.). Nucleic acid immobilization on the surface was
achieved via a neutravidin-biotin linker. DNA and RNA-
stems were hybridized by annealing them at 95◦C for 5 min.,
followed by cooling to room temperature over 2–3 h. A
stock concentration of 1 �M was prepared for this anneal-
ing step, which was diluted to 15 pM in multiple steps be-
fore injection into chamber. After 1–2 min of incubation,
the chamber was washed to remove excess DNA. A density
of roughly 250 molecules/imaging area (∼5 × 103 �m2) is
obtained as a result of this protocol. Note that all exper-
iments were carried out with samples that had undergone
annealing the same day.

smFRET assay

A prism-type total internal reflection microscope built
around an Olympus IX-71 microscope was used for all the
measurements. Data were acquired at 40 ms time resolution
using Andor Ixon EMCCD camera (iXon DV 887-BI EM-
CCD, Andor Technology, CT, USA). The imaging solution
used in all measurements contained Tris base (50 mM, pH
7.5), 2 mM trolox, 0.8 mg/ml glucose, 0.1 mg/ml bovine
serum albumin, 1 mM DTT, 0.1 mg/ml glucose oxidase,
0.02 mg/ml catalase, 5 mM MgCl2 and 150 or 50 mM KCl.
The few cases in which NaCl was used instead of KCl, to
reduce the stability of GQ structure, are explicitly stated.
As the cation concentration (K+) is significant for GQ sta-
bility, we henceforth refer to KCl as K+. In all assays per-
formed in this study, the Mg++ was kept at 5 mM, regardless
of monovalent cation type or concentration. Therefore, only
the cation concentration will be mentioned where relevant,
but it should be assumed that 5 mM Mg++ is also present
in all assays. BLM as well as ATP, ADP and ATP�S were

mixed in imaging solution at the desired concentration. The
imaging solution was incubated with the DNA sample for
15 min to allow the system to reach steady state. Longer in-
cubation times up to 1 h did not have a significant effect on
the smFRET distributions. Long (1000–4000 frames) and
short movies (30 frames) were recorded for two different
types of analysis.

Data analysis and quantification of BLM-mediated GQ un-
folding

Long movies were analyzed using custom software to gen-
erate intensity and FRET efficiency (EFRET) time traces for
each molecule. Such traces were filtered to ensure that only
single molecules were selected and the background was sub-
tracted from each of these selected molecules using a cus-
tom Matlab code. These traces were used to build popu-
lation histograms of EFRET. Folded GQ constructs show
high EFRET ≈ 0.60–0.80, whereas unfolded and protein-
bound unfolded constructs show significantly lower EFRET,
which depend on the construct used but is typically <0.40.
The histograms were normalized to a percentage scale such
that the total number of molecules in the histogram rep-
resents 100%. This normalization is necessary for the sub-
traction analysis which is employed to quantify the effect of
BLM or nucleotides (effectors) on the EFRET distribution.
In this analysis, a normalized reference histogram, i.e. the
histogram representing the state that does not contain the
titrated effector, is subtracted from normalized histograms
representing various effector concentrations. The relevant
reference histogram used for each subtraction analysis is
specifically mentioned in the related section describing the
data. In general, if BLM is titrated (at a constant nucleotide
concentration), the histogram at zero BLM concentration
is used as the reference. On the other hand, if a nucleotide
is titrated (at constant BLM concentration) then the his-
togram at zero nucleotide concentration (in the presence of
relevant BLM concentration) is used as the reference. For
example, for BLM titration experiments in Figure 1B–E,
the reference histogram is the folded GQ histogram (at 150
mM K+) before BLM is introduced to the chamber (Figure
1B). This reference is subtracted from the normalized his-
tograms of BLM-titrations (Figure 1C and D in this case).
On the other hand, to quantify the influence of 20 �M
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ATP�S on BLM-mediated GQ unfolding, the FRET distri-
bution at 1 �M BLM and zero ATP�S concentration (Fig-
ure 1D) was subtracted from the distribution at 1 �M BLM
and 20 �M ATP�S (Figure 2B). The subtraction results in
a distribution with equal positive and negative populations
since both the minuend and subtrahend histograms are nor-
malized to 100% (see inset of Figure 1E). The negative pop-
ulation at the higher EFRET represents the decrease in the
folded GQ population, which results upon adding BLM in
a particular nucleotide concentration to the chamber. The
total positive population at the lower EFRET region repre-
sents the unfolded and BLM-bound unfolded GQ popula-
tion. This analysis method was preferred over fitting multi-
ple Gaussian peaks to smFRET distributions and quanti-
fying the population of each peak as a function of effector
concentration. The main reason behind this choice was the
difficulty in uniquely identifying the peaks that would best
fit the relatively broad FRET distributions.

Finally, Langmuir binding isotherm fit, of the form y =
αx/(x + Keq), is used to analyze the results obtained from
these subtractions. The independent variable x is the effec-
tor concentration (either BLM or nucleotide concentration
depending on the measurement), and the dependent vari-
able y is the percent unfolded population with respect to
a reference state. In this expression, Keq is the equilibrium
constant and α describes the maximum unfolded popula-
tion under saturating effector concentration. The error bars
associated with the data were obtained from standard devi-
ations of multiple data sets obtained for a given condition.
The error values for the parameters of the Langmuir bind-
ing isotherm fits were obtained as a result of a weighted fit,
i.e. the uncertainties in the individual data points were taken
into account while fitting the data. Subtraction analysis and
fits to data were performed using Origin Pro 8.5.

Identification of the observed FRET levels

The coiled DNA is stabilized into a GQ structure by K+

ions, resulting in a high EFRET. Interaction of BLM with
these folded GQ constructs results in various states with
lower EFRET (Figure 1A). The observed states from high-
est to lowest EFRET are: folded GQ, BLM-bound folded
GQ (i.e. BLM bound to the overhang with GQ remaining
folded), unfolded GQ (or unfolded DNA which is essen-
tially coiled DNA that is not bound by BLM) and BLM-
bound unfolded DNA. EFRET for the folded GQ is deter-
mined in the presence of 150 mM K+, the physiological con-
centration, before BLM is added to the sample chamber. In
a few cases either 50 mM K+ or 50 mM Na+ was used in-
stead, and is explicitly stated. In the case of pd-hGQ12T,
which is a pdDNA GQ construct with a 12 thymine long
overhang formed by hybridizing hGQ12T and RNA-Stem
of Table 1, the folded state shows a broad distribution that
can be fit by two Gaussian functions with EFRET = 0.64 ±
0.07 and EFRET = 0.78 ± 0.05. In human telomeric con-
structs with shorter overhangs, these multiple peaks were
interpreted as signatures of different folding conformations,
which are also observed in circular dichroism (CD) and
NMR studies (61). We sought to determine the FRET ef-
ficiencies of unfolded and BLM-bound unfolded states of
pd-hGQ12T by using a pdDNA construct with a poly-

thymine tail of similar length as a reference. This approach
avoids the complications that might arise due to possi-
ble secondary structure formation of pd-hGQ12T. The ss-
DNA part of pd-hGQ12T (GQ forming segment which is
21 nt plus an additional 2 nt on the 5′ side and a 12 nt
3′-overhang) is 35 nt long which is the same length as that
of pd-polyT35. Therefore, the two constructs would result
in very similar FRET efficiencies in the unfolded (coiled)
and BLM-bound unfolded states. This analysis results in
EFRET = 0.40 ± 0.06 for the unfolded state, and EFRET =
0.20 ± 0.08 for the BLM-bound unfolded state (Supple-
mentary Figure S1). The BLM-bound folded state would
have an EFRET between the folded and unfolded states,
hence EFRET ≈ 0.55, which is distinctly observed in sin-
gle molecule traces (data not shown) and is also visible in
the steady-state histograms in Figures 1 and 2. EFRET for
the unfolded states should be similar for the two main con-
structs of this study, pd-hGQ12T and pd-hGQ15T, as they
only differ in length by 3 nt. Correspondingly, EFRET for
their BLM-bound unfolded states should be similar. There-
fore, the EFRET levels measured for pd-polyT35 for unfolded
and BLM-bound unfolded states should also be similar
to those of pd-hGQ15T, respectively. pd-polyT12 and pd-
polyT12–5′ differ only in terms of the directionality of their
overhangs but otherwise have the same separation between
their donor–acceptor pairs. Therefore, the EFRET values for
these constructs should be the same.

Electrophoretic mobility shift assay (EMSA)

BLM binding to pd-hGQ12T construct was measured by
EMSA. Native polyacrylamide gel electrophoresis (PAGE)
was used for this measurement. The partial duplex con-
struct was formed by annealing the two strands via
heating/slow cooling prior to the gel binding assay. An-
nealed substrates were mixed with varying BLM concentra-
tions (0–500 nM) in 50 mM K+, 5 mM Mg++, 50 mM Tris-
HCl (pH 7.5) and 1 mM DTT. Binding reactions were car-
ried out for 10 min at 22◦C and then mixtures were loaded
onto a 4–20% polyacrylamide TBE gel and run in 0.5× TBE
at 50V for 5 h at 4◦C. Gel was imaged using a Molecular
Dynamics Typhoon 9400 Multilaser Scanner.

RESULTS

ATP binding or hydrolysis is not required for BLM-mediated
intramolecular GQ unfolding

We employed smFRET assay to measure intramolecular
GQ unfolding activity of BLM in nucleotide-free (nt-free),
ATP�S and ADP states under physiological salt concen-
trations (150 mM K+). In this study we used a core BLM
polypeptide, BLM(642–1290), that exists only as a monomer
both in solution and in the DNA-bound state (57). Fig-
ure 1B shows the folded GQ state before BLM is intro-
duced to the chamber for pd-hGQ12T (see Figure 1A for
a schematic). The smFRET distribution representing the
folded state did not change when 1 mM ATP�S or 1 mM
ADP were added to the chamber in the absence of BLM
(data not shown). Therefore, the folded state in Figure 1B
is used as the reference state for the subtraction analysis for
all nucleotide states presented in Figure 1. Figure 1C shows
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Figure 2. BLM-mediated unfolding for pd-hGQ12T in which ATP�S or ADP is titrated while BLM concentration is kept at 1 �M (150 mM K+, pH 7.5).
(A)–(D) ATP�S titration data. (A) 2 �M ATP�S; (B) 20 �M ATP�S; (C) 100 �M ATP�S. (D) Subtraction analysis as in Figure 1E. The histogram for
1 �M BLM data, before any ATP�S is introduced as shown in Figure 1D, is subtracted from the histograms for different ATP�S concentrations in the
presence of 1 �M BLM. This choice ensures that the change in the unfolded population is due to the changing ATP�S concentration. As the reference
state already shows some GQ unfolding, the y-axis of the graph represents relative unfolding with respect to this reference state. The redline is a Langmuir
binding isotherm fit to the data. (E)–(H) ADP titration data. The low EFRET peak decreases and the high EFRET peak increases as the ADP concentration
is increased, representing an increase in the folded GQ population. (E) 2 �M ADP. (F) 20 �M ADP. (G) 100 �M ADP. (H) Subtraction analysis in which
the reference histogram is that for 1 �M BLM in the absence of ADP (nt-free state with 1 �M BLM shown in Figure 1D). Unlike the previous cases, the
folded population increases as ADP concentration is increased, which shows that BLM is less efficient at unfolding GQ in the ADP state compared to the
nt-free state. The relative folded population is thus plotted in (H) to maintain a positive population.

the smFRET distribution when 300 nM BLM is added to
the chamber in the nt-free state. A low FRET population,
at EFRET ≈ 0.30, representing BLM-mediated GQ unfold-
ing accumulates as the BLM concentration is increased to
1 �M BLM (Figure 1D). As this FRET level is in between
unfolded (EFRET = 0.40 ± 0.06) and BLM-bound unfolded
(EFRET = 0.20 ± 0.08) states identified in Supplementary
Figure S1, an equilibrium of both states is represented by
the peak at EFRET = 0.30. Figure 1E shows a summary of
the subtraction analysis performed for different BLM con-
centrations. The reference data for the subtraction analy-
sis were the folded state in Figure 1B. Langmuir binding
isotherm fit (red curve in Figure 1E) to the data yields an
equilibrium constant of Keq = 305 ± 16 nM and α = 49
± 1%, (i.e. at saturating BLM concentration 49% of all ini-
tially folded GQ molecules are unfolded). We have further
confirmed BLM-mediated GQ unfolding in the absence of
ATP with a CD assay. In this assay, we measured the CD
spectrum of DNA before and after adding 1 �M BLM to
the environment. The characteristic peaks indicating GQ
formation are diminished after adding BLM to the envi-
ronment, indicating destabilization of GQ (Supplementary
Figure S2A). Finally, smFRET measurements were per-
formed on a DNA construct in which donor–acceptor fluo-
rophores are moved directly to the ends of the GQ. This con-
struct eliminates any significant FRET changes that might
take place due to binding of BLM to the overhang, and re-
sults in lower FRET efficiency only when GQ is unfolded.

The schematic of this construct and the smFRET data are
shown in Supplementary Figure S2B. Even though this con-
struct resulted in a reduction in the amount of unfolding in
150 mM K+, probably due to the internal fluorophore inter-
fering with BLM-GQ interactions, a significant low FRET
population, representing unfolded GQ was observed in 50
mM and 10 mM K+ (Supplementary Figure S2C and D). As
is clear from these different measurements, BLM does not
need ATP or any other nucleotide to unfold an intramolec-
ular GQ at physiological pH and ionic strength. This is
a novel observation as earlier studies performed on inter-
molecular GQs (50,52), as well as a previous bulk study on
an intramolecular GQ (56), reported BLM-mediated un-
folding only in the presence of ATP.

Figure 1F–I show BLM titration experiments in the pres-
ence of 1 mM ATP�S. The folded GQ state before BLM is
introduced is not shown as it is identical to that in Figure 1B.
Similar to the nt-free state, a low FRET population emerges
and increases as BLM concentration is increased. However,
this low FRET population is clearly greater for any given
BLM concentration in the ATP�S state compared to the
nt-free state. This is also reflected in the Langmuir bind-
ing isotherm fit in Figure 1I which yields an equilibrium
constant of Keq = 108 ± 24 nM, 3-fold lower than that of
the nt-free state, and α = 53 ± 3%, which is same as that
of the nt-free state within the uncertainties of the measure-
ments. The effect of ATP�S on GQ-unfolding by BLM is
substrate-specific as we have previously shown that BLM
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could not unwind traditional forked DNA substrates in the
presence of ATP�S (12). This result was confirmed under
our assay conditions as well.

Figure 1J–M show BLM titration measurements in the
presence of 1 mM ADP. BLM-mediated GQ unfolding is
less efficient in the ADP state compared to the nt-free and
ATP�S states. Langmuir binding isotherm fit in Figure 1M
results in Keq = 55 ± 5 nM and α = 32 ± 1%. The lower α
parameter suggests that in steady state, a lower fraction of
the GQ molecules are unfolded by BLM in saturating ADP
concentration compared to the nt-free and ATP�S states.
Fitting parameters obtained from all Langmuir isotherm
fits performed in the manuscript are summarized in Table 2.
The smFRET histograms and the subtraction analysis for
BLM concentrations that are not shown in the manuscript
are presented in Supplementary Figures S3 and S4.

We performed several control and complementary mea-
surements to study BLM-mediated GQ unfolding in the ab-
sence of ATP and eliminate alternative explanations. We
provided an independent determination of BLM binding
to GQ-forming construct using a native PAGE EMSA with
pd-hGQ12T substrate. A single shifted band was observed
as BLM was titrated, although the GQ folding state upon
BLM binding is not discernible in this assay (Supplemen-
tary Figure S5). No GQ unfolding was observed upon ad-
dition of storage buffer without BLM or in the presence of
heat-denatured BLM, confirming that activity required na-
tive BLM and was not due to GQ-destabilizing elements,
such as metal chelators in the buffer (Supplementary Fig-
ure S6). We ruled out the possibility of ATP contamination
in purified BLM by testing whether BLM could unwind
a forked DNA substrate (12) in the absence of any addi-
tional ATP. No unwinding of this substrate was observed
in the nt-free or ATP�S states but activity was measured
only upon addition of ATP (Supplementary Figure S7). We
eliminated the possibility that the GQ unfolding activity we
observe may be due to another protein co-purifying with
BLM that possesses GQ unfolding activity in the absence
of ATP (e.g. a ssDNA binding protein), as sodium dode-
cyl sulphate-PAGE analysis of our purified BLM displayed
a single band that corresponds to the expected molecular
weight of BLM (Supplementary Figure S8).

Finally, to ensure BLM-mediated GQ unfolding does not
require ATPase and helicase activity, we performed mea-
surements with a mutant BLM construct that cannot hy-
drolyze ATP, BLMK695M. This construct is the core BLM
with a lysine to methionine substitution at amino acid
695, and is similar to BLMK695A and BLMK695T mutants
studied earlier (54,62). The absence of helicase activity of
BLMK695M was confirmed by the absence of DNA unwind-
ing activity with the forked DNA construct (see Supplemen-
tary Figure S7A for a schematic of the construct) at saturat-
ing BLMK695M (500 nM) and ATP concentration (1 mM).
Despite the lack of helicase activity, BLMK695M showed sig-
nificant GQ unfolding activity in the absence of ATP (Sup-
plementary Figures S9 and S10). These measurements con-
firm that BLM does not require ATP hydrolysis to unfold
GQ.

BLM-mediated GQ unfolding is most efficient in ATP�S
state and least efficient in ADP state

Figure 2 shows data from smFRET studies on pd-hGQ12T
in which the BLM concentration is kept at 1 �M while
ATP�S (Figure 2A–D) or ADP (Figure 2E–H) is titrated.
In Figure 2A–D, it is clear that increasing the ATP�S con-
centration increases the low FRET population, suggesting
that BLM-mediated GQ unfolding is more efficient in the
ATP�S state compared to the nt-free state. Figure 2D shows
results of subtraction analysis in which the zero ATP�S, nt-
free and 1 �M BLM state (Figure 1D) is used as the refer-
ence state. The Langmuir binding isotherm fit in Figure 2D
results in Keq = 4.2 ± 1.1 �M (for ATP�S) and α = 30 ±
4%. The relatively low Keq obtained suggests that the system
reaches saturation at very low ATP�S concentration. The
α parameter of this fit is a measure of the difference in the
efficiency of BLM-mediated GQ unfolding in the ATP�S
state relative to the nt-free state (Figure 1D). In this case,
30% more unfolding is observed in the presence of ATP�S
relative to its absence at 1 �M BLM. These results are also
consistent with the data presented in Figure 1. The unfolded
population for 1 �M BLM in the nt-free state is 40 ± 6%
(Figure 1E), while the corresponding value for 1 �M BLM
in ATP�S state is 47 ± 3% (Figure 1I). Taking the mean val-
ues in these measurements, i.e. 40% and 47%, would result in
an 18% increase in the ATP�S state with respect to the nt-
free state. Similar measurements were performed with an-
other non-hydrolysable ATP analog, AMP-PNP. In agree-
ment with the ATP�S results, BLM-mediated GQ unfold-
ing was more efficient in the AMP-PNP state compared to
the nt-free state. An analysis similar to that shown in Fig-
ure 2D resulted in α = 18 ± 1% and Keq = 2.1 ± 0.3 �M
for AMP-PNP titration in 1 �M BLM (Supplementary Fig-
ure S11).

Figure 2E–H show an interesting trend in BLM-mediated
GQ unfolding as ADP is titrated in the presence of 1 �M
BLM. Increasing ADP concentration increases the folded
GQ conformation as opposed to the unfolded population,
suggesting that BLM is less efficient in unfolding GQ in the
ADP state compared to the nt-free state. In order to quan-
tify this, the increase in the folded population is obtained
from a subtraction analysis using the nt-free state as the ref-
erence, e.g. zero ADP and 1 �M BLM concentration (Fig-
ure 1D). A Langmuir isotherm fit to the data results in Keq
= 1.2 ± 0.1 �M (for ADP) and α = 14 ± 1%. The low Keq
suggests that BLM-mediated GQ unfolding is very sensitive
to ADP concentration and even a low micromolar concen-
tration of ADP is adequate to reduce the unfolding activ-
ity by as much as 14%. Langmuir binding isotherm fit con-
stants for Figure 2 are listed in Table 2. These results are also
consistent with those obtained in Figure 1 within the uncer-
tainties of the measurements. The data in Figure 1M show
30 ± 3% BLM-mediated GQ unfolding at 1 �M BLM in 1
mM ADP compared to 40 ± 7% at 1 �M BLM in nt-free
state (Figure 1E). Comparing the mean values in these mea-
surements, 30% and 40%, would result in a 25% reduction
in BLM-mediated GQ unfolding in ADP state with respect
to the nt-free state. The smFRET histograms and the sub-
traction analysis for ATP�S and ADP concentrations not
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Table 2. A summary of Langmuir binding analysis performed for pd-hGQ12T

Summary of Langmuir Isotherm fits y = αx/(x + Keq)

State K+ Con. Effector Reference state α (%) Keq Figure

Nt-free 150 mM BLM Folded state 49 ± 1 305 ± 16 nM BLM Figure 1E
1 mM ATP�S 150 mM BLM Folded state 53 ± 3 108 ± 24 nM BLM Figure 1I
1 mM ADP 150 mM BLM Folded state 32 ± 1 55 ± 5 nM BLM Figure 1M
1 �M BLM 150 mM ATP�S 1 �M BLM, Nt-free 30 ± 4 4.2 ± 1.1 �M ATP�S Figure 2D
1 �M BLM 150 mM ADP 1 �M BLM, Nt-free 14 ± 1 1.2 ± 0.1 �M ADP Figure 2H
1 �M BLM 150 mM AMP-PNP 1 �M BLM, Nt-free 18 ± 1 2.1 ± 0.3 AMP-PNP Figure S11

All assays include 5 mM Mg++ in addition to the indicated K+ concentration. Folded state refers to the state in the presence of the indicated K+ concen-
tration but in the absence of BLM. In the titrations where ATP�S or ADP is the effector, the reference state is selected as the nt-free state in the presence of
BLM (at the indicated concentration) to reflect the influence of nucleotide on BLM-mediated GQ unfolding. Note that isotherm fit parameters cannot be
compared if the reference state is different. Also, note that the fit parameters for ADP titration at 1 �M BLM, last row of table, represent relative folding
rather than unfolding.

shown in Figure 2, are shown in Supplementary Figures S12
and S13.

The BLM footprint on ssDNA has been reported as ei-
ther 7 (63) or 14 nt (64). To ensure that our results obtained
with the GQ substrate containing a 12 nt overhang are not
compromised by an inefficient binding of BLM to this over-
hang, we measured BLM-mediated GQ unfolding in dif-
ferent nucleotide states on pd-hGQ15T at saturating BLM
concentrations. pd-hGQ15T is a GQ construct with 15-nt
long 3′ overhang which is formed by annealing hGQ15T
and the RNA-Stem given in Table 1. These measurements
yielded consistent results with those on pd-hGQ12T and
showed that BLM-mediated GQ unfolding is most efficient
in the ATP�S state, followed by the nt-free state and then
the ADP state (Supplementary Figure S14).

BLM-GQ interactions with ATP

We also measured BLM-mediated GQ unfolding in the
presence of ATP with pd-hGQ12T. The measurements were
performed at 150 mM K+ and pH 7.5. However, we ob-
served that BLM not only unfolds the GQ but also unwinds
the RNA-DNA heteroduplex stem at significant levels at
saturating BLM and ATP concentrations (Supplementary
Figure S9B). To avoid complications that would arise due
to duplex unwinding, we repeated these measurements with
a DNA construct in which the polarity of DNA was re-
versed, e.g. 5′ is the free end, and the overhang that en-
ables BLM binding is placed between the duplex and GQ
(Figure 3 and Table 1, pd-12ThGQ-5′ construct). With this
construct, BLM translocates away from the duplex, there-
fore, unwinding of the duplex is avoided. These measure-
ments clearly showed that BLM unfolds intramolecular GQ
in an ATP-dependent manner, however, an interesting trend
is observed in the steady-state histograms (Figure 3). In this
figure, the unfolded GQ population is represented with the
peak at EFRET ≈ 0.25, while the peak at EFRET ≈ 0.50 rep-
resents the BLM-bound folded GQ state. With increasing
ATP concentration at 1 �M BLM, the unfolded GQ pop-
ulation systematically decreases, with maximum unfolding
taking place in the absence of ATP, e.g. nucleotide-free state.
This trend is similar to that observed for ADP with pd-
hGQ12T, which suggests that more frequent dissociation
of BLM from the DNA enables refolding of the GQ and
therefore a decrease in the unfolded GQ population. How-

ever, the kinetics of BLM-GQ interactions is not captured in
these steady-state histograms. It is possible that GQ repeti-
tively unfolds and refolds at a rate that increases with ATP
concentration, as recently reported for Pif1 helicase (65).
The steady-state histograms do not detect these types of
underlying dynamics which are crucial for attaining an ac-
curate picture of BLM-GQ interactions in the presence of
ATP. A comprehensive study of these dynamics is beyond
the scope and focus of this manuscript.

BLM-mediated GQ unfolding correlates with stability of
BLM binding to the ssDNA overhang

The data presented thus far show that BLM-mediated GQ
unfolding is most efficient in the ATP�S state, followed
by the nt-free and ADP states. Earlier bulk measurements
have shown that the stability of BLM binding to ssDNA
in different nucleotide states follows a similar order (63).
This correlation suggests that BLM-mediated GQ unfold-
ing strongly depends on the stability of BLM binding to the
overhang ssDNA in the vicinity of GQ. In order to study
binding of BLM to an overhang ssDNA in the absence of
GQ, we performed smFRET measurements on pd-polyT15
which is formed by hybridizing polyT15 and the RNA-Stem
(Table 1). pd-polyT15 has a 15-nt long flanking 3′-ssDNA
which is same in length and sequence to the overhang of
pd-hGQ15T. A scheme of the construct is given in the in-
set of Figure 4A. BLM binding to pd-polyT15 results in a
lower EFRET compared to the coiled state of DNA, and en-
ables us to quantify BLM binding activity. For these mea-
surements, all experimental conditions were kept identical
to those used for the GQ constructs (150 mM K+, pH 7.5).
Figure 4A shows the smFRET histogram for the coiled state
which shows a single peak at EFRET ≈ 0.85. Figure 4B–
D show smFRET histograms when 1 �M BLM is added
to the chamber in nt-free, 1 mM ATP�S and 1 mM ADP
states, respectively. The new peak at EFRET ≈ 0.60 repre-
sents the DNA population that is bound by BLM. A sub-
traction analysis performed on these data with the coiled
state in Figure 4A taken as the reference shows that 21%,
36% and 12% of DNA molecules are bound by BLM in the
nt-free, ATP�S and ADP states, respectively. Thus, the ef-
ficiency of BLM binding to ssDNA in different nucleotide
states and the efficiency of BLM-mediated GQ unfolding in
these nucleotide states show the same trend. A quantitative
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Figure 3. smFRET measurements on pd-12ThGQ-5′ construct at 150 mM
K+ and different ATP concentrations. The BLM concentration is main-
tained at 1 �M during ATP titration. (A) The gray shaded histogram shows
the folded state, while the histogram with black, red, green and blue out-
lines represent 0, 4, 20 and 100 �M ATP, respectively. The unfolded GQ
population is represented by EFRET ≤ 0.40, and is highlighted by the or-
ange rectangle. The peak at EFRET ≈ 0.50 in black histogram represents
the BLM-bound folded GQ state. The inset shows a schematic of the DNA
construct used for these measurements. (B) The total unfolded popula-
tion in these steady-state histograms, as obtained by integrating the area
at EFRET ≤ 0.40, decreases as ATP concentration is increased. This de-
crease is attributed to more frequent dissociation of BLM from the DNA
substrate.

comparison of BLM binding to pd-polyT15 and BLM un-
folding of pd-hGQ15T in different nucleotide states shows
significant variation: 21%, 36% and 12% for binding in nt-
free, ATP�S and ADP states, respectively, for pd-polyT15,
compared to 48%, 57% and 22% unfolding in the respective
nucleotide-state for the GQ construct (Supplementary Fig-
ure S14). This difference suggests that once pd-hGQ15T un-
folds, the unfolded conformation is maintained for extended
time periods before it can refold.

BLM-mediated GQ unfolding increases with the overhang
length

In order to systematically study the influence of the ssDNA
overhang in GQ substrates on BLM-mediated GQ unfold-
ing, we performed smFRET studies in which the overhang
length was systematically varied. Increasing the overhang
length is expected to result in higher BLM-binding stability
and in turn, higher BLM-mediated GQ unfolding. Figure 5
shows results for 2, 4, 6, 8, 10, 12 and 15 nt long overhangs in
nt-free and 1 mM ATP�S states. pd-hGQxT with x = 2, 6,
8, 10, 12 or 15 and pd-hGQ4nt DNA constructs were used
for these studies (see Table 1 for sequences). The BLM con-
centration was kept at 1 �M and the ion concentration was
150 mM K+ for all experiments. The bars shown in Figure 5
were obtained from subtraction analysis in which the folded
state, in the absence of BLM or ATP�S, was taken as the
reference. We observed a systematic increase in the unfold-
ing activity as the overhang length increased between 6 and
15 nt. We did not observe any unfolding for 2 and 4 nt long
overhangs, suggesting that a minimum overhang length of
5–6 nt is required for BLM-mediated GQ unfolding. This
result is similar to that obtained for intermolecular GQs
which required a 4 nt overhang for BLM-mediated GQ un-
folding (52). For the constructs that showed BLM-mediated
GQ unfolding, the ATP�S state consistently showed 10–
60% higher activity compared to the nt-free state.

BLM-mediated GQ unfolding depends on the stability of GQ

All our work on BLM-GQ interactions reported so far was
performed at 150 mM K+ in order to mimic the physio-
logical conditions. The K+ concentration is an important
determinant of the GQ stability and folding conformation
(15), both of which could significantly influence the interac-
tions between BLM and GQ. In order to test whether BLM-
mediated GQ unfolding depends on the stability of GQ, we
performed smFRET measurements at 50 mM K+, which
would reduce GQ stability (66) and increase BLM binding
stability to the overhang. BLM was titrated in the nt-free
state and ATP�S was titrated in the presence of 300 nM
BLM at 50 mM K+ (see Supplementary Figures S15 and
S16). BLM titration in the nt-free state resulted in α = 55 ±
4% and Keq = 28 ± 9 nM. Note that the Keq at 50 mM K+

is 10.8-fold lower than that at 150 mM K+ (Figure 1E and
Table 2). In order to quantify the increase in BLM bind-
ing affinity to ssDNA due to reduced ion concentration, we
measured the equilibrium constant in 50 and 150 mM Na+

in the nt-free state (Supplementary Figure S17). The protein
stock used for these measurements was in Na+, therefore,
the measurements were performed in Na+ rather than K+.
As BLM binding to ssDNA should not depend on the type
of monovalent ion, this change is not expected to influence
the results. We used a pdDNA with a 15-nt long 3′ ssDNA
tail (pd-polyT15). These measurements showed ∼4.7× in-
crease in Keq in 150 mM Na+ compared to 50 mM Na+.
As we observed a 10.8× decrease in Keq in 50 mM K+, we
conclude that the decrease in GQ stability contributes ∼2.3-
fold to the increase in the Keq in 150 mM K+. These results
demonstrate that both BLM binding affinity and GQ stabil-
ity are significant contributors to the change in the equilib-
rium constant for BLM-mediated GQ unfolding. Finally,
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Figure 4. smFRET measurements on pd-polyT15 (pdDNA with 15 thymine long 3′ overhang) at 150 mM K+. BLM binding to ssDNA representing the
overhang in the GQ substrate depends on the nucleotide state. (A) pd-polyT15 is in coiled conformation with EFRET ≈ 0.85 before BLM is added. (B)–(D)
BLM binding to the overhang in different nucleotide states at 1 �M BLM. (B) Nt-free state. (C) 1 mM ATP�S. (D) 1 mM ADP. Binding is most efficient
in the ATP�S state, followed by the nt-free state and then the ADP state.

we measured BLM-mediated GQ unfolding as a function
of ATP�S concentration in 300 nM BLM at 50 mM K+.
These measurements resulted in α = 23% and Keq = 0.7 ±
0.1 �M, which is 6-fold lower compared to Keq at 150 mM
K+ (Figure 2D).

Another method to modulate GQ stability is to change
the length of the loops in the GQ structure. Shortening
the loops is known to increase thermal stability of GQ
(67) as well as increasing the stability of GQ against RPA-
mediated unfolding (43). RPA is a ssDNA binding pro-
tein and does not require ATP for unfolding GQ, mak-
ing it a similar system to BLM studies in the absence of
ATP. In order to test BLM-mediated GQ unfolding on a
GQ construct significantly more stable than the telomeric
GQ structures used in this study, a three layer GQ with
single nucleotide loops and an overhang of 12 thymines
was used (will be referred to as pd-3Ly1Lp12T). To illus-
trate, this construct was shown to have two orders of magni-
tude higher stability against RPA-mediated unfolding com-

pared to the human telomeric GQ with the same overhang
(43). Our measurements with pd-3Ly1Lp12T at 150 mM
K+ did not show any unfolding at 1 �M BLM in either
nt-free or 1 mM ATP�S states (Figure 6A), in agreement
with the increased stability of this construct. However, our
measurements at 50 mM K+ showed BLM-mediated un-
folding of pd-3Ly1Lp12T in both nt-free and ATP�S states.
Figure 6B shows folding of pd-3Ly1Lp12T, and its BLM-
mediated unfolding in the nt-free and ATP�S states at 50
mM K+. At 1 �M BLM, we observed 46% unfolding in
nt-free state, and 58% unfolding at 1 mM ATP�S, showing
a similar ATP�S enhancement of BLM-mediated GQ un-
folding as with the other constructs. This experiment shows
that the nucleotide-independent BLM-mediated unfolding
of the pd-hGQ12T intramolecular GQ at 150 mM K+ is
substrate specific. Such an activity cannot be achieved with
more stable GQ, such as pd-3Ly1Lp12T, unless a significant
reduction is made in the monovalent ionic strength.
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Figure 5. Bar diagrams illustrating the overhang length dependence of
BLM-mediated GQ unfolding in the nt-free (light gray) and 1 mM ATP�S
states (dark gray). All measurements were carried out at 150 mM K+,
and 1 �M BLM concentration. Overhangs of 2, 4, 6, 8, 10, 12 and 15 nt
were studied. The unfolded populations were determined by subtracting
the folded state at 150 mM K+ for each construct from the respective nu-
cleotide state with 1 �M BLM concentration. The error bars were obtained
based on the variation in BLM-mediated GQ unfolding activity for differ-
ent data sets.

Directionality of the overhang impacts BLM binding and its
GQ unfolding activity

BLM translocates in the 3′ to 5′ direction and, therefore,
binds to the overhang ssDNA in an orientation that accom-
modates this directionality. As BLM is able to unfold GQs
in the absence of ATP, presumably without translocating on
DNA, we sought to determine whether the polarity of the
overhang is still significant for BLM-mediated GQ unfold-
ing. For these studies, we used a construct identical to pd-
hGQ12T with the exception of the overhang having a 5′-end
rather than a 3′-end (will be referred to as pd-hGQ12T-5′).
BLM-mediated GQ unfolding was not observed in this con-
struct at 150 mM K+ in either nt-free or ATP�S states even
at 1 �M BLM concentration (Figure 7A). The low FRET
population observed upon adding BLM to the chamber is
not significantly different from the folded state at 150 mM
K+, hence, we do not consider this as BLM-mediated GQ
unfolding. However, at 50 mM K+, 21% and 30% unfold-
ing were observed in nt-free and ATP�S states, respectively
(Figure 7B), demonstrating that the ionic strength medi-
ated effects on GQ stability and BLM binding to the 5′
overhang likely influence this outcome. To further explore
these points, we studied BLM binding to a pdDNA with
a 15-thymine ssDNA overhang that has a 5′ end (will be
referred to as pd-polyT15–5′). pd-polyT15–5′ is formed by
hybridizing polyT15–5′ and DNA-Stem strands given in Ta-
ble 1. smFRET studies on pd-polyT15–5′ at 150 mM K+ did
not show any BLM binding in the nt-free state and showed
very little binding in the ATP�S state (Supplementary Fig-
ure S18A) in contrast to the significant binding (36%) ob-

served for the corresponding 3′ construct (pd-polyT15 con-
struct in Figure 4) in the ATP�S state (Supplementary Fig-
ure S18A). Reducing the K+ concentration to 50 mM re-
sulted in significantly higher BLM binding to pd-polyT15–
5′ in the ATP�S state (53%) even though the nt-free state
still did not show significant BLM binding. Interestingly,
BLM-mediated unfolding of pd-hGQ12T-5′ was observed
in the nt-free state at 50 mM K+ in the presence of 1 �M
BLM (Figure 7B), even though significant BLM binding
to pd-polyT15–5′ was not observed under these conditions
(Supplementary Figure S18B). These two observations may
be reconciled by more efficient BLM binding to the 35-nt
long ssDNA that becomes available upon transient melt-
ing of the pd-hGQ12T-5′ GQ compared to the 15 nt in pd-
polyT15–5′. Such transient melting events could either be
induced by BLM or by thermal fluctuations. These obser-
vations are consistent with the lower GQ unfolding activity
observed for 5′-end construct being influenced by the lower
binding ability of BLM to this overhang.

GQ conformation dependence of BLM-mediated GQ unfold-
ing

GQs often fold into multiple conformations in K+. Chang-
ing the loop lengths, number of layers or the overhang se-
quences could result in changes in conformations (68) in
addition to variations in the stability of the GQ. In particu-
lar, human telomeric sequence has been shown to fold into
parallel, anti-parallel and various hybrid conformations in
150 mM K+, while it folds into a single anti-parallel con-
formation in 150 mM Na+ (61). In order to study a pos-
sible conformation dependence of BLM-mediated GQ un-
folding while maintaining similar DNA binding affinities,
we compared BLM-mediated GQ unfolding in 150 mM K+

with that in 150 mM Na+ for pd-hGQ12T. As shown in Fig-
ure 8A, pd-hGQ12T shows a single narrow smFRET peak
in Na+, which is indicative of a single conformation, unlike
the broader peak in K+, which is indicative of multiple con-
formations (shown with black and red dashed curves). Fig-
ure 8B and C show BLM-mediated unfolding at 300 and
1000 nM BLM, respectively, in 150 mM Na+. Figure 8D
shows a comparison of the unfolded GQ populations for
300 and 1000 nM BLM in 150 mM Na+ and 150 mM K+.
Note that 22 ± 3% and 17 ± 2% GQ were unfolded by 300
nM BLM in 150 mM K+ and 150 mM Na+, respectively.
Similarly, 41 ± 6% and 38 ± 2% GQ were unfolded by 1000
nM BLM in 150 mM K+ and 150 mM Na+, respectively.
Therefore, BLM unfolds GQ at similar levels, within the un-
certainties of the measurements, in Na+ and K+. These re-
sults suggest that BLM unfolds different conformations of
GQ with similar efficiency.

Protein-mediated GQ unfolding for other RecQ family heli-
cases

In order to determine whether BLM is an exceptional case
in terms of a helicase destabilizing GQ in the absence of
ATP, we sought to test whether such an activity is ob-
served for closely related proteins from the RecQ family.
E. coli RecQ, human RECQ5 and human WRN, all full-
length constructs, were used for these studies. WRN has
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Figure 6. smFRET histograms showing BLM-mediated unfolding for pd-3Ly1Lp12T, three layer one loop GQ construct with 12 nt long 3′ overhang. (A)
BLM cannot unfold this GQ at 150 mM K+ in either nt-free or 1 mM ATP�S states. These results show that the ability of BLM to unfold intramolecular
GQ in the absence of ATP under physiological ionic conditions is substrate specific. (B) Significant GQ unfolding is observed in both nt-free and ATP�S
states when ion concentration is reduced to 50 mM K+, in which GQ is less stable and BLM binding to the overhang is more efficient.

Figure 7. smFRET histograms showing BLM-mediated GQ unfolding of pd-hGQ12T-5′. This construct has a 12 thymine long 5′ overhang. (A) BLM
cannot unfold this construct at 150 mM K+ in either nt-free or ATP�S states, indicating orientation of binding on the overhang is important. (B) However,
if the GQ stability is lowered at 50 mM K+, significant BLM-mediated GQ unfolding occurs in both nt-free and ATP�S states.

been shown to unfold GQ in the presence of ATP (53).
We are not aware of any studies on RecQ and RECQ5
in terms of their GQ unfolding activity. pd-hGQ12T con-
struct was used for these studies. RecQ and WRN stud-
ies were performed at 300 and 25 nM concentrations, re-
spectively, due to limitations in the protein stock concen-
trations. The RECQ5 measurements were performed at 1
�M concentration, similar to BLM. Due to these lower pro-
tein concentrations, we performed measurements under dif-
ferent ionic conditions that are more likely to demonstrate
protein-mediated GQ unfolding. We also performed these
measurements in nt-free and ATP�S states in order to check
the consistency of BLM results, i.e. higher GQ unfolding
in ATP�S state, with these proteins. In the case of RecQ,
we performed measurements in 50 mM K+ or 50 mM Na+.
RecQ did not show any GQ unfolding activity in 50 mM K+

(see Supplementary Figure S19A) while signs of GQ desta-
bilization were observed at 50 mM Na+ in both nt-free and
ATP�S states (Figure 7A). As BLM binding to ssDNA is
expected to be similar for 50 mM K+ and 50 mM Na+, the
observed difference in BLM-mediated GQ unfolding is con-
sidered to be due to the weaker GQ stability in Na+ (69). In
both 50 mM K+ and 50 mM Na+, the folded FRET peak
shifts from EFRET ≈ 0.68 to EFRET ≈ 0.52 upon introduc-
tion of RecQ. This lower peak has very small population at
EFRET < 0.40, which is the expected range for the unfolded
DNA of this length (Supplementary Figure S1). Therefore,
the shift of the FRET peak position upon adding RecQ is
most likely due to binding of one or more RecQ proteins
to the 12-nt long overhang, rather than unfolding of the
GQ. Similarly, RECQ5 did not unfold GQ at 150 mM K+

(see Supplementary Figure S19B), but showed GQ unfold-
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Figure 8. A comparison of BLM-mediated GQ unfolding in 150 mM K+ and 150 mM Na+, in which pd-hGQ12T folds into different conformations. (A)
The green shaded histogram represents the folded GQ state in 150 mM Na+, and the brown histogram represents the folded state in 150 mM K+. The
histogram in Na+ is narrower and can be fit by a single Gaussian peak, indicative of a single conformation, while that for K+ is broader and requires two
Gaussian peaks for fitting (shown by black and red dashed curves), indicative of multiple folding conformations. (B) and (C) BLM-mediated GQ unfolding
in 150 mM Na+ in 300 and 1000 nM BLM, respectively. (D) A comparison of BLM-mediated GQ unfolding in 150 mM Na+ and 150 mM K+ for 300
and 1000 nM BLM. These data show that unfolded GQ population is at similar levels in both ionic conditions, suggesting that BLM unfolds different
conformations at similar levels.

ing activity at 50 mM Na+ in both nt-free and ATP�S states
(Figure 9B). Due to the very low stock concentration, mea-
surements with WRN were performed only at 50 mM Na+.
Nevertheless, significant GQ unfolding was observed even
at 25 nM WRN (Figure 9C). In order to perform a quan-
titative comparison with BLM, similar measurements were
performed with 25 nM BLM at 50 mM Na+ (Figure 9D).
At 50 mM Na+, 25 nM WRN resulted in 8% and 25% un-
folding of pd-hGQ12T in nt-free and ATP�S states, respec-
tively. Similarly, 25 nM BLM resulted in 18% and 25% un-
folding of pd-hGQ12T in nt-free and ATP�S states, respec-
tively. Combined, our measurements on RecQ, RECQ5 and
WRN show a broad range of efficiencies in GQ unfolding
activity in the absence of ATP, which have implications for
the role of DNA binding activity versus translocase activity
of helicases in GQ destabilization.

DISCUSSION

Based on the presented data, we propose that BLM-
mediated GQ unfolding strongly depends on the stability
of BLM binding in the vicinity of GQ and does not require
any nucleotide cofactor. The binding stability is primarily
affected by the length of the 3′ overhang ssDNA and the
nucleotide state. Prior bulk biochemical studies have shown
that BLM binding to ssDNA, of similar length to the over-
hangs used in our study, is significantly more stable in the
nt-free and AMP-PNP states compared to the ADP state
and that BLM dissociates from ssDNA in the ADP state
(63,64). These observations are also complemented by our
smFRET measurements which show that binding of BLM
to pd-polyT15, a pdDNA with a 15-nt long ssDNA over-
hang, is most stable in the ATP�S state, followed by the

 by guest on O
ctober 9, 2016

http://nar.oxfordjournals.org/
D

ow
nloaded from

 

http://nar.oxfordjournals.org/


Nucleic Acids Research, 2014, Vol. 42, No. 18 11541

Figure 9. smFRET histograms showing interactions of E. coli RecQ, human RECQ5, human WRN and BLM with pd-hGQ12T at 50 mM Na+. Note
the cation was changed to Na+ as GQ unfolding was not observed in K+, which results in a more stable GQ, for RecQ and RECQ5. (A) Signs of GQ
destabilization are observed in both the nt-free and ATP�S states in 300 nM RecQ. (B) 1 �M RECQ5 also shows weak GQ unfolding activity in both
nt-free and ATP�S states. (C) WRN unfolds GQ even at 25 nM concentration in both nt-free and ATP�S states. (D) As a reference to compare with
WRN-mediated GQ unfolding, BLM-mediated GQ unfolding is also measured in 25 nM BLM at 50 mM Na+. The observed GQ unfolding activities of
BLM and WRN are similar under these conditions.

nt-free state and then the ADP state. The enhanced GQ un-
folding by BLM in the presence of non-hydrolysable ATP
analogs ATP�S and AMP-PNP demonstrate the role of nu-
cleotide binding in BLM-mediated GQ unfolding. This en-
hanced activity suggests that translocation of the helicase is
not required and is certainly not the only activity that desta-
bilizes the GQ.

Comparison of the α parameter of Langmuir bind-
ing analysis indicates that under saturating BLM and nu-
cleotide concentrations, BLM-mediated GQ unfolding is
10–60% more efficient in the ATP�S state and 15–30% less
efficient in the ADP state compared to the nt-free state (Ta-
ble 2). The maximum GQ unfolding does not rise above 55%
in any nucleotide state suggesting a dynamic equilibrium
between BLM-mediated GQ unfolding and GQ refolding.
The equilibrium constants describing BLM-mediated GQ
unfolding for different nucleotide states show large varia-

tions. BLM titration in the nt-free state results in Keq = 305
± 16 nM, while Keq = 108 ± 24 nM for the ATP�S state,
and Keq = 54 ± 5 nM for ADP state. These concentrations
are significantly higher than the dissociation constants re-
ported for BLM (63,64) as they are a measure of not only
BLM binding to the overhang ssDNA but also of unfold-
ing of the GQ that follows this binding. On a related note,
our method of probing BLM-mediated GQ unfolding has
an advantage over the other published method in which GQ
is essentially prevented from refolding due to an irreversible
transition to a hairpin structure, unless ethylenediaminete-
traacetic acid is added to the environment (56). Our data
suggest that GQ can refold if not prevented by hairpin for-
mation. This would explain why the maximum unfolding
in our assay is less than that of the other study in which
about 90% unfolding was observed (56). It might be argued
that at high BLM concentration, multiple BLM molecules
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might bind to ssDNA that becomes available after GQ is un-
folded, and in that way essentially create an irreversibly un-
folded state. However, smFRET time traces show that such
a stable unfolded conformation is not attained even at 1 �M
BLM concentration. Supplementary Figure S20 shows that
the system remains dynamic with GQ unfolding and refold-
ing multiple times within ∼2 min observation time of our
traces.

The correlation between the binding stability of BLM to
the overhang and the BLM-mediated GQ unfolding activ-
ity highlights the significance of the overhang region in the
vicinity of GQ. The function of the overhang region was
previously studied in the context of intermolecular GQs and
it was shown that BLM unfolds GQ with an overhang as
short as 4 nt but cannot unfold GQ that lack an overhang
(52). Our results on an intramolecular GQ are similar as
we observe unfolding for overhangs of 6 nt or longer. We
furthermore demonstrate that the BLM-mediated GQ un-
folding efficiency gradually increases as the overhang length
is increased. Given the 7 or 14 nt footprint of BLM (63,64),
the dramatic increase in BLM-mediated GQ unfolding ob-
served at overhang lengths of 6 and 8 nt could provide sup-
porting evidence for 7 nt footprint. Therefore, localization
of BLM to the vicinity of GQ, even if stable binding is
not established, as might be the case for 6 nt overhang, en-
ables BLM to interact with the GQ structure and eventu-
ally destabilize it. A similar mechanism was suggested for
ssDNA binding protein RPA which also unfolds GQs in the
absence of ATP (43). These observations are consistent with
isothermal differential hybridization (IDH) studies which
showed that a protein binding to the vicinity of telomeric
GQ dramatically reduces GQ stability as measured by the
folding equilibrium constant (KF) of GQ (70). These IDH
studies measured the change KF via a competition of GQ
with Watson–Crick pairing with the complementary C-rich
strand. The studies reported an order of magnitude reduc-
tion in KF when a digoxigenin and antidigoxigenin anti-
body were attached to the vicinity of GQ. To our knowledge,
these IDH studies are the first and only work that directly
probed the influence of protein binding to the vicinity of
GQ and GQ stability. Our studies improve on this impor-
tant study in several significant ways. In our studies, the dy-
namic nature of the system is preserved as BLM binding dis-
sociation or GQ folding-unfolding were not trapped in any
particular state. In the IDH measurements, the antidigoxi-
genin antibody is permanently bound to the vicinity of GQ
and dsDNA formation is essentially an irreversible step that
blocks refolding of the GQ. Furthermore, our studies show
that protein-mediated GQ unfolding can be altered by ei-
ther (i) modulating the binding stability of the protein on
the overhang, via changing the nucleotide state or the length
of the overhang or (ii) changing the GQ stability, via mono-
valent ion concentration or changing the loop length in GQ.

Another important issue that should be addressed is
whether the truncated BLM construct, RecQ-core of BLM
or core-BLM, used in this study is representative of the
full-length BLM (wt-BLM) construct that is physiologically
relevant. Even though core-BLM has been shown to be a
good model system for kinetic studies (12), its DNA bind-
ing properties, which are significant for this study, could be
different from those of the wt-BLM. There are two main

reasons why this study was limited to the core-BLM con-
struct. The first one is a practical reason in that it was not
possible to attain high enough wt-BLM concentrations re-
quired to observe significant GQ unfolding in the absence of
ATP. The lower yield attained due to different requirements
of the purification protocol limited protein concentration
to ∼50 nM BLM in the sample chamber, which is not high
enough to observe wt-BLM-mediated GQ unfolding in our
assay conditions which require ≥300 nM core-BLM. The
other aspect of this discussion, is the ‘model protein’ aspect
of core-BLM. Our study essentially shows that many heli-
cases that bind to the vicinity of GQ have the potential to
destabilize these structures in the absence of ATP. In this re-
spect, it is not critical to use the wt-BLM, particularly when
core-BLM provides a much broader range of concentra-
tions that enable testing a large array of different cases pre-
sented in this work. Even though a detailed kinetic study of
BLM-mediated GQ unfolding in ATP and other nucleotide
states is missing and would be an excellent complement to
this work, the scope of such a study is beyond the current
work and the focus is significantly different. Therefore, these
topics will be addressed in a future study. To our knowl-
edge, our study is the first to show that BLM-mediated GQ
unfolding does not require ATP. However, previous studies
were almost exclusively performed on intermolecular GQs.
The contrasting results of our study and these earlier works
could either arise due to inherent differences between inter-
molecular and intramolecular GQs or possibly due to bet-
ter sensitivity of the single-molecule methods we use. In the
rare case in which an intramolecular GQ was used, BLM-
mediated unfolding of a human telomeric GQ with 10 nt
overhang was probed via a bulk fluorescence method in the
nt-free state (56). This study did not show the characteristic
decrease in the fluorescence signal which was used as a sig-
nature for BLM-mediated GQ unfolding. However, we do
not think our results necessarily contradict with this study.
A novel DNA construct which could transition from a GQ
to a hairpin, upon BLM-mediated unfolding of the GQ, was
used in that assay (Figure 1A in (56)). The fluorescence in-
tensity of the fluorophore, which is attached to the overhang
of GQ, is reduced as a result of hairpin formation, due to its
interactions with the complementary strand. A reduction in
fluorescence intensity was not observed in the nt-free state
even though BLM is shown to bind to the overhang, via po-
larization measurements. However, in order for a reduction
to be observed in fluorescence intensity, BLM needs to un-
fold the GQ and dissociate from the overhang, which will
then allow hairpin formation. If BLM unfolds GQ but does
not dissociate from the overhang, the hairpin cannot form
and fluorescence intensity would not decrease. Therefore,
even if BLM-mediated GQ unfolding takes place, this as-
say might not be sensitive to it unless BLM dissociates from
the overhang. The contrasting results for the intermolecular
and intramolecular GQ constructs are significant and might
be an indicator of different mechanisms being employed
by BLM to interact with these different secondary struc-
tures. Therefore, it would be of interest to study whether
BLM shows such an unfolding activity in the absence of
ATP for other types of DNA secondary structures, such as
Holliday junctions or D-loops, using similar single molecule
methods. Whether other helicases are also able to unfold in-
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tramolecular GQ in the nt-free, ATP�S or ADP states is
another important question that is raised by our study. Our
measurements on RecQ, RECQ5 and WRN show a broad
range of efficiencies in GQ unfolding activity in the absence
of ATP. However, recent studies on helicases FANCJ and
XPD showed that these helicases can unfold intramolecular
and intermolecular GQ, respectively, in the ATP state, but
not in nt-free, ATP�S or ADP states (71,72). These con-
trasting results show the need for further systematic stud-
ies on other helicases which could identify the relevant fac-
tors that enable or prevent a helicase to unfold a GQ in the
absence of ATP. The answers to these questions could po-
tentially challenge our current understanding of the mech-
anism behind helicase-mediated GQ unfolding.

Another important point highlighted in this study is the
influence of the overhang on BLM-mediated GQ unfold-
ing. Various helicases have been shown to possess GQ un-
folding activities and the efficiencies of these activities show
large variations (41,48). Our study suggests that the ob-
served differences in the GQ unfolding activities of vari-
ous helicases may partially be due to their ssDNA binding
affinities and directionality and the lengths of ssDNA seg-
ments that are available in the vicinity of GQ constructs, or
other secondary structures, used in such studies.

We demonstrate that BLM-mediated intramolecular GQ
unfolding does not require ATP, and can occur in any nu-
cleotide state including the nt-free state. Hence, translocase
or helicase activity of BLM is not required for unfolding in-
tramolecular GQ that has a long enough overhang. A lim-
ited range of measurements also showed WRN to have a
similar GQ unfolding activity. RecQ and RECQ5 were able
to unfold GQ only when the ionic concentration was low-
ered significantly below the physiological conditions, which
resulted in a weaker GQ structure. The GQ unfolding activ-
ity of these proteins in the absence of ATP are in contrast to
prior bulk studies performed on intermolecular GQs which
showed GQ unfolding only in the presence of ATP. We also
observe that BLM-mediated GQ unfolding is most efficient
in the ATP�S state followed by the nt-free state and least
efficient in the ADP state. This order correlates with BLM
binding stability to the overhang ssDNA in these nucleotide
states. We also show that BLM-mediated GQ unfolding be-
comes more efficient as the overhang length is increased
or as the GQ stability is reduced. Finally, we showed that
BLM does not show a significant conformation dependence
in unfolding GQ. Our study raises a number of questions
that challenge our current understanding of helicase-GQ
interactions and the mechanism behind the GQ unfolding
that results from these interactions. In particular, binding
of proteins in the vicinity of GQ, even if the protein is not a
translocase or translocation does not take place for different
reasons, results in significant destabilization of GQ, which
could be a major mechanism for resolving these structures
inside the cells.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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Identification of the Unfolded and BLM-bound Unfolded FRET States  

 The telomeric sequence we studied forms a stable GQ structure at 150 mM K+. However, various 

other FRET states emerge upon introduction of BLM. Identifying the DNA conformations these new FRET 

states represent is complicated on a GQ forming sequence as the sequence could potentially form 

various secondary structures. In particular, we aimed to identify the FRET states representing the 

unfolded and BLM-bound unfolded states as these states would be expected to form upon interaction 

with BLM. To avoid such complications we performed smFRET measurements on a 35 nucleotide (nt) 

long polythymine DNA construct (pd-polyT35, see Table 1 in manuscript for sequence), which is 

hybridized with the RNA-Stem to form a pdDNA construct similar to that used for GQ forming sequences. 

The single strand DNA (ssDNA) section of this construct has the same length as that of pd-hGQ12T, i.e. 

they are both 35 nt long. Therefore, it can be used as a model to represent the unfolded and BLM-bound 

unfolded states of pd-hGQ12T. Figure S1-A shows the smFRET distribution at 150 mM K+ in the absence 

of BLM. The peak at EFRET = 0.40 corresponds to the coiled DNA structure for a 35 nt long ssDNA, which is 

equivalent to the unfolded structure of pd-hGQ12T. Figure S1-B shows the smFRET distribution when 50 

nM BLM is introduced to the sample chamber. In addition to the peak at EFRET = 0.40, a new peak is 

observed at EFRET = 0.20 which we interpret as the BLM-bound peak. Therefore, EFRET =0.20 represents the 

BLM-bound unfolded peak of pd-hGQ12T.  

 

 
Supplementary Figure S1: smFRET measurements on pd-polyT35 construct which has a 35 nt long 

polythymine ssDNA tail, which is same length as the ssDNA section of pd-hGQ12T. pd-polyT35 is used to 

characterize the FRET levels corresponding to the unfolded and BLM-bound unfolded states of pd-

hGQ12T. (A) smFRET distribution at 150 mM K+ before BLM is added. The peak at EFRET = 0.40 

corresponds to the coiled DNA structure for a 35 nt long ssDNA, which is equivalent to the unfolded 

structure of pd-hGQ12T. The inset shows a schematic of the DNA construct. (B) smFRET distribution after 

adding 50 nM BLM to the chamber. The new peak at EFRET = 0.20 represents the BLM-bound peak, which 

corresponds to the BLM-bound unfolded peak of pd-hGQ12T. The inset shows a schematic of the BLM-

DNA complex represented by the peak at EFRET = 0.20. 

  



3 
 

Circular Dichroism Assay and smFRET Data on Internally Labeled DNA Construct 

 Circular dichroism measurements were performed on pd-hGQ12T to obtain an independent 

confirmation of BLM-mediated GQ unfolding in the absence of ATP. The DNA concentration needs to be 

maintained at 1 M to achieve a reliable CD signal. Therefore, we performed the measurements only at 

the highest protein concentration possible in our system -1 M- in order to attain a significant change in 

the CD spectrum. Figure S2-A shows these data before and after adding 1 M BLM to a cuvette that 

contains folded pd-hGQ12T in 150 mM K+. The peak at ~290 nm is a characteristic signature of GQ 

structure, which diminishes upon addition of 1 M BLM, which is consistent with GQ unfolding by BLM. 

Another smFRET DNA construct was designed in order to more directly probe GQ unfolding in which the 

donor fluorophore is moved from the 3' end to an internal site a couple nucleotides away from the GQ 

(inset of Figure S2-B). ). This construct, pd-hGQ-2T-Cy3-10T, was formed by hybridizing the 18 nt RNA-

Stem with 5'- TGG CGA CGG CAG CGA GGC TTG GGT TAG GGT TAG GGT TAG GG TT-Cy3-10T. pd-hGQ-2T-Cy3-10T  

eliminates any significant FRET changes that might take place due to binding of the protein to the 

overhang, and results in a significant FRET change only when the GQ is unfolded. The measurements on 

this construct resulted in considerable reduction in BLM-mediated GQ unfolding at 150 mM K+, which is 

considered to be due to interference caused by the donor fluorophore on BLM-GQ interactions (data not 

shown). Nevertheless, a clear BLM-mediated unfolded GQ population was observed in both nt-free and 

1 mM ATPS states in 1 M BLM. Figure S2-B and S2-C show these data in 50 mM K+ and 10 mM K+, 

respectively.    Figure S2-D shows the quantification of the unfolded GQ population for the data 

presented in Figure S2-B and S2-C. 
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Figure S2: (A) CD data on pd-hGQ12T with and without 1 M BLM. (B)  and (C) smFRET data on pd-hGQ-

TT-Cy3-10T in 50 mM and 10 mM K+, respectively. (D) Quantitation of the unfolded GQ population in the 

histograms in (B) and (C).     
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FRET Histograms and Subtraction Analysis for BLM Titration on pd-hGQ12T 

 Figure 1 of the manuscript shows sample histograms of BLM-GQ interactions when BLM is 

titrated under different nucleotide conditions for the pd-hGQ12T construct. Figure S3 is an extension of 

this figure that shows the histograms for the BLM concentrations not shown in Figure 1. Figure S4 shows 

the corresponding histograms of subtraction analysis we performed to quantify BLM-mediated GQ 

unfolding. For all the subtraction analysis presented in Figure S4, the folded state before BLM is 

introduced to chamber is taken as the reference. This folded state does not vary upon introduction of 

ATPS or ADP to chamber as the ionic strength - which determines GQ stability -is kept constant. In 

Figure S3 and S4, the nucleotide states and the BLM concentrations are written on the graphs. All 

experiments were performed at 150 mM K+. 

 
Supplementary Figure S3: smFRET histograms showing the BLM concentrations we studied, other than 

those shown in Figure 1 of the manuscript, in the nucleotide-free, 1 mM ATPS, or 1 mM ADP states. The 

data shown in (A)-(C) were taken in the nucleotide-free state at 500 nM, 750 nM, and 1 M BLM 

concentration, respectively. The data shown in (D)-(E) were taken at 1 mM ATPS at 100 nM and 500 nM 

BLM concentration, respectively. The data shown in (F)-(G) were taken at 1 mM ADP at 100 nM and 200 

nM BLM concentration, respectively. The BLM concentration and the nucleotide state for each histogram 

are written on the graphs.  
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Supplementary Figure S4: Subtraction analysis performed on the data shown in Figure 1 and Figure S3 

using the folded state shown in Figure 1B as the reference. This folded state is the same for all 

nucleotide-states in the absence of BLM, enabling its use as the reference state for all the presented data 

in Figure 1 and Figure S3. The subtraction analysis was performed for data taken in (A)-(D) Nucleotide-

free state; (E)-(H) 1 mM ATPS; and (I)-(L) 1 mM ADP. The BLM and nucleotide concentrations used for 

each histogram are written on the graphs.   These data were included in the Langmiur isotherms shown 

in Figure 1. 
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Electrophoretic Mobility Shift Assay of BLM binding to GQ constructs 

 A native PAGE gel binding assay of BLM binding to pd-hGQ12T GQ construct is shown in Figure 

S8.  This assay is not capable of distinguishing between BLM-bound folded and BLM-bound unfolded GQ 

as only a single shifted band is observed upon introducing BLM. Therefore, this observation only 

confirms binding of BLM to the DNA substrate.  The measurements were performed at 0, 50, 100, 150, 

200, 300, 400, 500, and 1000 nM BLM concentrations, while the DNA concentration was 5 nM. The 

buffer contained 50 mM K+, 5 mM Mg++, 50mM Tris-HCl (pH7.5), and 1 mM DTT. The constructs were 

annealed via heating/slow cooling prior to the gel binding assay. BLM-DNA binding reactions were 

carried out at 22 C for 10 minutes, followed by electrophoresis through a 4-20% native PAGE gel at  4 

C. The gel was run at 50 V for 5-8 hours in 0.5xTBE buffer. Figure S5-A shows the gel image and Figure 

S5-B shows a quantification of the unfolded band. The data were fit by Hill equation, which results in 

KA=139 nM BLM which is ~5x greater than that observed in smFRET measurements performed in 25 C. 

We attribute this difference to lower temperature of the EMSA measurements in which BLM activity is 

lower and GQ is more stable. 

 
Supplementary Figure S5:  Electrophoretic Mobility Shift Assay of BLM binding to pd-hGQ12T. Gels were 

imaged using a Molecular Dynamics Typhoon 9400 Multilaser Scanner. Cy5 image is shown. The lower 

panel shows quantification of the shifted band, for which we used GelQuant.NET software provided by 

biochemlabsolutions.com. 
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Measurements with Denatured Proteins and Control Measurements on Storage Buffer 

 Due to the unexpected nature of the observation that BLM unfolds GQ in the absence of ATP, we 

sought to ensure that the reason for GQ destabilization is not related to the buffer that BLM is stored in 

(50 mM Tris-HCl (pH=7.5), 200 mM NaCl, 50 % (v/v) glycerol and 1 mM DTT). The BLM is significantly 

diluted in imaging buffer, which contains 150 mM K+ and 5 mM Mg++, before it is added to the sample 

chamber. Therefore, any GQ destabilizing agent (such as a metal chelator) present in the storage buffer 

would be at a significantly less concentration. Nevertheless, we performed control measurements to 

study the influence of the storage buffer on the folded GQ state and did not observe any destabilization 

induced by this buffer in the absence of BLM. Figure S6 shows these data. 

 Another control measurement we performed was to denature BLM by heating it at 95 C for 5 

minutes before adding it to the sample chamber that contains folded GQ molecules.  This measurement 

was an attempt to ensure that GQ destabilization is due to native BLM protein. We did not observe any 

GQ unfolding with 1 M denatured BLM in either nt-free state or in 1 mM ATPS state, as shown in 

Figure S6. 

 

 
 

Supplementary Figure S6: Control measurements testing the storage buffer and thermally denatured 

BLM. GQ is not destabilized by any agent that might be in the storage buffer in the absence of BLM. Also, 

thermally denatured BLM does not destabilize GQ in either nt-free or ATPS states.  
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Measurement to Test for Possible ATP Contamination of Purified BLM 

 In order to ensure that our smFRET assays probing BLM-mediated GQ unfolding do not contain 

ATP that is not accounted for, possibly ATP that might co-purify with BLM, we performed duplex DNA 

unwinding assays without adding any ATP to the medium. We used a forked DNA construct that was 

used by Yodh et al. (The EMBO Journal (2009) 28, 405–416), as shown in Figure S7-A. Unwinding of this 

duplex requires translocation along the ssDNA tracking strand in the 3’-5’ direction. Figure S7-B shows 

that even saturating concentrations of BLM (1 M) do not unwind the dsDNA in the nt-free state or in 

the presence of 1 M ATPS. On the other hand 10 nM BLM gives rise to visible dsDNA unwinding in the 

presence of 100 M ATP. Figure S7-B shows an example trace showing such a repetitive unwinding event 

in agreement with those observed by Yodh et al. (The EMBO Journal (2009) 28, 405–416). The bottom 

panel in Figure S7-C is a zoomed in version of Figure S7-B to better show the repetitive unwinding 

events.  

 
Supplementary Figure S7: Control measurements performed to ensure that our assays are not 

contaminated by ATP that co-purifies with BLM. (A) The forked DNA unwinding construct used in these 

studies. (B) BLM does not unwind dsDNA in the absence of ATP. (C) BLM catalyzes repetitive unwinding 

events only in the presence of ATP. The bottom panel is a zoomed in version of the top panel in the time 

interval between 15-30 seconds.  
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SDS-PAGE Measurements of Purified BLM 

 The purity of the BLM used in the single molecule FRET measurements was analyzed by 12% 

SDS-PAGE. Figure S8, displays a coomassie-stained 12% SDS-PAGE of core-BLM (1-5 g) from which we 

estimate purity at >98%.  Based on this, it is highly unlikely that BLM used in this study is contaminated 

with other proteins which are known to destabilize GQ in the absence of ATP, such as ssDNA binding 

proteins. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure S8:  Coomassie-stained 12% SDS-PAGE gel of purified Core BLM for assessment of 

BLM purity.  Lane M includes protein size standards with the indicated molecular weight (kD).  Lanes  1, 

2, 3, and 4 contain 1, 2,  4, and 5 µg purified core BLM, respectively.   A single band (estimate > 98% 

pure)  is observed at the expected molecular weight for BLM.  Thus , the probability is very low that  

another protein, such as an ssDNA binding protein  that might be capable of unfolding GQ in the absence 

of ATP, copurifies with BLM. 
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GQ Unfolding by a BLM Mutant that does not Hydrolyze ATP 

 In order to directly demonstrate that helicase activity is not required for BLM-mediated GQ 

unfolding, a BLM mutant which does not hydrolyze ATP was generated by mutating the lysine at 

aminoacid 695 of BLM(642-1290) with methionine. This construct, BLMK695M, was purified following a similar 

protocol to that of core BLM. The final BLMK695M stock had a concentration of 1.78 M and was in a 

buffer containing 400 mM Na+. As the protein stock was in Na+, we performed the smFRET 

measurements in 150 mM Na+. In these measurements, the total Na+ concentration was maintained at 

150 mM by adjusting the additional Na+ added to the sample chamber taking into account the salt that 

is introduced from the protein stock.  

 In order to ensure BLMK695M does not have helicase activity, we introduced ATP and BLMK695M to 

chamber that has surface immobilized pd-hGQ12T, which has a 3' tail. Under these circumstances, an 

active helicase would unfold the GQ and unwind the duplex stem, releasing the Cy3 strand. The Cy5 

strand will continue to remain on the surface as it is bound via a biotin-neutravidin linker. We monitored 

the number of molecules that had Cy3 or Cy5 before and after adding 250 nM BLMK695M and 1 mM ATP 

to the chamber. The Cy5 molecules were directly imaged by a red (632.8 nM) excitation laser, while 

green (532 nm) excitation illuminates all Cy3 and some Cy5 molecules (those that are within FRET range 

of an active Cy3 molecule). We did not observe any significant change in the number Cy3 molecules 

upon addition of BLMK695M and ATP, which demonstrates that the duplex was not unwound by BLMK695M 

(Figure S9). On the other hand, adding 250 nM core-BLM and 1 mM ATP to the same chamber nearly 

eliminated all Cy3 molecules while no significant change was observed in the number of Cy5 molecules, 

clearly demonstrating helicase activity. 

 Figure S10A-E show interactions of BLMK695M with GQ in the nt-free state. The folded state in the 

absence of protein has a single high FRET peak (Figure S10-A), and introducing BLMK695M at different 

concentrations results in a lower FRET peak representing the unfolded GQ population (Figure S10B-D). 

As BLMK695M cannot hydrolyze ATP, even if there is ATP contamination in the protein stock it should not 

be hydrolyzed by BLMK695M. Figure S10-E show the unfolded pd-hGQ12T population as a function of 

BLMK695M concentration, and the red line is Langmuir isotherm fit to the data which results in =61% and 

Keq=133 nM. The unfolding activity of BLMK695M is similar to that of the core-BLM, demonstrating that 

helicase activity is not required for protein-mediated GQ unfolding. 

 In order to ensure that this activity is also observed in the presence of K+, we performed 

measurements in which the total ion concentration (Na+ and K+ in total) is kept at 150 mM. In these 

measurements, a certain concentration of Na+ is introduced to the chamber by the protein stock, which 

was supplemented by the additional K+ in the imaging buffer to reach a total monovalent ion 

concentration of 150 mM. For example, when 150 nM BLMK695M is added to the chamber, 30 mM Na+ is 

introduced from the protein stock. In order to reach 150 mM concentration, 120 mM K+ is introduced by 

the imaging buffer. Similarly, in the case of 300 nM BLMK695M, 60 mM Na+ is introduced from the protein 

stock and 90 mM K+ was added in the imaging buffer. Given that core-BLM shows similar GQ unfolding 

activity in 150 mM K+ and 150 mM Na+, the observed GQ unfolding in these cases should be similar to 

150 mM Na+ case.  We tested 150 nM and 300 nM BLMK695M in the ion concentrations stated above and 

obtained similar GQ unfolding to the 150 mM Na+ case, as expected. These data are shown in Figure 

S10-F. 
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Supplementary Figure S9: smFRET measurements demonstrating that BLMK695M does not unwind duplex 

DNA in the presence of ATP, while core-BLM unwinds the duplex DNA under the same conditions. 

Duplex unwinding is demonstrated by the release of the Cy3 strand from the surface, while the Cy5 

strand remains bound. 
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Supplementary Figure S10:  smFRET measurements on pd-hGQ12T in 150 mM Na+ at 0, 50, 200, and 

500 nM BLMK695M are shown in (A)-(D), respectively. The data was taken in the nt-free state. (E) 

Langmuir binding isotherm fit was performed to quantify BLMK695M  mediated GQ unfolding activity in 

the nt-free state. (F) The unfolded pd-hGQ12T population is shown in the bar graph for 150 nM BLMK695M 

(in 30 mM Na+ and 120 mM K+) and 300 nM BLMK695M. 
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BLM-Mediated GQ Unfolding in AMP-PNP State 

 In order to confirm our results with another non-hydrolysable ATP analog, we performed BLM-

mediated GQ interactions in the presence of AMP-PNP. We performed AMP-PNP titration measurements 

in the presence of 1 M BLM and quantified the unfolded GQ population by performing subtraction 

analysis using the 1 M BLM nt-free state as the reference. These data are shown in Figure S11. A 

Langmuir binding isotherm fit to the data results in =181 % and Keq=2.10.3 nM AMP-PNP. These 

results are consistent with the ATPS, another non-hydrolysable ATP analog, measurements reported in 

Figure 2. Both ATPS and AMP-PNP resulted in significantly more BLM-mediated GQ unfolding compared 

to the nt-free state.    

 

 

Supplementary Figure S11: smFRET measurements on pd-hGQ12T in 1 M BLM in 0, 1 M, 4 M, 20 

M, and 100 M AMP-PNP. Langmuir binding isotherm fit is shown in the bottom-right panel.   
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FRET Histograms and Subtraction Analysis for ATPS and ADP Titration on pd-hGQ12T 

 Figure 2 of the manuscript shows sample histograms of BLM-GQ interactions when ATPS or ADP 

concentration is titrated at 1 M BLM concentration for the pd-hGQ12T construct. Figure S12 shows the 

histograms for the ATPS and ADP concentrations that were not shown in Figure 2. Figure S13 shows the 

corresponding histograms of subtraction analysis which we used to quantify BLM-mediated GQ 

unfolding. The BLM and nucleotide concentration used for each histogram are written on the graph. All 

experiments were performed at 150 mM K+.  Data were included in the Langmuir isotherms shown in 

Figure 2. 

 
Supplementary Figure S12: smFRET histograms for  ATPS and ADP concentrations we studied, other 

than those shown in Figure 2 of the manuscript. All data are at 1 M BLM concentration. (A) 1 M 

ATPS. (B) 4 M ATPS. (C) 1 M ADP. (D) 4 M ADP. The BLM and nucleotide concentrations used for 

each histogram is indicated on the graphs.    
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Supplementary Figure S13: Subtraction analysis performed on the data shown in Figure 2 and Figure S12 

using the nt-free state at 1 M BLM concentration as the reference state (Figure 1D of the manuscript). 

The subtraction analysis was performed for data taken at 2 M, 4 M, 20 M, and 100 M ATPS 

concentrations as shown in (A)-(D), respectively. Similarly, the subtraction analysis was performed for 

data taken at 2 M, 4 M, 20 M, and 100 M ADP concentration as shown in (E)-(H), respectively. The 

BLM and nucleotide concentrations used for each histogram are indicated on the graphs.    
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smFRET Measurements on a GQ with a 15-nt long overhang  

 In order to ensure that the measurements on pd-hGQ12T are not compromised by the possibility 

of the ssDNA overhang being shorter than the BLM footprint, we repeated these measurements on pd-

hGQ15T, which has an 15 nt long overhang. This 15 nt overhang is longer than the reported 14 nt 

footprint (Gyimesi et al. Nucleic Acids Research, 38, 4404-4414 (2010)), providing an opportunity for 

more stable binding of BLM to the overhang. The results of this study are shown in Figure S14. In this 

figure, we compared BLM-mediated GQ unfolding under different nucleotide-states, at saturating BLM 

and nucleotide concentrations. Figure S14A shows that the GQ stably folds at 150 mM K
+
 and pH 7.5, 

even though GQ stability is known to decrease as the overhang gets longer (Hatzakis et al. Biochemistry, 

49, 9152-9160 (2010)). Moreover, single-molecule time traces in the folding state were observed to be 

steady over the time of recording (~2 min.), suggesting that the folded GQ is robust even with this 

overhang. Figure S14B-D show the data in nt-free , 1 mM ATPS, and 1 mM ADP states, respectively, 

which were all acquired at a constant BLM concentration of 1 M. Figure S14-E shows a comparison of 

BLM-mediated GQ unfolding for different nucleotide states when the folded FRET distribution in Figure 

S14-A is subtracted from the data in these nucleotide states (similar to the analysis shown in Figure 1E). 

BLM-mediated GQ unfolding on pd-hGQ15T is most efficient in the ATPS state (57% of GQ molecules 

unfolded), followed by nt-free state (48%), and is least efficient in the ADP state (22%), similar to the 

results with pd-hGQ12T. 
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Figure S14. BLM-mediated GQ unfolding on a substrate containing a 15-nt overhang (pd-hGQ15T) at 

150 mM K
+
. (A) pd-hGQ15T folds into a stable GQ at 150 mM K

+
, resulting in a high FRET peak. (B)-(D) 

smFRET data at 1 M BLM for different nucleotide states. (B) Nt-free state. (C) 1 mM ATPS. (D) 1 mM 

ADP. (E) The folded GQ data shown in (A) is subtracted from respective nucleotide states shown in (B)-

(D) to obtain the unfolded populations in these nucleotide states.  

  



19 
 

FRET Histograms and Subtraction Analysis for BLM and ATPS Titration in 50 mM K+ for pd-hGQ12T 

 Figure S15 shows the histograms for ATPS and BLM concentrations for pd-hGQ12T construct at 

50 mM K+. Figure S16 shows the corresponding histograms of subtraction analysis which we used to 

quantify BLM-mediated GQ unfolding. The nucleotide and BLM concentrations used for each histogram 

are indicated on the graphs. 

 

 
Supplementary Figure S15: smFRET histograms showing the ATPS and BLM concentrations we studied. 

All data were taken at 50 mM K+. (A)-(E) Data at the nt-free state where BLM is titrated at 0, 25 nM, 50 

nM, 300 nM, and 1 M concentration, respectively. (F) Langmuir binding isotherm fit to the data shown 

in (A)-(E). (G)-(K) Data in the presence of 300 nM BLM where ATPS is titrated at 1 M, 2 M, 4 M, 10 

M, and 100 M, respectively. (L) Langmuir binding isotherm fit to the data shown in (G)-(K).The 

nucleotide and BLM concentration used for each histogram is indicated on the graphs.    
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Supplementary Figure S16: Subtraction analysis performed on the data shown in Supplementary Figure 

S15. Four representative concentrations for BLM or ATPS titration are shown. (A)-(D) Subtraction 

analysis for data taken at 50 nM, 100 nM, 300 nM, and 1 M BLM concentration in the nt-free state, 

respectively. The reference state for this analysis was the nt-free state in the absence of BLM. (E)-(H) 

Subtraction analysis performed for data taken at 2 M, 4 M, 10 M, and 100 M ATPS concentration, 

respectively, in the presence of 300 nM BLM. The nt-free state, e.g. zero ATPS, in the presence of 300 

nM BLM was used as the reference state for the subtraction analysis in (E)-(H). The BLM and ATPS 

concentration used for each histogram are indicated on the graphs.    
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Quantifying the Change in BLM Binding Affinity to ssDNA at 150 mM K+ vs. 50 mM K+  

 Reducing the monovalent ion concentration from 150 mM to 50 mM does not only reduce the 

GQ stability but also increases the binding affinity of BLM to the overhang ssDNA. As both effects would 

result in increased BLM-mediated GQ unfolding in 50 mM, we sought to estimate the relative 

contribution of each effect. We used a partial duplex DNA with a 15 nt long unstructured polythymine 

ssDNA segment for these studies (pd-polyT15), and measured the equilibrium constant of BLM for 50 

mM and 150 mM Na+. Figure S17 shows these data which result in a 4.7 fold increase in Keq in 150 mM 

Na+ compared to 50 mM Na+. In comparison BLM-mediated GQ unfolding increased by 10.8 fold in 50 

mM K+ compared to 150 mM K+. Therefore, we conclude that the GQ stability contributes approximately 

a factor of 2.3 in this 10.8 fold increase in Keq. 

 

 

Supplementary Figure S17: The change in BLM binding affinity to ssDNA due to lower ionic strength is 

characterized by an smFRET assay. BLM binding to pd-polyT15 is quantified in  (A) 50 mM Na+ and (B) 

150 mM Na+. The fits are Langmuir binding isotherms.  
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BLM Binding to a Partial Duplex DNA with 5'-end 

 In order to determine whether the reduced BLM-mediated GQ unfolding observed for the GQ 

construct with 5' overhang is related to the ability of BLM to bind the 5'-overhang, we performed 

smFRET measurements similar to those presented in Figure 3 of the manuscript. Figure S18 shows these 

data and a schematic of the construct used in these studies, pd-polyT15-5', which is a partial duplex DNA 

with 15 thymine long  ssDNA overhang with 5' polarity.  pd-polyT15-5' is formed by hybridizing polyT15-

5' and DNA-Stem strands given in Table 1. Figure S18-A shows that 1 M BLM does not bind to pd-

polyT15-5' in 150 mM K+ in the nt-free state. The data representing these conditions are shown with 

dashed red curve in Figure S18-A as this curve has a nearly perfect overlap with the black solid curve 

representing the folded state in the absence of BLM. The solid blue curve in Figure S18-A represents the 

1 mM ATPS state which shows a small amount of BLM binding to the overhang. Reducing the K+ 

concentration to 50 mM did not have a significant influence on BLM-binding to pd-polyT15-5' in the nt-

free state however, significant binding (53%) is observed in the 1 mM ATPS state (Figure S18-B). 

 

   

Supplementary Figure S18: BLM binding to pd-polyT15-5' in 150 mM and 50 mM K+.  (A) 1 M BLM does 

not bind to pd-polyT15-5' in the nt-free state in 150 mM K+, but a small amount of binding is observed in 

1 mM ATPS. (B) Reducing the ion concentration to 50 mM K+ results in significant BLM binding in the 

ATPS state (blue curve) but not in the nt-free state (red curve).  
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Interactions of E. coli RecQ and human RECQ5 with GQ   

 Figure 7 of the manuscript shows interactions of E. coli RecQ and human RECQ5 with pd-hGQ12T 

in 50 mM Na+.  These measurements were initially performed with 50 mM K+ or 150 mM K+, which 

resulted in no detectable GQ unfolding.  Figure S19 shows these data in 50 mM K+ for RecQ and 150 mM 

K+ for RECQ5 in both nt-free and 1 mM ATPS states. For both RecQ and RECQ5 cases, the FRET peak 

representing the folded state shifts towards lower FRET. However, this shift is not large enough to 

account for GQ unfolding and most likely represents binding of RecQ or RECQ5 to the overhang.  As 

shown in Figure S1, the unfolded state for a DNA of this length in 50 mM K+ should have EFRET<0.40 since 

the unfolded state at 150 mM K+ has EFRET=0.40. The protein bound state should have EFRET  0.20. Since 

the shift we observe results in EFRET >0.40, these shifts do not represent unfolding of the GQ.  

 

 
Supplementary Figure S19: smFRET histograms showing interactions of RecQ and RECQ5 with pd-

hGQ12T in nt-free and ATPS states. (A) 300 nM RecQ does not unfold this GQ in 50 mM K+ in either nt-

free or ATPS state. The shift towards lower FRET upon adding RecQ represents binding of RecQ to the 

12 nt overhang. (B) 1 M RECQ5 does not unfold pd-hGQ12T in either nt-free or ATPS states. The slight 

shift towards lower FRET upon adding RECQ5 represents binding of RECQ5 to the 12 nt overhang.   
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BLM-GQ Complex Remains Dynamic at All BLM Concentrations 

 smFRET time traces were examined to determine whether at high BLM concentrations, multiple 

BLM molecules bind to the ssDNA that becomes available upon GQ unfolding. This would essentially 

result in a permanently unfolded GQ state. However, smFRET time traces show that even at 1 M BLM 

the system remains dynamic in saturating nucleotide concentrations. Figure S20 shows three example 

time traces that demonstrate these dynamics in the nt-free, 100 M AMP-PNP, or 100 M ATPS. These 

data demonstrate that GQ unfolds and refolds multiple times within 1-2 minute observation time, ruling 

out the possibility that GQ is locked in a permanently unfolded state.   

 
Supplementary Figure S20: Example smFRET time traces in 1 M BLM in (A) Nt-free; (B) 100 M AMP-

PNP; and (C) 100 M ATPS. The dynamics observed in such traces demonstrate that GQ is not 

permanently unfolded due to binding of multiple BLM molecules. 
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ABSTRACT

It is known that transcription can induce DNA
recombination, thus compromising genomic stabil-
ity. RECQ5 DNA helicase promotes genomic sta-
bility by regulating homologous recombination.
Recent studies have shown that RECQ5 forms a
stable complex with RNA polymerase II (RNAPII) in
human cells, but the cellular role of this association
is not understood. Here, we provide evidence
that RECQ5 specifically binds to the Ser2,5-
phosphorylated C-terminal repeat domain (CTD) of
the largest subunit of RNAPII, RPB1, by means of a
Set2–Rpb1-interacting (SRI) motif located at the
C-terminus of RECQ5. We also show that RECQ5
associates with RNAPII-transcribed genes in a
manner dependent on the SRI motif. Notably,
RECQ5 density on transcribed genes correlates
with the density of Ser2-CTD phosphorylation,
which is associated with the productive elongation
phase of transcription. Furthermore, we show that
RECQ5 negatively affects cell viability upon
inhibition of spliceosome assembly, which can
lead to the formation of mutagenic R-loop
structures. These data indicate that RECQ5 binds
to the elongating RNAPII complex and support the
idea that RECQ5 plays a role in the maintenance of
genomic stability during transcription.

INTRODUCTION

The numerous processes that occur in the nucleus during
cell proliferation have to be tightly coordinated to ensure
genome integrity and faithful genome propagation.
Transcription is known to stimulate DNA recombination,
thus affecting genome stability (1). This phenomenon,

called transcription-associated recombination (TAR),
has been linked to replication fork pausing that results
from the convergence of transcription and replication.
TAR has also been linked to the formation RNA :DNA
hybrids (R-loops) between the nascent transcript and the
template DNA strand, which increases the susceptibility
of the non-transcribed strand to damage or to the
formation of secondary structures that impair replication
fork progression (1). R-loops are formed when the
co-transcriptional assembly of mRNA-particle complexes
is impaired (1). For example, it has been shown that in-
activation of the human SR protein ASF/SF2, which is
required for spliceosome assembly, results in DNA frag-
mentation, cell-cycle arrest and genomic instability as a
consequence of R-loop formation (2). ASF/SF2 depletion
also leads to accumulation of stalled replication forks, and
chromosome breaks caused by ASF/SF2 deficiency occur
specifically in S-phase, preferentially at gene-rich regions
(3). These data suggest that TAR results as a consequence
of replication fork collapse at R-loops (3).
RECQ5 belongs to the RecQ family of DNA helicases

that play critical roles in the maintenance of genomic sta-
bility and cancer suppression (4). Recent studies in mam-
malian cells have established RECQ5 as an important
anti-recombination factor that acts by controlling the
assembly of the RAD51 filament on single-stranded
DNA (ssDNA), which catalyses the homology search
and strand invasion during homologous recombination
(HR) (5,6). RECQ5 binds directly to the RAD51 recom-
binase and disrupts the RAD51-ssDNA filament in
a reaction driven by ATP hydrolysis, thus preventing
homologous duplex invasion during HR (6). In accord-
ance with this finding, RECQ5-deficient cells versus
RECQ5-proficient cells show an increased efficiency of
HR-mediated DNA double-strand break (DSB) repair,
an elevated frequency of sister chromatid exchange, a
prolonged persistence of RAD51 foci in response to
DNA damage and an increased rate of chromosomal
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rearrangements (5,6). Moreover, RECQ5 has been shown
to accumulate at sites of DSBs and sites of replication
arrest in a manner dependent on the MRE11–RAD50–
NBS1 complex, a key player in DNA damage signaling
and repair (7).
A number of recent proteomic studies have revealed

that RECQ5 forms a stable complex with RNA polymer-
ase II (RNAPII) in human cells (7–9). The RECQ5–
RNAPII interaction is direct and is mediated by the
largest subunit of RNAPII, RPB1 (8). Knockdown of
the RECQ5 transcript in human cells has been found to
increase the transcription of several genes (9). Likewise,
RECQ5 has been shown to inhibit RNAPII transcription
in an in vitro system reconstituted using purified proteins
(10). Despite these findings, the function of RECQ5
during the RNAPII transcription cycle remains elusive.
Here, we provide evidence that RECQ5 associates with

RNAPII during the productive elongation phase of tran-
scription through direct binding to the C-terminal repeat
domain (CTD) of RPB1. Moreover, we show that deple-
tion of RECQ5 reduces the cellular sensitivity to
diospyrin, a plant-derived bisnaphthoquinonoid, which
interferes with spliceosome assembly, presumably by in-
hibiting DNA topoisomerase I (Top1)-mediated phos-
phorylation of ASF/SF2, and hence is likely to promote
formation of R-loops during RNAPII transcription (3,11).
These findings are discussed in light of a possible role for
RECQ5 in promoting genomic stability at sites of
RNAPII transcription.

MATERIALS AND METHODS

Plasmids, proteins and antibodies

The vector pTXB1 (New England Biolabs) was used for
bacterial expression of wild-type and mutant forms of
human RECQ5 as fusions with the self-cleaving chitin-
binding domain (CBD) tag. Construction of these
plasmids was previously described (12). The expression
vector for RECQ5 �908–954 (�SRI) was constructed
in the same way as the vector for RECQ5 �640–653
(12). Point mutations in RECQ5 were made using
QuickChange Site-Directed Mutagenesis Kit
(Stratagene). The vector pLexA-Km (Dualsystems) was
used for construction of the yeast two-hybrid bait
plasmids carrying different parts of the human RECQ5
cDNA. RECQ5 cDNA was amplified by PCR and
ligated in pLexA-Km via EcoRI and SalI sites in frame
with a LexA DNA-binding domain. Internal deletions and
point mutations of RECQ5 were subcloned from the
pTXB1 constructs. To express RECQ5 and its mutants
in human cells as N-terminal fusions with green fluores-
cent protein (GFP), the respective RECQ5 cDNA cloned
in the pTXB1 vector was PCR amplified using Phusion
high-fidelity DNA polymerase (Finnzymes) and the fol-
lowing set of primers: 50-AAACTCGAGCTATGAGCA
GCCACCATACC-30 and 50 AAAGAATTCTCTCTGG
GGGCCACACAGGCCTAA-30. The resulting amplicon
was digested and cloned into pEGFP-C1 (Clontech)
between the XhoI and EcoRI sites. The RECQ5 protein
and its mutants were produced in bacteria as fusions with

CBD and purified as described previously (13). The
antibodies used in this study are listed in Supplementary
Table S1.

Cell culture

HeLa, HEK293 and HEK293T cells were maintained in
DMEM (Gibco) containing 5% fetal calf serum (Gibco)
and 100 U/ml penicillin/streptomycin. Transfections of
HEK293 cells were carried out using the TransIT�-LT1
reagent according to the manufacturer’s instructions
(Invitrogen). Transfection efficiency was >90% as deter-
mined by visualization of GFP expression using a fluores-
cence microscope 48 h post-transfection. Transfection of
siRNA oligonucleotides (Microsynth) was carried out
using Lipofectamine RNAiMAX (Invitrogen) according
to manufacturer’s instructions. The following oligo-
nucleotides were used: siRECQ5#1 (sense strand): 50-CA
GGAGGCUGAUAAAGGGUUA-30; siRECQ5#2 (sense
strand): 50-GGAGAGUGCGACCAUGGCU-30; and
siCtrl (sense strand): 50-CGUACGCGGAAUACUUC
GA-30.

Yeast two-hybrid assay

The yeast two-hybrid screen for proteins that interact with
RECQ5 was carried out using Saccharomyces cerevisiae
strain L40 (MATa trp1 leu2 his3 LYS2::lexA-HIS3
URA3::lexA-lacZ), which was sequentially transformed
with the bait plasmid encoding the LexA-RECQ5
411-991 and a randomly primed human peripheral blood
cDNA library cloned into the BglII sites of pACT
(Clontech). Among the 1.4� 107 transformants tested
for histidine prototrophy and b-galactosidase staining,
198 positive clones were found. Clones carrying the
bait and prey plasmids were tested for b-galactosidase
activity using a pellet X-gal (PXG) assay as previously
described (14).

Far western assay

Far western assays were performed as described previ-
ously (15). Briefly, duplicate samples of �1.5 mg of the
purified proteins were separated on a 4–20% Criterion
gel (Bio-Rad). One half of the gel was stained with
Coomassie brilliant blue and the second half was
transferred to nitrocellulose membrane. The membrane
was incubated overnight at 4�C in blocking/renaturation
buffer, containing 1� PBS, 3% non-fat dry milk, 0.2%
Tween 20, 0.1% PMSF, 5mM NaF and 2mM
dithiothreitol. The nitrocellulose was then probed with
�300 000 cpm [32P]-labeled GSTyCTD fusion protein
that had been hyperphosphorylated with CTDK-I for
4 h at 4�C. After extensive washing, the nitrocellulose
was air-dried and subjected to autoradiography.

Immobilized CTD peptide binding assay

Synthetic biotinylated peptides were dissolved in PBS and
incubated with 300 ml of TetraLink Tetrameric Avidin
Resin (Invitrogen) for 45min at room temperature (RT).
The peptide concentrations in the column onput,
flow-through and wash fractions were monitored by
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absorbance at 280 nm and these values were used to
approximate the amount of peptide on the column.
Generally, 30–50 mg of biotinylated peptide was
conjugated to the 300 ml column. The peptide columns
were stored in PBS at 4�C and were stable for �2
months. Approximately 10–15mg of purified protein and
50mg insulin were dissolved in PBS for a final volume of
500 ml as the onput; 450 ml of the onput was applied to the
peptide resin and incubated for 20min at RT with mixing
every for 5min. The flow-through and two washes with
half-column volumes of PBS were collected. The resin was
then extensively washed with 5ml of buffer containing
25mM HEPES (pH 7.6), 8% glycerol, 150mM NaCl
and 0.1mM EDTA (HGNE150). The bound protein was
then eluted with four half-column volumes of HGNE300
and four half-column volumes of HGNE1000. The resin
was regenerated with 5ml HGNE1000 and 5ml PBS.
Samples were analyzed by SDS–PAGE followed by
Coomassie blue staining.

CBD pull-down assay

CBD-tagged RECQ5 and its variants were produced
in Escherichia coli BL21-CodonPlus(DE3)-RIL cells
(Stratagene) and immobilized on chitin beads (20 ml;
New England Biolabs) as previously described (7). Beads
were incubated for 2 h at 4�C with a total extract from
HEK293T cells (600mg of protein) in a volume of 500 ml
of buffer TN2 [50mM Tris–HCl (pH 8), 120mM NaCl,
20mM NaF, 15mM sodium pyrophosphate and 0.5%
(v/v) NP-40] supplemented with 1mM benzamidine,
0.2mM PMSF, 0.5mM sodium orthovanadate and
protease inhibitor cocktail (Roche) and then were
washed three times with buffer TN2. Bound proteins
were released from the beads by addition of 25 ml of 3�
SDS-loading buffer followed by incubation at 95�C
for 7min. Eluted proteins were separated by 10% SDS–
PAGE and analyzed by western blotting using the
indicated antibodies. RECQ5 was detected by Ponceau S
staining.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) assays were
performed using the ChIP-IT Express kit from Active
Motif (Carlsbad, CA, USA) according to manufacturer’s
instructions. Briefly, HeLa or 293 (mock or GFP-RECQ5
transfected) cells grown to 70-80% confluency were
crosslinked with 1% formaldehyde (Sigma) at RT for
10min, and glycine (0.125M) was added to stop the
reaction. Isolated nuclei were then sheared using a
Bioruptor sonicator (Diagenode, Liege, Belgium) to
obtain chromatin fragments between 200 and 500 bp.
Ten percent of the sonicated chromatin was reserved for
use as an input DNA control. For each ChIP reaction,
�6.3mg of crosslinked chromatin were immun-
oprecipitated overnight at 4�C with 4 mg of a specific
antibody or control IgG. After elution of immune
complexes and reversion of crosslinking, DNA was re-
covered by using the QIAquick PCR Purification Kit
(Qiagen).

Quantitative real-time PCR

The amount of immunoprecipitated DNA in each ChIP
reaction was measured by quantitative real-time PCR
(qPCR) using a Roche LightCycler 480 Real-Time PCR
System and a Roche LightCycler 480 DNA SYBR Green I
Master. Primer sequences used for the qPCR reactions are
listed in Supplementary Table S2. Specificity of target
amplification was confirmed by agarose gel electrophor-
esis and melting curve analysis. For each primer pair, a
series of 5-fold dilutions of input DNA were used to
generate a linear standard curve in which the crossing
point was plotted versus log10 of template concentration.
Primer pair efficiency was calculated from these data as
E=10(�1/slope), and primer pairs with E> 1.8 were used
for qPCR. For data analysis, Pfaffl’s method was used
(16). Fold enrichment of immunoprecipitated target
regions was expressed as ratio of the amount of DNA
estimated for a specific antibody versus the amount of
DNA estimated for the control IgG antibody. All qPCR
reactions were performed at least six times using DNA
template obtained from two independent ChIP experi-
ments. The data were plotted using GraphPad Prism
software as mean±SEM.

Helicase assay

PAGE-purified DNA and RNA oligonucleotides used for
helicase assays were purchased from Microsynth. The se-
quences are: deoxy-18 (d18): 50-tcc cag tca cga cgt tgt-30;
ribo-18 (r18): 50-ucc cag uca cga cgu ugu-30. The oligo-
nucleotides were 50-end labeled with T4 polynucleotide
kinase and g[32P]ATP (GE HealthCare) and annealed to
M13mp2 ssDNA at a 1 : 1 (mol/mol) ratio in the presence
of 20mM Tris–HCl (pH 7.4) and 150mM NaCl. For
helicase assays, RECQ5 at concentrations ranging from
0 to 360 nM was incubated either with 1 nM M13mp2/
d18 or with 1 nM M13mp2/r18 substrate for 30min at
37�C in 10 ml of 33mM Tris–acetate buffer (pH 7.9) con-
taining 10mM Mg-acetate, 66mM K-acetate, 0.1mg/ml
BSA and 2mM ATP. Helicase reactions were stopped
by addition of 2.5 ml of 5� stop dye (100mM EDTA,
60% glycerol, 1.5% SDS, 0.1% bromophenol blue and
0.1% xylene cyanol). Products were separated by electro-
phoresis on 15% native polyacrylamide gels in TBE buffer
and visualized by autoradiography.

Cell viability assay

Cell viability was measured using Resazurin Fluorimetric
Cell Viability Assay Kit (Biotium, Inc.) according to the
manufacturer’s instructions. Briefly, HeLa cells were
seeded at the confluency of 20% in 10-cm plates. After
24 h, cells were transfected with appropriate siRNA as
described above. One day after transfection, siRNA-
treated cells were harvested and seeded in a 96-well plate
at a density of 10 000 cells/well in a volume of 100 ml of
DMEM containing fetal calf serum and penicillin/
streptomycin. Next day, cells were treated with different
concentrations of diospyrin (compound D1; obtained
from Dr Banasri Hazra of Jadavpur University,
Kolkata) ranging from 0 to 100 mM. Experiments were
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carried out in hexaplicates for each drug concentration.
After 24 h, cells were washed gently once with pre-warmed
PBS, and then a mixture of resazurin and DMEM (100 ml)
in a ratio 1 : 10 was added in to each well. After 4 h of incu-
bation at 37�C, cell viability was monitored by measuring
fluorescence with excitation wavelength at 540 nm and
emission wavelength at 590 nm in a SpectraMax reader
M5 (Molecular Devices). The fluorescent signal generated
from the assay is directly proportional to the number of
living cells in the sample. The percentage of survival of
diospyrin-treated cells was calculated relative to mock
(DMSO)-treated cells and plotted using GraphPad Prism
as mean±SD

RESULTS

RECQ5 binds to the CTD of RNAPII through
a conserved motif

In a yeast two-hybrid screen for proteins that interact with
the non-conserved C-terminal region of human RECQ5
(amino acids 411–991 fused to the LexA DNA-binding
domain), we isolated a clone from a human peripheral
blood cell cDNA library that encoded the CTD of the
largest subunit of RNAPII, RPB1 (amino acids 1266–
1970). This domain consists of evolutionary conserved
repeats of the heptapetide sequence YSPTSPS that serve

as a binding platform for proteins involved in transcrip-
tion and mRNA processing (17–19). Thus, our finding
suggests that RECQ5 is a novel RNAPII CTD-binding
protein.

During transcription, the CTD undergoes dynamic
phosphorylation on serine residues, producing different
phosphorylation patterns that predominate in individual
stages of the transcription cycle and determine the recruit-
ment of a specific set of proteins (17–19). Using the
MotifScan software, we found that the extreme
C-terminal region of RECQ5 (amino acids 910–950)
contains a putative phospho-CTD (P-CTD)-binding
motif, called a Set2–Rpb1-interacting (SRI) domain
(Figure 1A). This motif was initially identified as a
Ser2,5 P-CTD-binding module in the yeast methyl-
transferase Set2, which catalyses histone H3 lysine 36
methylation during transcription (20). NMR studies
on the SRI domains of the yeast Set2 and its human
homologue SETD2 have revealed a novel CTD-binding
fold consisting of a left-turned three-helix bundle
(21,22). RECQ5 appears to contain only helices 1 and 2
that form the CTD-binding surface.

To show that the putative SRI motif of RECQ5 is
important for RECQ5 binding to the CTD of RNAPII,
we deleted it (amino acids 908–954) from the bait plasmids
carrying the full-length RECQ5 and RECQ5 411–991,

Figure 1. RECQ5 binds to the CTD of RNAPII through a SRI motif. (A) RECQ5 contains a CTD-binding motif. Top panel: domain organization
of RECQ5. R51B, RAD51-binding domain; PIM, PCNA-interacting motif. Bottom panel: alignment of RECQ5 homologues with selected Set2
homologues carried out using ClustalX. The locations of the SRI and PIM motifs are indicated by black lines. (B) Interaction of RECQ5 and its
mutants with the RNAPII CTD in the yeast two-hybrid system. Clones carrying the bait (RECQ5) and prey (CTD) plasmids were tested for
b-galactosidase activity using the pellet X-gal assay. Blue color indicates positive interaction. (C) Plot of absorbance at 620 nm measured after 35min
in individual wells of the ELISA plate shown in (B) relative to wells with empty bait vector. The values represent the mean of three experiments.
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respectively. The resulting constructs were tested for yeast
two-hybrid interaction with the CTD prey plasmid
isolated in our yeast two-hybrid screen. We found that
neither of these mutants interacted with RNAPII CTD
(Figure 1B and C). In contrast, the full-length RECQ5
as well as RECQ5 411-991 showed positive yeast
two-hybrid interaction with CTD (Figure 1B and C). A
previous study demonstrated that human CTD was
phosphorylated when expressed in yeast (23). Thus, our
data suggest that RECQ5 binds to the P-CTD of RNAPII
by means of the SRI domain.

It has been shown that RECQ5 binds to RNAPII
through a region including amino acids 396–617 (9).
Using a series of internal deletion variants of RECQ5,
we mapped more precisely the boundaries of this
domain to amino acids 515 and 640, respectively
(Supplementary Figure S1). Hereafter, this domain is
referred to as the Internal RNAPII-interacting (IRI)
domain. A deletion of the proximal part of the IRI
domain of RECQ5 that spans amino acids 515–568
(�IRI) completely abolished binding of RECQ5 to the
hypophosphorylated form of RNAPII (RNAPIIA)
(Supplementary Figure S1C, Lane 4). In contrast, yeast
two-hybrid analysis indicated that the RECQ5 �IRI
mutant bound to the RNAPII CTD to a similar extent
as wild-type RECQ5 (Figure 1B and C). Likewise, an
N-terminally truncated variant of RECQ5 of amino
acids 541–991 was found to interact with the RNAPII
CTD in the yeast two-hybrid system, although it was de-
fective in interacting with RNAPIIA (Figure 1B and C,
and data not shown).

RECQ5 specifically binds to Ser2,5-phosphorylated
CTD heptapeptide repeats

As an initial test of P-CTD binding, purified recombinant
versions of RECQ5 were subjected to SDS–PAGE and far

western analysis using a 32P-labeled GSTyCTD fusion
protein phosphorylated on Ser2 and Ser5 by yeast
CTDK-I (binding probe is expected to carry �25 doubly
phosphorylated repeats). The full-length RECQ5 bound
very well to the P-CTD fusion protein (Figure 2A, Lane
1), whereas RECQ5 deleted for the SRI domain did
not bind appreciably (Figure 2A, Lane 3). Likewise, a
C-terminal fragment containing the SRI domain
(residues 675–991) bound to P-CTD-like full-length
RECQ5, but a similar fragment lacking the SRI domain
did not show any binding (Figure 2A, Lanes 4 and 5).
Notably, RECQ5 missing only the IRI domain bound
P-CTD almost as well as the wild-type protein (Figure
2A, Lane 2 versus 1). These data indicate that RECQ5
binding to the P-CTD requires the SRI domain.
To check whether the SRI domain of RECQ5 has the

same binding specificity as the SRI domain of Set2 (22),
synthetic biotinylated peptides with three consensus CTD
heptapeptide repeats were immobilized on avidin-coated
beads to create affinity resins. Because the full-length
RECQ5 showed significant background interaction
with the TetraLink resin, we used the C-terminal
fragment of RECQ5 with and without the SRI domain
for the peptide-binding experiments. Binding was
evaluated with four different phosphorylated peptides:
(i) a non-phosphorylated peptide (NP); (ii) a peptide
with phospho-serines at position 2 of each repeat (2P3);
(iii) a peptide with phospho-serines at position 5 of each
repeat (5P3); and (iv) a peptide with phospho-serines at
positions 2 and 5 of each repeat (2,5P3) (Figure 2B). The
RECQ5 675-991 protein bound well to the resin with the
2,5P3 peptide: the protein was depleted from the column
flow-through fraction and was only eluted from the resin
by 1M NaCl (Figure 2C, top panel). In contrast, RECQ5
675–991 did not bind detectably to resins with the NP,
2P3 or 5P3 peptides (Figure 2C, top panel). Moreover,

Figure 2. Effect of CTD phosphorylation status on RECQ5–CTD interaction. (A) Binding of RECQ5 and its mutants to in vitro phosphorylated
CTD. Top panel: Coomassie stained gel. Bottom panel: far western blot probed with 32P-labeled GSTyCTD fusion protein hyperphosphorylated with
CTDK-I. (B) Depiction of synthetic three-repeat CTD peptides used for the binding assay. The serines in blue are phospho-serines. (C) Immobilized
peptide-binding assay of RECQ5 675-991 on the four synthetic peptides. Fractions were analyzed by SDS–PAGE with Coomassie blue staining. OP,
onput; FT, flow-through; W1 and W2, washes.
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RECQ5 675-991�SRI was unable to bind to the 2,5P3

column, confirming that the SRI domain of RECQ5 is
required for interaction with the phosphorylated CTD
(Figure 2C, bottom panel). These results substantiate
that the SRI domain of RECQ5, like the SRI domain of
Set2, binds directly and specifically to CTD repeats with
phospho-serines at positions 2 and 5.

The SRI, but not IRI, domain of RECQ5 mediates its
binding to the hyperphoshorylated form of RNAPII

Next we compared the binding capabilities of wild-type
and mutant forms of RECQ5 to RNAPII holoenzyme
from human cells. To do so, RECQ5 proteins were
produced in bacteria as fusions with a CBD, bound to
chitin beads and incubated with a total extract of
HEK293T cells. RNAPII binding was analyzed by
western blotting using two different mouse monoclonal
antibodies against the RNAPII CTD: (i) H5 that recog-
nizes CTD repeats containing phospho-Ser2 and hence
selectively detects the hyperphosphorylated form of
RNAPII (IIO); and (ii) 7C2 that recognizes CTD repeats
irrespective of their phosphorylation status and, therefore,
can detect both RNAPIIO and RNAPIIA. As expected,
wild-type RECQ5 was found to bind both forms of
RNAPII (Figure 3, Lane 3). RECQ5 �IRI was impaired
in binding to RNAPIIA but exhibited binding to
RNAPIIO with an extent similar to that of wild-type
RECQ5 (Figure 3, Lane 4). On the contrary, RECQ5
�SRI showed binding to RNAPIIA but was impaired in
interacting with RNAPIIO (Figure 3, Lane 5). These data
indicate that the binding of RECQ5 to the hyper-
phosphorylated form of RNAPII is mediated by the SRI
domain of RECQ5.

RECQ5 associates with RNAPII-transcribed genes
within the region of productive elongation

RNAPII binds to the promoter with a CTD in the
non-phosphorylated state. CTD phosphorylation on
Ser5 is one of the first steps in transcription initiation
and leads to the movement of the transcription complex
to a promoter-proximal pausing site. The escape of
RNAPII from the pausing site and subsequent productive
elongation of the transcript is associated with Ser2 phos-
phorylation of the CTD repeats (19). To investigate the
interaction between RECQ5 and RNAPII during the tran-
scription cycle, we used ChIP to characterize the distribu-
tion of RECQ5 along constitutively expressed genes. We
chose two genes, the ACTG1 gene encoding g-actin
(3.1 kb) and the DHFR gene encoding dihydrofolate re-
ductase (30 kb) (Figure 4A and B, top panels), which were
used previously to dissect the distribution of RNAPII and
its phosphorylated isoforms along the transcriptional unit
(24). Exponentially growing HeLa cells were crosslinked
with formaldehyde. Isolated chromatin fraction was
sonicated to shear the genomic DNA into small fragments
ranging from 200 to 500 bp and subjected to immunopre-
cipitation using the following antibodies: (i) 8WG16 that
specifically recognizes non-phosphorylated CTD repeats;
(ii) ab5095 that specifically binds to phospho-Ser2 in
CTD; and (iii) anti-RECQ5 antibody raised against the

C-terminal fragment of RECQ5 spanning amino acids
675–991. After reversing the crosslinks, ChIP-enriched
DNA fragments were subjected to qPCR analysis using
primers amplifying the core promoter, different regions
within the transcriptional unit and an intergenic region
located downstream of each gene (Figure 4A and B, top
panels). Amplicon sizes ranged between 109 and 174 bp.
In agreement with the published data (24), we found that
the non-phosphorylated RNAPII was bound exclusively
to the core promoter of the tested genes (Figure 4).
Ser2-phosphorylation of RNAPII was nearly absent at
the core promoter and accumulated in the body of each
gene (Figure 4). On both genes, the phospho-Ser2 signal
dramatically dropped in the 30-untranslated region
(30-UTR) and reached intergenic background levels
(Figure 4). Although RECQ5 could bind to the
hypophosphorylated form of RNAPII, it showed a rela-
tively low occupancy at the promoter region (Figure 4).
Notably, the RECQ5 distribution pattern was almost
identical to that of phospho-Ser2-CTD (Figure 4). Thus,
our data suggest that, during the RNAPII transcription
cycle, RECQ5 associates with the productive elongation
complex most likely through binding to Ser2,5 P-CTD.

The SRI, but not IRI, domain of RECQ5 mediates its
association with RNAPII-transcribed genes

To investigate which of the two RNAPII-binding domains
of RECQ5 is responsible for the observed accumulation
of RECQ5 at the coding regions of the ACTG1 and
DHFR genes, the full-length RECQ5, RECQ5 �IRI,
RECQ5 �SRI and RECQ5 �IRI�SRI, respectively,
were ectopically expressed in HEK293 cells as fusions
with GFP (Supplementary Figure S2) and subjected to

Figure 3. Binding of RECQ5 and its mutants to RNAPIIA and
RNAPIIO. Chitin beads coated with either wild-type (WT) or mutant
forms (�IRI or �SRI) of RECQ5 produced in bacteria as fusions
with the CBD were incubated with HEK293T cell extract. RNAPII
binding was analyzed by western blotting using the H5 antibody that
recognizes RNAPIIO (top panel) and 7C2 antibody that recognizes
both RNAPIIA and RNAPIIO (middle panel). RECQ5 proteins were
visualized by Ponceau S staining (bottom panel). Lane 1, 2% of input
material.
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ChIP analysis using an anti-GFP antibody. In control
ChIP experiments, cells were transfected with empty
vector expressing GFP only. The results obtained from
the qPCR analysis clearly indicated that the SRI domain
of RECQ5 was essential for the binding of RECQ5 to
the coding regions of the ACTG1 and DHFR genes
(Figure 5). In contrast, the IRI domain of RECQ5 was
found to be dispensable for its association with these genes
(Figure 5). To confirm our finding, we also examined the
binding of RECQ5 and its mutants to the coding regions
of two other genes, namely CDKN1A (encoding p21) and
HSP70-2. As expected, GFP-tagged wild-type RECQ5
was largely enriched at the coding region of these two
genes (Figure 5). The mutants lacking the SRI domain,
RECQ5 �SRI and RECQ5 �IRI�SRI, failed to accumu-
late at these regions, while the RECQ5 �IRI mutant

showed similar fold of enrichment as wild-type RECQ5
(Figure 5).
Point mutagenesis studies on the SRI domain of human

SETD2 identified several residues as critical for P-CTD
binding (22). We generated mutations in equivalent
residues of RECQ5 (F938L, K939A and R943A). Out of
these, the R943A mutation completely abolished the inter-
action of RECQ5 411–991 with the CTD in the yeast
two-hybrid system (Supplementary Figure S3A).
Likewise, the R943A mutation abolished the association
of RECQ5 with the coding region of the ACTG1 gene
(Supplementary Figure S3B).
Taken together, our results indicate that out of the two

RNAPII-interacting domains of RECQ5, the SRI domain
is necessary and sufficient to mediate the association of
RECQ5 with the coding regions of RNAPII-transcribed

Figure 4. Distribution of RECQ5 and RNAPII along the ACTG1 and DHFR genes. (A) and (B) Top panels: schematic depiction of the ACTG1
and DHFR genes showing the locations of the transcription start site (+1), exons (grey boxes) and introns (lines connecting the grey boxes), the start
codon (ATG), the stop codon (TAA) and the polyadenylation signal (AATAAA). The location of the amplicons used in qPCR analysis is also
shown. The positions of the central base pair of each amplicon relative to the transcription start site are given in Supplementary Table S2. (A) and
(B) Bottom panels: plots of data from qPCR analysis. ChIPs of HeLa cells were performed with the 8WG16 antibody that specifically recognizes the
non-phosphorylated CTD (non-P-CTD) of RNAPII, the ab5095 antibody that specifically recognizes the Ser2 phosphorylated CTD (Ser2 P-CTD) of
RNAPII and anti-RECQ5 antibody. Fold enrichment was calculated as a ratio of the amount of DNA estimated for a specific antibody versus the
amount of DNA estimated for the control IgG. The amplification of an intergenic region served as an internal background control.
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genes. Moreover, these data imply that the recruitment of
RECQ5 to the sites of transcription is dependent on Ser2,5
phosphorylation of the RNAPII CTD.

RECQ5 negatively affects cell viability upon inhibition
of spliceosome assembly

To understand the functional role of RECQ5 during
RNAPII transcription, we explored the possibility that
RECQ5 is involved in the cellular response to
co-transcriptionally formed R-loops. To this end, we
first examined whether RECQ5 could unwind an RNA :
DNA hybrid duplex prepared by annealing of a synthetic
18-mer RNA oligonucleotide to M13mp2 ssDNA. We
found that RECQ5 failed to unwind this structure
although it could unwind the corresponding DNA :
DNA duplex (Supplementary Figure S4). This finding
suggests that RECQ5 does not disrupt R-loops in vivo.
Next, we evaluated the effect of RECQ5 depletion on

cell survival upon inhibition of spliceosome assembly,
which leads to the formation of R-loops. To do so,
RECQ5 was down-regulated in HeLa cells by RNA
interference using two different siRNAs (Figure 6A).
RECQ5-proficient and RECQ5-deficient cells were
treated with diospyrin that blocks spliceosome assembly.
It was shown that this Top1 kinase inhibitor caused the
same phenotypic defects as ASF/SF2 depletion (3).
Surprisingly, we found that RECQ5-proficient cells dis-
played a much higher sensitivity to diospyrin than
RECQ5-deficient cells (Figure 6B). These data suggest
that RECQ5 negatively affects cell viability in conditions
leading to the formation of R-loops.

DISCUSSION

Genetic ablation of RECQ5 helicase in mice results in
genomic instability and cancer susceptibility (6). Studies
in mouse and human cells have suggested that RECQ5

regulates HR by promoting disassembly of the RAD51
presynaptic filament (6). However, RECQ5 was also
found to interact with RNAPII in human cells, suggesting
a role in transcription (7–9). In this work, we provide
evidence that RECQ5 associates with RNAPII during
the productive elongation phase of transcription through
direct binding to the Ser2,5 P-CTD of RPB1 by means of a
SRI motif located at the C-terminus of RECQ5. Although
RECQ5 could also bind to hypophosphorylated form of
RNAPII through an additional domain, herein referred as
IRI domain, it showed relatively low occupancy at the
promoter regions of RNAPII-transcribed genes, excluding
a role for RECQ5 during transcription initiation. In
addition, we show that RECQ5 negatively affects cell
viability upon inhibition of spliceosome assembly, which
can induce the formation of mutagenic R-loop structures.
Moreover, we demonstrate that RECQ5 cannot unwind
RNA : DNA duplexes in vitro, which excludes the possi-
bility the RECQ5 directly disrupts R-loops. Together,
these findings suggest that RECQ5 might play a role in
the maintenance of genomic stability during RNAPII
transcription.

Recently, Islam et al. (25) have also reported that the
SRI domain of RECQ5 mediates its binding to the
hyperphosphorylated form of RNAPII in human cells.
In addition, these authors have found that the IRI
domain of RECQ5 shares extensive homology with the
so-called KIX domain identified as a protein interaction
module in several RNAPII transcription regulators.
In agreement with our results, they demonstrated that

Figure 6. RECQ5 depletion alleviates sensitivity of human cells to
diospyrin. (A) Western blot analysis of extracts of HeLa cells trans-
fected with RECQ5 siRNA (siRECQ5 #1 and 2) and control siRNA
(siCtrl), respectively. Cells were harvested 72 h post-transfection.
Blots were probed with antibodies against RECQ5 and b-tubulin
(loading control). (B) Graph showing the percentage survival of
RECQ5-proficient and RECQ5-deficient cells after treatment with dif-
ferent concentrations of diospyrin. Cell viability assays were performed
as described in ‘Materials and Methods’ section. Each data point rep-
resents mean ± SD (n=6). IB, immunoblotting.

Figure 5. The SRI domain of RECQ5 mediates its association with
RNAPII-transcribed genes. HEK293 cells were transfected either
with empty vector (mock) or with vectors expressing wild-type (WT)
or mutant (�IRI, �SRI or �IRI�SRI) forms of RECQ5 as fu-
sions with GFP. Forty-eight hours post-transfection, chromatin was
immunoprecipitated by anti-GFP antibody and subjected to qPCR
analysis using primer pairs complementary to the coding regions of
the ACTG1, DHFR, CDKN1A and HSP70-2 genes (Supplementary
Table S2). Fold enrichment was calculated as a ratio of the qPCR
values obtained with RECQ5-transfected cells versus mock-transfected
cells.
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mutations at conserved residues in the IRI/KIX domain
of RECQ5 abolished the interaction of RECQ5 with
RNAPIIA, but not with RNAPIIO (25). However, in
contrast to our observations, Islam et al. (25) found that
the IRI/KIX domain of RECQ5 could bind to both
RNAPIIA and RNAPIIO. This discrepancy may arise
from the use of different experimental approaches.
Whereas we analyzed binding of RNAPII from a cell
extract to beads coated with recombinant RECQ5
protein produced in bacteria, Islam et al. (25) monitored
RECQ5–RNAPII complex formation in vivo by
immunoprecipitation. Thus, it is possible that efficient
binding of the IRI/KIX domain of RECQ5 to
RNAPIIO is dependent on a post-translational modifica-
tion of RECQ5, which is absent if the protein is produced
in bacteria. Nevertheless, our ChIP experiments clearly
show that the IRI/KIX domain of RECQ5 does not
play a role in the association of RECQ5 with the coding
regions of RNAPII-transcribed genes, where the RNAPII
CTD exists in the hyperphosphorylated state. Further
studies are needed to elucidate the complex mode of the
RECQ5–RNAPII interaction. In particular, the site of
interaction for the IRI/KIX domain of RECQ5 on
RNAPII needs to be determined.

What is the exact role of RECQ5 during the elongation
phase of RNAPII transcription? Our experiments with
diospyrin suggest that RECQ5 might be involved in the
suppression of the DNA-damaging effects of RNAPII
transcription rather than in the repair of transcription-
induced DNA damage. Interestingly, a recent study by
Aygun et al. (10) showed that RECQ5 could directly
inhibit RNAPII transcription in vitro in a manner depend-
ent on its IRI/KIX domain, which led the authors to
propose a model in which RECQ5 promotes genome sta-
bility by regulating RNAPII transcription itself. In line
with this hypothesis, Islam et al. (25) demonstrated that
the IRI/KIX, but not the SRI, domain of RECQ5 was
required for suppression of sister chromatid exchange
and resistance to camptothecin-induced DNA damage.
However, it should be noted that the in vitro transcription
system used by Aygun et al. (10) lacked CTD kinase
activity responsible for CTD phosphorylation on Ser2
during transcription. Our experiments with the RECQ5
�SRI mutant have indicated that hyperphosphorylation
of RNAPII prevents binding of RECQ5 to RNAPII via
the IRI/KIX domain, suggesting that Ser2 CTD phos-
phorylation may alleviate the inhibitory effect of
RECQ5 on RNAPII transcription so that RECQ5 could
not affect RNAPII transcription during productive elong-
ation in vivo. However, it is possible that a formation of an
R-loop during transcription could trigger a domain inter-
action switch in the RECQ5–RNAPII complex to adopt
the inhibitory arrangement, which would prevent further
extension of the R-loop structure and hence diminish its
DNA-damaging effect. Our finding of negative effect of
RECQ5 on cell viability under conditions that favor
R-loop formation is consistent with this hypothesis.
Future work will clarify the molecular mechanism of this
phenomenon to shed light on the biological processes that
enforce genomic stability during transcription.

SUPPLEMENTARY DATA
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Supplementary Table 1. Antibodies used in this study. 
 
Name Description Source/Reference Catalogue 

number 
RNA Polymerase 
II 8WG16 
antibody 

Mouse monoclonal 
IgG2a antibody 
recognizing the non-
phosphorylated form of 
RNAPII CTD repeat 
YSPTSPS (used for 
ChIP) 

Covance MMS-126R 

RNA Polymerase 
II H5 antibody 

Mouse monoclonal IgM 
antibody recognizing 
the phosphoserine 2 
version of RNAPII 
CTD repeat YSPTSPS 
(used for Western blot) 

Covance MMS-129R 

RNA Polymerase 
II CTD repeat 
YSPTSPS 
(phospho S2) 
antibody 

Rabbit polyclonal 
antibody recognizing 
the phosphoserine 2 
version of RNAPII 
CTD repeat YSPTSPS 
(used for ChIP) 

Abcam ab5095 

RNA polymerase 
II 7C2 antibody 

Mouse monoclonal 
antibody that 
recognizes CTD 
irrespective of its 
phosphorylation status 
(used for Western blot) 

A kind gift from 
Prof. Jean Marc 
Egly 

 

RECQ5 antibody Rabbit polyclonal 
antibody raised against 
C-terminal fragment of 
RECQ5 (amino acids 
675-991) 

Kanagaraj et al 
(2006)  

 

GFP antibody Rabbit polyclonal 
antibody against GFP 
(used for ChIP) 

Abcam ab290 

β Tubulin (D-10) 
antibody 

Mouse monoclonal 
antibody raised against 
a recombinant protein 
corresponding to amino 
acids 210-444 of human 
β-tubulin 

Santa Cruz sc-5274 

Sheep anti-mouse 
IgG HRP 

Secondary antibody 
used for Western blot  

GE Healthcare NA931V 

Goat anti-mouse 
IgM HRP  

Secondary antibody 
used for Western blot 

Southern Biotech  1021-05 

 



Supplementary Table 2. Sequences of primers and parameters of amplicons used for 
quantitative real time PCR analysis. 
 
Amplicon Sequences of primers Annealing 

temperature 
(°C) 

Length of 
amplicon 
(bp) 

Central bp 
position 
relative to 
TSS 

ACTG1     
1 FOR: 5′-ggaaagatcgccatatatggac-3′ 

REV: 5′-tcaccggcagagaaacgcgac-3′ 
57 174 -15 

2 FOR: 5′-gctgttccaggctctgttcc-3′ 
REV: 5′-atgctcacacgccacaacatgc-3 

57 134 +1055 

3 FOR: 5′-gtgacacagcatcactaagg-3′ 
REV: 5′-acagcaccgtgttggcgt-3 

57 134 +1722 

4 FOR: 5′-tctgtcagggttggaaagtc-3′ 
REV: 5′-aaatgcaaaccgcttccaac-3 

57 114 +2605 

5 FOR: 5′-gtgacacagtgagaccctat-3′ 
REV: 5′-gatttgtaggcgttctttac-3 

57 110 +4837 

DHFR     
1 FOR: 5′-ctgcacctgtggaggagga-3′ 

REV: 5′-tccttgccctgccatgtctc-3′ 
50 143 +196 

2 FOR: 5′-gttctatagtcactgcatcttagtc-3 
REV: 5′-tgctaattctggttgttcagtaag-3 

50 168 +16967 

3 FOR: 5′-gagtatgtttctgtcttagattgg-3 
REV: 5′-atgagaacctgctcgctgac-3 

50 168 +26533 

4 FOR: 5′-ttgtttcagggacagggtctt-3 
REV: 5′-ctgtggtgggaagatggct-3 

50 109 +46523 

CDKN1A FOR: 5′-ccagctgggctctgcaatt-3′ 
REV: 5′-ccttccagtccattgactg-3′ 

54 129 +7907 

HSP70-2 FOR: 5′-cgtgctcatctttgacctgg-3′ 
REV: 5′-ggtggctcaccatgcggttg-3′ 

54 140 +1042 

 
Note that ACTG1-3 and DHFR-2 amplicons were used for qPCR analysis shown in Figure 5. 
TSS, transcription start site; FOR, forward primer; REV, reverse primer; bp, base pair. 



 
 
 
 
 
Figure S1. Mapping the RNAPII-interacting domain in RECQ5. (A) Domain organization of 
human RECQ5 and schemes of RECQ5 deletion variants used in this study. RQC, RecQ C-
terminal domain, which contains a Zn2+-binding motif that is essential for the helicase activity of 
RECQ5; PIM, PCNA-interacting motif. The dashed lines indicate the location of the RNAPII-
interacting domain. (B,C) CBD pull-down assay. The indicated RECQ5 variants were produced in 
E. coli as fusions with the chitin-binding domain (CBD) and bound to chitin beads. Beads were 
incubated with a 293T cell extract and RNAPII binding was analyzed by Western blotting using 
the 7C2 antibody that binds to RNAPII CTD repeats irrespective of the phosphorylation status. 
Blots were also stained with Ponceau S to visualize RECQ5 and its variants. Note that phosphatase 
inhibitors were not included in these assays so that RNAPII is predominantly in the 
hypophosphorylated state. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
Figure S2. Expression of recombinant GFP-RECQ5 protein and its mutants in HEK293 cells. (A) 
Western blot analysis of extracts of HEK293 cells transiently transfected with constructs expressing 
GFP-tagged wild-type (WT) RECQ5 or its mutants (as indicated) or empty vector (EV). Transient 
transfection of expression vectors was performed as described in Materials and Methods. 48 hours 
post-transfection, whole-cell extracts (20 µg of total protein) were analyzed by Western blotting 
using antibodies against RECQ5 and β-tubulin (loading control). The arrow indicates the position of 
endogenous RECQ5 protein. Note that the endogenous RECQ5 in lanes 2-5 is masked by 
degradation products of recombinant RECQ5 proteins (B) Subcellular localization of GFP-RECQ5 
and its mutants over-expressed in HEK293 cells. 48 hours post-transfection, cells were fixed with 
ice-cold methanol at -20 °C for 30 minutes. Fixed cells were washed thrice with PBS and mounted 
on slides using Vectashield mounting medium containing DAPI (Vector Laboratories, Inc.). Images 
were captured on an Olympus IX81 fluorescence microscope with a CCD camera (Orca AG, 
Hamamatsu) using cellR software (Olympus). IB: immunoblot. 



 
 
 
 
 

Figure S3. Mutational analysis of the conserved residues in the SRI domain of RECQ5. (A) 
Interaction of RECQ5 mutants with the CTD in the yeast two-hybrid system. Clones carrying the 
bait (RECQ5) and prey (CTD) plasmids were tested for β-galactosidase activity using the pellet X-
gal assay. Blue color indicates a positive interaction. (B) Effect of the R943A substitution in the 
SRI domain of RECQ5 on its association with the ACTG1 gene. HEK293 cells were transfected 
either with empty vector (mock) or with vectors expressing wild-type (WT) or mutant (R943A) 
forms of RECQ5 as fusions with GFP. Forty-eight hours post-transfection, chromatin was 
immunoprecipitated using an anti-GFP antibody and subjected to qPCR analysis with the same 
amplicons as in Figure 4A (top panel). Fold enrichment was calculated as described in the legend 
of Figure 5. 
 
 
 



 
 
 
 
 
Figure S4. RECQ5 can not unwind RNA:DNA hybrid duplexes. Helicase activity of RECQ5, at 
indicated concentration, was measured on 1 nM M13mp2/r18 (DNA:RNA; panel A) and 1 nM 
M13/d18 (DNA:DNA; panel B) partial duplexes, respectively, as described in Materials and 
Methods. Lane 1, heat-denatured substrate. 
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Abstract 

DNA replication is the most vulnerable process of DNA metabolism in proliferating cells and 

therefore it is tightly controlled and coordinated with processes that maintain genomic stability. 

Human RecQ helicases are among the most important factors involved in the maintenance of 

replication fork integrity, especially under conditions of replication stress. RecQ helicases 

promote recovery of replication forks being stalled due to different replication roadblocks of 

either exogenous or endogenous source. They prevent generation of aberrant replication fork 

structures and replication fork collapse, and are involved in proper checkpoint signaling. The 

essential role of human RecQ helicases in the genome maintenance during DNA replication is 

underlined by association of defects in their function with cancer predisposition. 

 

Key words: 

DNA replication; Replication stress; RecQ helicases; Genomic instability; Cancer  

 

Introduction 

Mammalian DNA replication is a well-orchestrated and tightly regulated cellular process that 

requires enzymatic activities of many factors involved not only in DNA synthesis but also in 

checkpoint signaling, DNA repair, chromatin remodeling, sister chromatid cohesion and cell 

cycle control. Defects in any of these activities can cause replication fork slowing or stalling, a 

condition referred to as replication stress, which leads to genomic instability manifested by birth 

defects, developmental abnormalities, neurodegeneration, premature aging and cancer 

predisposition [1-5]. Evidence suggests that members of the RecQ helicase family are among the 

most important factors that maintain genomic stability during DNA replication, especially under 

conditions of replication stress. The importance of RecQ helicases is underlined by the presence 

of at least one RecQ family member in all organisms with some exceptions for bacteria and 

archaea that mostly possess small genomes [6]. Bacteria and yeasts usually contain a single 

representative of the RecQ family, namely RecQ in E. coli, Sgs1p in S. cerevisiae and Rqh1p in 

S. pombe.  Intriguingly, the number of RecQ family members expressed in particular organism 

increases with the size of its genome [6]. Non-redundant functions of multiple RecQ homologues 

in an organism are apparent from their structure. Eukaryotic RecQ helicases share an 

evolutionary conserved helicase domain flanked by unique N- and C-terminal regions containing 
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interaction sites for other proteins that determine specific functions [7]. In humans, five RecQ 

homologues have been identified thus far and named RECQ1, BLM, WRN, RECQ4 and RECQ5 

(encoded by RECQL, BLM, WRN, RECQL4 and RECQL5 genes, respectively). The significance 

of these RecQ helicases is highlighted by the association of mutations in the genes encoding for 

BLM, WRN and RECQ4 with severe hereditary disorders named Bloom, Werner and 

Rothmund-Thompson syndrome, respectively [7]. These rare recessive disorders are 

characterized by genomic instability and predisposition to cancer (clinical features reviewed in 

[8-11]). Recently, defects in RECQ1 and RECQ5 have been also connected to cancer 

development [12-16]. Moreover, the RECQL gene has been added on the list of breast cancer 

susceptibility genes that mostly contains genes involved in the maintenance of the integrity of 

replication forks like BRCA1/2 [17, 18]. 

 Despite the accumulating evidence for the role of human RecQ helicases in the 

maintenance of genome stability, the underlying molecular mechanisms remain elusive. Human 

RecQ helicases have been associated with DNA repair by homologous recombination, base 

excision repair and non-homologous end joining (reviewed in [7]). However, recent studies have 

particularly demonstrated the involvement of human RecQ helicases in different aspects of DNA 

replication. In this article, recent contributions to this topic are reviewed with emphasis on the 

role of human RecQ helicases in the processing of stalled replication forks. 

 

Role of RECQ4 in the initiation of DNA replication  

The initial step of DNA replication is the assembly of origin recognition complex (ORC1 to 

ORC6 subunits) in late mitosis or early G1 phase [19]. Next, CDC6 (cell-division cycle 6) and 

CDT1 (cdc10-dependent transcript 1) assist to load an inactive double hexamer of 

minichromosome maintenance proteins 2–7 (MCM helicase) to complete the formation of pre-

replication complex required for the establishment of bidirectional replication forks [19]. At the 

G1/S boundary, S-phase specific DDK (DBF4-dependent kinase) and CDK (CDK2/cyclin A/E) 

kinases activate MCM helicase, which requires the recruitment of CDC45 and the GINS 

complex to form the so-called CMG complex (CDC45-MCM-GINS) [19]. Activation of the 

CMG complex at origins of replication is achieved by recruitment of additional initiation factors 

including TOBP1, Treslin/TICRR and MCM10, and the loading of DNA polymerase α/ε permit 

DNA synthesis [19]. Evidence suggests that RECQ4 is among these essential initiation factors 
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[20-22]. The N-terminus of RECQ4 shares a weak but significant homology to the yeast Sld2 

that assists in the recruitment of GINS to replication origins during S phase in a manner 

dependent on CDK activity [20, 23-25]. Indeed, the N-terminal region of RECQ4 was shown to 

be essential for cell viability [20, 26, 27]. RECQ4 associates with several proteins involved in 

replication initiation like the MCM complex, MCM10, GINS, CDC45 [28, 29]. The absence of 

RECQ4 was shown to significantly affect the formation of CMG complex [28, 29]. Moreover, 

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

reduced binding to chromatin in the absence of RECQ4 [21, 23]. RECQ4 is recruited to 

replication origins at G1/S boundary upon ORC and MCM complex assembly, and forms a 

complex with CTF4 and MCM10 in a process dependent on the CDK and DDK kinase activities 

[21, 28, 30]. The efficient binding of RECQ4 to replication origins followed by their firing may 

be controlled by the interaction between RECQ4 and MCM10 [21, 29-31]. However, the 

interaction between RECQ4 and MCM10 is not required for cell viability [31]. Interestingly, 

newly characterized Zn-knuckle motif in the N-terminal region of RECQ4 binds nucleic acids 

with a preference for RNA substrates over DNA, suggesting a connection between RECQ4 and 

non-coding RNAs that play an important role in the initiation of DNA replication [32]. 

 

RecQ helicases associate with replisome components 

Slow replication fork movement has been observed in cells depleted for BLM, WRN, RECQ1, 

but not for RECQ4 and RECQ5 [21, 33-37]. However, a decreased proliferation of mouse 

embryonic fibroblasts lacking RECQ4 was observed [23]. Interaction partners of RecQ helicases 

indicate their participation in processes associated with replication fork progression. RECQ5 and 

WRN possess the so-called PIP (PCNA-interacting peptide) motif that mediates interaction with 

PCNA, one of the key replisome components, and both helicases localize to replication factories 

in unperturbed cells [38, 39]. WRN, RECQ5, BLM and RECQ1 interact with FEN1 flap 

endonuclease that participates in Okazaki fragment maturation, and all stimulate 5'-flap DNA 

cleavage by FEN1 in vitro, in a manner independent of their helicase activity [40, 41]. Moreover, 

RECQ1 was shown to facilitate efficient binding of FEN1 to telomeres [40]. WRN interacts with 

DNA polymerase δ and facilitates copying tetraplex and hairpin structures [42]. Moreover, WRN 

exonuclease is involved in proofreading during DNA synthesis by DNA Pol δ [43]. WRN can 

also help overcome DNA lesions during replication by interacting with translesion polymerases 
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and stimulating their action [44, 45] and by serving as their proofreader [46]. However, recent 

studies have shown that rather than forming a stable part of replisome, human RecQ helicases 

remove replication roadblocks and act to promote replication resumption. 

 

BLM promotes resolution of aberrant DNA structures at stalled replication forks 

Common feature of cells deficient in BLM is increased frequency of sister chromatid exchanges 

(SCEs) that are thought to arise from aberrant repair of damaged replication forks [47]. To 

suppress excessive homologous recombination, BLM is recruited to sites of replication fork 

stalling in a manner dependent on RNF8/RNF168-mediated ubiquitination of the N-terminal 

region of BLM and subsequent BLM binding to the ubiquitin-interacting motifs of RAP80 [48]. 

BLM is required for efficient replication fork restart and suppression of dormant origin firing 

after replication blockage, which is dependent on its helicase activity and phosphorylation (at 

Thr99) via the ATR/Chk1 pathway [35, 49]. Cells derived from Bloom syndrome patients 

accumulate abnormal replication intermediates and display increased levels of single-stranded 

DNA and RAD51-containing foci, which is pronounced after replication blockage by 

hydroxyurea (HU) or aphidicolin (Aph) [50, 51]. RAD51 is a central homologous recombination 

factor that plays an important role in the resumption of stalled and collapsed replication forks 

[52]. BLM and RAD51 act together during fork recovery [35]. Sumoylation of BLM increases 

the in vitro interaction between RAD51 and BLM, and may regulate the recovery of stalled forks 

by facilitating RAD51 recruitment or stabilization of its binding to stalled forks, and preventing 

the accumulation of single-stranded DNA coated by RPA. Accordingly, impaired BLM 

sumoylation (at lysine K317 and K331) increases fork collapse and cell death [53, 54]. 

 Four-way DNA structures called Holliday junctions (HJs) can arise during the recovery 

of stalled replication forks [55]. BLM forms a complex with topoisomerase IIIα (TOPOIIIα) and 

RMI1/2 to dissolve double-HJs, which arise during homologous recombination, via a strand 

passage mechanism preventing crossover outcomes [56]. The TOPOIIIα-interacting domain of 

BLM is required for the suppression of SCEs in BS cells [57]. RMI1 also suppress SCEs and the 

interaction between BLM and RMI1 promotes proper fork progression and recovery from 

replication stress [58, 59]. The BLM-TOPOIIIα-RMI1/2 complex localizes to subnuclear foci, 

which is pronounced after replication blockage by HU or Aph [59]. Thus, the excess of nuclear 

foci containing single-stranded DNA in the absence of BLM can arise due to the impaired 
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localization of TOPOIIIα [60]. Recently, FANCD2 was shown to be involved in the efficient 

assembly of the BLM-TOPOIIIα-RMI1/2 complex at sites of stalled replication forks and to act 

with BLM in a common pathway to promote replication fork restart and suppression of new 

origin firing [61]. The dissolution reaction catalyzed by the BLM-TOPOIIIα-RMI1/2 complex 

appears to be a unique function of BLM among human RecQ helicases [62]. This activity is also 

important at sites of termination of DNA replication, because BLM accumulates on late 

replication intermediates to assist in duplex separation so that DNA replication can be efficiently 

completed [63-66]. 

 In addition to double-HJs dissolution, BLM is able to unwind G-quadruplexes formed at 

guanine rich sequences [67]. In mammals, telomeres consisting of long TTAGGG tandem 

repeats are regions with the highest concentration of G-quadruplexes [68]. Indeed, BLM was 

shown to maintain stability of telomeres [66, 69]. BLM can suppress G-quadruplex formation 

both genome-wide and, specifically, at telomeres [70]. BLM binds to the telomere-specific 

shelterin proteins TRF1, TRF2 and POT1, which are essential for telomere capping and 

repression of DNA damage signaling [69, 71, 72]. BLM-deficient mouse cells show a high 

frequency of spontaneous telomere fragility visible as a separation of telomeric signals from 

chromatid ends [73, 74]. Moreover, it was shown that TRF1 binding to BLM prevented telomere 

fragility, with most of the fragile telomeres resulting from lagging strand DNA synthesis [74]. 

The majority of telomeres are replicated by forks moving toward the telomere end using the 

TTAGGG repeat strand as the template for lagging strand DNA synthesis [73]. However, 

compared to BLM-proficient cells, BLM-deficient cells also show a slower rate of leading strand 

synthesis that initiates within the telomere and higher frequency of replication initiation 

originating closer to the telomere [70]. Further, slowdown of telomeric replication fork 

movement was observed upon treatment of BLM-deficient cells with G-quadruplex stabilizer 

PhenDC3, suggesting that BLM facilitates telomere replication by resolving G-quadrulexes [70]. 

However, the G-quadruplex-stabilizing compound pyridostatin increases telomeric-SCEs in cells 

lacking homologous recombination factors such as BRCA1, BRCA2 or RAD51 and reduces the 

viability of these cells [75]. Thus, the above mention activities of BLM (in homologous 

recombination or double-HJs dissolution) may be utilized to promote restart of stalled forks at G-

quadruplexes. 
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 BLM is also implicated in recombination-mediated mechanism of telomere maintenance, 

referred to as alternative lengthening of telomeres (ALT) [76]. Overexpression of BLM in cells 

using ALT increases telomeric signals, suggesting that BLM promotes ALT [77]. Depletion of 

BLM in cells using ALT leads to increased levels of telomere length attrition and telomeric 

SCEs [78-80]. In the absence of functional BLM, the SLX4-nuclease complex resolves persistent 

HR intermediates to yield crossover products, resulting in increased SCEs [79, 81]. Recently, it 

has been shown that BLM function is modulated by BRCA1 and FANCD2 during ALT [82, 83]. 

  

WRN promotes restart of stalled replication forks 

Cells derived from Werner syndrome patients display a high frequency of chromosomal 

translocations, deletions and telomere loss, but not SCEs [84-86]. Further, fibroblasts isolated 

from Werner syndrome patients show chromosome and chromatid fusions that result from repair 

attempts of dysfunctional telomeres [87]. Werner syndrome cells are also highly sensitive to 

replication-perturbing agents [88-91]. Similarly, WRN-deficient cells exposed to various types of 

replication stress accumulate DNA double-stranded breaks and show increased expression of 

CFSs as compared to WRN-proficient cells [92-96]. Replication stress triggers extensive co-

localization of WRN with RPA at nuclear foci in a manner dependent on WRN phosphorylation 

by ATR [97-99]. Consistently, WRN possesses two RPA binding sites [100].!Moreover, WRN 

was shown to promote ATR-dependent checkpoint activation upon replication fork stalling [96, 

101, 102]. The effect of WRN on the ATR-signaling pathway as well as WRN phosphorylation 

by ATR may result from its interaction with the checkpoint sliding clamp RAD9-RAD1-HUS1 

that upon fork arrest recruits the ATR activator TOPBP1 [103]. The significance of WRN 

phosphorylation is underlined by the fact that stalled forks undergo collapse followed by DNA 

double-stranded break formation in cells expressing ATR-unphosphorylable mutant of WRN, 

like in WRN-deficient cells [92, 94, 98]. The accumulation of DNA double-stranded breaks in 

WRN-deficient cells is dependent on MUS81 nuclease activity [92, 94]. However, a co-depletion 

of MUS81 and WRN has more severe effect on cell viability than depletion of either protein, 

even without induction of replication stress, suggesting existence of alternative mechanisms for 

response to replication fork stalling [92, 94]. 

Decreased rate of replication fork progression in the absence of functional WRN is 

accompanied by a significant asymmetry of bidirectional forks [104]. The recovery of stalled 
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forks is impaired in WRN-deficient cells, which is consistent with proposed function of WRN in 

sustaining replication [36, 92, 98, 105]. Importantly, WRN-depleted cells accumulate reversed 

forks, which is more prominent after HU treatment [105]. Moreover, the human DNA2 and 

WRN form complex to promote replication restart that is dependent on degradation of nascent 

DNA by nuclease activity of DNA2 and helicase activity of WRN [105].  

While the processing of replication intermediates by WRN/DNA2 is independent of other 

nucleases that are typically involved in DNA resection like EXO1, MRE11 or CTIP, recent 

evidence implicated exonuclease activity of WRN in protection of nascent DNA strands against 

unscheduled degradation by combined action of MRE11 and EXO1 after low dose of 

camptothecin (CPT) [106]. Moreover, WRN protein independently of its enzymatic activities is 

required to prevent degradation of nascent DNA at replication-dependent double-stranded breaks 

induced by high doses of CPT [107]. In this case, NBS1 recruits WRN to replication-associated 

DNA breaks to stabilize RAD51 binding and limit activity of MRE11 [107]. 

The characteristic features of cells derived from Werner syndrome patients is premature 

senescence and accelerated telomere shortening, suggesting that WRN has a critical function in 

telomere maintenance [86, 108, 109]. Similar to BLM, WRN associates with telomeres during S-

phase and binds to the telomere-specific shelterin proteins TRF2 and POT1, which are essential 

for telomere capping and repression of DNA damage signaling [71, 72, 109]. WRN has been 

shown to suppress defects in telomere lagging strand synthesis [109]. Mutational inactivation of 

WRN helicase domain results in loss of telomeric signal only from the chromatid that uses G-

rich strand as template for lagging strand synthesis, while leading strand telomere is not lost 

[109]. Consistently, WRN deficiency results in increased frequency of G-quadruplex formation 

genome-wide and, specifically, at telomeres [70]. Although BLM helicase is also contributing to 

chromosome-end maintenance, WRN has distinct role in this process. This is supported by 

observation that simultaneous loss of both helicases substantially exacerbates the telomere 

dysfunction in comparison to loss of individual helicase [66, 70, 73]. 

 

RECQ5 promotes resolution of replication-transcription collisions 

Subunits of RNA polymerase (RNAP) II are the most prominent proteins that co-

immunoprecipitate with RECQ5 from human cell extracts [110, 111]. RECQ5 interacts directly 

with the largest catalytic subunit of RNAPII, termed RPB1 [39, 111], and this interaction is 
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enhanced during S-phase [112]. Two regions of RECQ5 polypeptide were identified to mediate 

the interaction with RPB1: (i) the internal RNAPII-interacting (IRI) domain including the KIX 

motif, which binds to RPB1 jaw domain; and (ii) the Set2-Rpb1-interacting (SRI) domain, which 

binds to the hyperphosphorylated C-terminal repeat domain (CTD) of RPB1 [39, 113, 114]. 

Recently, interaction of RECQ5 with the catalytic subunit of RNAPI (RPA194) was also 

described [115]. RECQ5 associates with chromatin particularly at transcribed regions and 

prevents RNAP pausing or arrest [39, 110, 115, 116]. Importantly, RECQ5 associates with 

transcription in replication factories [115]. Depletion of RECQ5 results in transcription-

dependent chromosome fragmentation during S phase and accumulation of chromosomal 

rearrangements with the breakpoints located in the pre-rRNA coding region, genes and common 

fragile sites (CFSs) [112, 115, 116]. In recent years, it has become increasingly clear that 

replication-transcription collisions cause DNA breakage and chromosomal rearrangements, 

particularly in cells subjected to replication stress [117-120]. In mammals, the fragility of CFSs 

and early replicating fragile sites (ERFSs) is associated with active transcription of very long 

genes or regions that contain clusters of highly transcribed genes, respectively [117, 121]. 

Several lines of evidence suggest that RECQ5 counteracts replication fork stalling in RNAPI- 

and RNAPII-transcribed genes [115]. Consistently, elongating forms of RNAPI and RNAPII 

accumulate on chromatin in the absence of RECQ5 [112, 115]. RECQ5-deficient cells 

accumulate RAD18 foci and BRCA1-dependent RAD51 foci that are both formed at sites of 

interference between replication and transcription and likely represent unresolved replication 

intermediates [115].  Further studies have shown that RECQ5 promotes RAD18-dependent 

ubiquitination of PCNA at sites of replication-transcription interference by directly interacting 

with PCNA. Moreover, the helicase activity of RECQ5 is required for the resolution of 

replication intermediates stabilized by RAD51 filaments upon replication-transcription 

encounters [115]. Together, these findings suggest that RECQ5 promotes the resolution of 

replication-transcription collisions. This conclusion is also supported by observation that RECQ5 

counteracts thymidine-induced replication stress [122]. 

 

RECQ1 unwinds reversed replication forks 

Cells lacking RECQ1 display an elevated number of genomic and telomeric SCEs [123-125]. 

RECQ1 deficiency results in sensitivity to various DNA damaging agents that directly or 
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indirectly block replication fork progression [126]. RECQ1 associates with replication origins in 

unperturbed cells and shows an increased binding to the lamin B2 origin and CFSs under 

conditions of replication stress [21]. RECQ1-depleted cells or cells expressing RECQ1 mutants 

that lack helicase or branch migration activity display reduced replication fork rates and defects 

in checkpoint activation under conditions of replication stress [21, 127]. RECQ1-defficiency also 

leads to nascent strand degradation at stalled replication forks, which is dependent on DNA2 and 

WRN [105]. A recent study revealed a role for RECQ1 in restarting stalled replication forks 

caused by DNA topoisomerase I inhibition with camptothecin (CPT) [128]. The ATPase activity 

of RECQ1 is essential for replication fork progression in cells exposed to CPT [128]. In the 

presence of CPT, replication forks stall and undergo fork reversal, which prevents replication 

fork run-off and formation of DNA double-stranded breaks [129]. The poly(ADP-ribosyl)ation 

activity of PARP1 is necessary for stabilization of regressed forks upon CPT treatment until the 

lesion is repaired [129]. PARP1 was shown to interact with RECQ1 and to regulate the restart of 

stabilized forks in the regressed state by RECQ1-mediated unwinding of the regressed arm [128, 

130]. In vitro experiments indicated that PARylated PARP1 inhibits fork restoration activity of 

RECQ1 [128]. Reversed forks accumulate in RECQ1-depleted cells [128]. Inhibition of PARP1 

activity causes an untimely restart of reversed forks in a manner dependent on RECQ1, which 

results in DSB formation [128]. Moreover, the restart of reversed forks by RECQ1-mediated 

mechanism can be a more general response to a wide variety of replication blocking agents 

[131]. 

 

Concluding remarks 

The roles of human RecQ helicases during DNA replication are unwavering. Their common 

feature is to promote recovery of forks being stalled due to different replication roadblocks of 

either exogenous or endogenous source. Human RecQ helicases participate particularly in 

replication fork progression through genomic loci that represent natural impediment for 

replication like CFSs, repetitive sequences, telomeres and actively transcribed regions. Their 

activity leads to a proper checkpoint response to replication fork stalling. The absence of RecQ 

helicases leads to accumulation of unresolved replication intermediates, which was well 

described for BLM, WRN, RECQ1 and RECQ5 [50, 51, 105, 115, 128]. In the absence of WRN, 

the presence of HJs is expected, because expression of bacterial RusA HJ-resolvase in Werner 
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syndrome cells can restore DNA replication capacity [132]. The conversion of stalled forks to 

the HJ structure by fork reversal may be a global response to replication stress [131]. The 

formation of regressed arm may stabilize stalled fork for repair or removal of the roadblock, and 

the regressed arm also represents a suitable substrate for replication fork recovery, avoiding 

DNA double-stranded break formation [133]. RecQ helicases are involved in individual steps of 

the replication resumption process (Figure 1). Specifically, RECQ5 promotes resolution of 

replication-transcription collisions through its helicase activity that facilitates restart of stalled 

forks stabilized by RAD51 filaments [115]. RECQ1 acts to promote recovery of reversed forks 

by unwinding of the regressed arm [128]. WRN probably acts during nucleolytic processing of 

regressed arm to promote replication resumption [105]. BLM as part of the complex with 

TOPOIIIα and RMI1/2 dissolves double-HJs arising during replication fork recovery by 

homology-directed restart via the regressed arm. Only RECQ4 seems to be involved in the DNA 

replication process per se, specifically in replication origin activation. However, MCM10, the 

prominent interactor of RECQ4, was recently shown to promote replication fork progression 

under conditions of replication stress [134]. Depletion of both, MCM10 and RECQ4, results in 

reduced binding of DNA polymerase α and PCNA on chromatin [21, 23, 134]. Thus, MCM10 

and RECQ4 may act together to keep or recover DNA polymerase α, PCNA, CDC45 and GINS 

at lagging strand during replication fork stalling. Consistently, the essential role of both proteins 

in initiation of replication is in conflict with proficient bulk DNA synthesis after their depletion 

[21, 135]. Interestingly, studies in budding yeast revealed that PCNA is unloaded only from the 

lagging strand arm of forks stalled by HU treatment [136]. Thus, RECQ4 and MCM10 may be 

involved in the recovery of replisome at stalled forks (Figure 1).  

 In conclusion, the process of replication fork stalling and recovery may be a very tangled 

mechanism that includes complex remodeling of both DNA and protein moieties of replication 

fork. The study of RecQ helicases can uncover individual steps of this process that prevents 

genomic instability. Understanding the mechanisms that maintain replication fork stability may 

be crucial for diagnosis and therapy of human diseases caused by defects in response to 

replication stress. 
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Figure legends 

 

Figure 1. Overview of the functions of human RecQ helicases in genome maintenance during 

DNA replication. Replication intermediates or obstacles proposed to be resolved by the 

individual RecQ helicases are shown (right). Interaction partners of human RecQ helicases 

involved in their actions at replication forks are also listed along with phenotypic consequences 

of deficiency in individual RecQ helicases (left). Upwards arrows indicate increase; downwards 

arrows indicate decrease.  
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