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Abstract

Telomeres are critical for cell survival and functional integrity. Oxidative DNA damage induces
telomeric instability and cellular senescence that are associated with normal aging and segmental
premature aging disorders such as Werner Syndrome and Rothmund-Thompson Syndrome, caused
by mutations in WRN and RECQLA4 helicases respectively. Characterizing the metabolic roles of
RECQL4 and WRN in telomere maintenance is crucial in understanding the pathogenesis of their
associated disorders. We have previously shown that WRN and RECQLA display a preference /n
vitroto unwind telomeric DNA substrates containing the oxidative lesion 8-oxoguanine. Here, we
show that RECQLA4 helicase has a preferential activity /n vitro on telomeric substrates containing
thymine glycol, a critical lesion that blocks DNA metabolism, and can be modestly stimulated
further on a D-Loop structure by TRF2, a telomeric shelterin protein. Unlike that reported for
telomeric D-Loops containing 8-oxoguanine, RECQL4 does not cooperate with WRN to unwind
telomeric D-Loops with thymine glycol, suggesting RECQLA4 helicase is selective for the type of
oxidative lesion. RECQLA4’s function at the telomere is not yet understood, and our findings
suggest a novel role for RECQLA in the repair of thymine glycol lesions to promote efficient
telomeric maintenance.
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1. INTRODUCTION

The five human RecQ helicases RECQL1, WRN, BLM, RECQL4 and RECQLS5 are
functionally significant in DNA maintenance, replication and DNA repair. In particular,
WRN and RECQL4 have been shown to be important proteins for telomere maintenance [1,
2]. Telomeres protect human chromosome ends from degradation, and shortened and
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unstable telomeres are frequently associated with aging [3-5]. In accordance, cells from
patients with segmental premature aging syndromes Werner syndrome (WS) and Rothmund-
Thompson syndrome (RTS) deficient in WRN and RECQLA4, respectively, exhibit telomere
instability [2, 6]. While WRN has been extensively studied in regard to its role in DNA and
telomere maintenance [6-11], much less is known about the roles of RECQLA4.

Telomeres can become unstable due to DNA damage, particularly that resulting from
oxidative damage (1) (2-4). Oxidative DNA damage can be caused by external agents, for
example by chemical oxidants and ionizing radiation, or endogenously, mainly by reactive
oxygen species (ROS) formed by cellular aerobic metabolism (5). Various oxidative DNA
lesions exist such as: 6-diamino-4-hydroxy-formamidopyrimidine and 4,6-diamino-5-
formamidopyrimidine (commonly known as Fapy G and Fapy A lesions, respectively),
hydroxyl-methylamine and 8-oxoguanine which are commonly studied, and thymine glycol
which is less well-characterized. In addition to exhibiting unstable telomeres, WS and RTS
cells also show hypersensitivity to oxidative agents (6,7), together suggesting a critical role
for these RecQ helicases in the repair of oxidative lesions at the telomeres.

Generally, guanine is considered to be the most commonly oxidized base, due to its low
oxidation potential. However, thymine glycol (Tg) is acknowledged as the most common
oxidation product of the thymine base (8). Because Tg base pairs efficiently with its normal
Watson-Crick partner adenine, this lesion is only weakly mutagenic relative to other
oxidative lesions (9). Critically, however, Tg has been shown to be lethal to cells by strongly
inhibiting DNA replication /n vitroand /n vivoin both E. coli (10,11) and human cells (12).
Although human DNA translation polymerase eta (POLm) is reportedly capable of
accurately replicating across Tg lesions /in vitro (13,14), it was also shown that traditional
replicative and repair polymerases stall just one base beyond the Tg, inhibiting further
replication and elongation (10,11,15). Crystallography has demonstrated that replication
arrest is actually caused by the local helical distortion created by base-pairing at a Tg lesion
(8,15), which also prevents efficient repair of these lesions at sites of double strand breaks
(16). Tg damage therefore presents a critical barrier to cell survival.

Supporting these observations is a multi-species comparative study which demonstrates that
Tg damage /n vivois correlated to lifespan (17). Interestingly, telomere length is also
correlated with longevity in animals, human cells and individuals (18-20). As WRN and
RECQLA4 are implicated strongly in telomere maintenance, and telomere length and integrity
are disrupted by oxidative damage (21-23), one could speculate that their loss prevents
efficient telomere maintenance around oxidative lesions such as Tg and leads to telomere
instability, telomere loss and ultimately cellular senescence that are observed in WS and
RTS patient cells under oxidative stress (7,24,25).

We recently reported that RECQLA4 is involved in telomere maintenance /n vivo, is
functionally stimulated by a telomeric shelterin protein TRF2, and shows a preference to
unwind a telomeric D-Loop containing 8-oxoguanine lesions /in vitro (26) similar to WRN
(27). To explore their possible role in the repair of replication-blocking Tg lesions in
telomeres, we developed unique telomeric substrates containing Tg lesions and investigated
in vitro the functional capacity of RECQL4 and WRN to unwind telomeric D-Loops and
replication forks containing Tg lesions. We show that unlike WRN, RECQL4 shows a clear
preference to unwind substrates containing Tg and that this activity is stimulated on Tg D-
Loops in the presence of TRF2. We therefore propose that RECQLA4 is functionally
important for the cellular response to Tg lesions at the telomeres.
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2. MATERIALS AND METHODS

2.1 Preparation of oligonucleotides

2.2 Proteins

Synthetic telomeric D-Loops were constructed as described in Figure 1 and Table 1.
Unmodified oligonucleotides were manufactured and PAGE-purified by Integrated DNA
Technologies (Coralville, IA, USA). All modified oligonucleotides containing thymine
glycol were synthesized and PAGE-purified by The Midland Certified Reagent Company
(Midland, TX, USA). Oligonucleotides were labeled, annealed and characterized as
described previously (27). Non-telomeric D-loop containing thymine glycol was also
constructed in a similar manner using the oligonucleotides Tg2 mix, BB mix and BT (Table
1).

Wild-type human RECQL4 and helicase-dead RECQL4 (K508M) with a C-terminal His9
tag in the pGEX6p1 vector (GE Healthcare) were expressed and purified from Escherichia
coli Rosetta2 (DE3) (Novagen) in-house as described previously (Rossi et al, 2010).
Recombinant histidine-tagged wild-type WRN protein and recombinant histidine-tagged
human TRF2 and TRF1 proteins were purified using a baculovirus/insect cell expression as
described previously (28,29). Protein concentration was determined by the Bradford assay
(Bio-Rad), and purity was determined by SDS-PAGE and Coomassie staining. NEIL1 was
commercially sourced from New England Biolabs (Ipswich, MA).

2.3 Helicase and Strand Annealing Assays

To measure helicase activity, RECQL4 protein (at concentrations shown in the figure
legends) was incubated with 0.5 nM radio-labeled telomeric D-Loop for 30 minutes at 37°C
in a reaction volume of 20 pl reaction buffer containing 30 mM Tris pH 7.4, 50 mM KCl, 5
mM MgCl,, 1 mM DTT, 100 pg/ml BSA, 10% glycerol, 5 mM ATP, and 12.5nM unlabeled
single stranded primer SS. WRN and BLM protein were incubated with the same substrates
for 30 minutes at 37°C in a reaction volume of 20 | reaction buffer containing (40mM Tris,
pH 8.0, 4mM MgCl,, 5 mM DTT, 2mM ATP, and 100 pg/ml BSA, without excess
unlabeled SS). As a control for substrate stability, £. co/i UvrD helicase activity was
measured on the telomeric D-Loops in a 3mM ATP 1X Helicase Buffer M reaction solution
(BioHelix, Beverly, MA). Where indicated, TRF2 was incubated with RECQL4
(concentrations given in the figure legends) on ice for 5 minutes before adding radio-labeled
substrate to the reaction. To measure strand annealing efficiency, RECQL4 protein was
incubated with radio-labeled single stranded primer SS or SS-Tg2 (0.5 nM, Table 1) and its
unlabeled complementary primer BB (1 nM, Table 1) for 30 seconds to 30 minutes at 37°C
in a volume of 20 p.l reaction buffer made of the same constituents as for helicase reactions
above excluding ATP and excess single stranded primer. All reactions were stopped by
addition of 10 p.l of 3x native stop dye (50 mM EDTA, 40% glycerol, 0.9% SDS, 0.05%
bromophenol blue, and 0.05% xylene cyanol). The reaction products were separated by
electrophoresis on an 8% native polyacrylamide / 20 mM Tris, 10 mM boric acid, and 0.5
mM EDTA (0.5xTBE) gel in 0.5x TBE running buffer at 150V for 2 h, exposed to a
Phosphorlmager screen (GE Healthcare, Piscataway, NJ), and imaged with a Typhoon
scanner (GE Healthcare, Piscataway, NJ). ImageQuant version 5.2 (GE Healthcare,
Piscataway, NJ) was employed to analyze the phosphoimages and calculate the percentage
of unwound and annealed substrate in each reaction, normalizing against background, as
described previously (27). Assays were done at least in triplicate, and representative gels are
shown.
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2.4 ATPase assays

RECQL4 (80 nM) was incubated with 90 nM of different structures of DNA and 1.25 pCi
['y-32P] ATP (PerkinElmer Life Sciences) in 10 pl helicase assay buffer with 50 .M cold
ATP for 1 h at 37 °C. SS, Tg-containing sSDNA, SS-Tg1, SS-Tg2, DL and Tg-containing D-
loops, DL-Tgl, DL-Tg2 are used as a DNA cofactor as indicated in Figure and Figure
legends. Reactions were stopped by addition of 5 .l of 0.5 M EDTA and placed on ice. 2.5
pl from each reaction was spotted on a cellulose polyethyleneimine thin-layer
chromatography (TLC) sheet (JTBaker), and resolved in 0.8 M LiCl/1 M formic acid
solution. The chromatography sheet was exposed to a Phosphorimager plate (GE
Healthcare) and analyzed as described above. Assays were done at least in triplicate, and
representative TLC image are shown.

2.5 Exonuclease Assays

WRN and £. coli EXOIII (at concentrations shown in the figure legends) was incubated with
either 0.5 nM undamaged telomeric D-Loop (DL) or 0.5 nM thymine glycol telomeric D-
Loops (DL-Tgl, DL-Tg2, and DL-Tg3) in a 20 p.1 reaction buffer containing 40 mm Tris,
pH 8.0, 4 mm MgCl,, 5mm DTT, 2 mm ATP, and 1 mg/ml BSA for 30 min at 37°C, and
stopped with 10 pl of a 80% formamide, 0.01% SDS, 0.05% bromophenol blue/Orange G
buffer. Reactions were denatured at 95°C for 5 min and run on a pre-heated 15% denaturing
(7M urea) PAGE at 15 watts for 55 min. Gels were imaged and analyzed for exonuclease-
degraded substrate as described above for enzymatic assays. Assays were performed at least
in triplicate.

2.6 EMSA Binding Assays

RECQLA4 (at concentrations shown in the figure legends) was incubated with either 0.5 nM
undamaged telomeric D-Loop (DL) or 0.5 nM thymine glycol telomeric D-Loop (DL-Tg2)
in a 10 pl EMSA buffer containing 30 mM Tris-HCI, pH 7.4, 1 mM DTT, 100 g/ml BSA,
and 50 mM KCI for 15 min on ice. Reactions were stopped with 5 .l non-reducing stop dye
(50% glycerol and 0.05% bromphenol blue) and kept on ice prior to loading onto a 5%
polyacrylamide / 20 mM Tris, 10 mM acetic acid, and 0.5 mM EDTA (0.5XTAE) gel and
run in 0.5xTAE at 200V for 1.5 h at 4°C. Gels were imaged and analyzed for the percentage
of bound substrate as described above for enzymatic assays. Assays were performed in
triplicate.

2.7 NEIL1 incision Assays

To measure the effect of RECQL4 or WRN activity on NEIL1 incision capacity, 1:1-1:8 and
1:1-1:20 molar ratios of RECQL4 and WRN respectively were incubated with 2.5 nM
NEIL1 for 10 min at 30°C, then incubated with 0.5 nM radio-labeled telomeric D-Loop or
forked duplex substrates containing Tg for another 30 min at 37°C. Reactions were
terminated by adding a stop buffer containing 30 mM NaOH, 80% formamide and a bromo-
phenol blue/xylene cyanol dye mixture. The contents of the reaction were denatured at 90°C
for 5 min and separated by electrophoresis on a 15% denaturing polyacrylamide gel. Assays
were performed in triplicate, and gels were imaged and analyzed for the percentage of
incised substrate as described above for helicase and annealing assays.

3. RESULTS

3.1 RECQL4 shows a preference to unwind telomeric D-Loops containing Tg

We and others have shown previously that BLM, WRN and RECQL4 have functional roles
in telomere maintenance and can potentially unwind telomeric substrates /in vitro. They also
exhibit a preference for a telomeric structure containing an oxidized guanine base (8-
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oxoguanine) over an undamaged structure. While 8-oxoguanine is a mutational lesion,
thymine glycol (Tg) is a replication-blocking lesion and therefore a highly critical lesion to
repair for cellular survival. We investigated whether these RecQ helicases showed altered
activity in vitro for telomeric substrates containing a Tg lesion. It has already been reported
that the RECQL4 helicase shows preference for a telomeric sequence in the D-Loop
structure, as it fails to unwind a non-telomeric D-Loop (26). As reported previously (30,31),
RECQLA4 required 25% excess single-stranded DNA (ssDNA) in all helicase reactions in
order to visualize the helicase activity on the D-Loops and telomeric forks used here. Even
then, RECQL4 showed a very weak helicase activity of just 3% at 20 nM on the undamaged
D-Loop, DL (Figure 2A). Even at a higher concentration, RECQL4 was able to unwind only
6% of this D-loop. However, on D-Loops containing Tg (DL-Tgl and DL-Tg2), RECQL4
exhibited a 3-4 fold increase in activity compared with the undamaged D-Loop (DL) in the
presence of excess ssSDNA (Figure 2A). A similar level of activity was also observed for
RECQL4 on an additional D-Loop, DL-Tg3, which contained a Tg lesion in the bottom
strand (data not shown). To confirm whether the increase in unwound products of Tg
containing D-Loops was due to RECQLA4’s helicase activity, we used RECQL4 K508M, a
helicase-dead mutant, in the helicase assay. The results showed that the K508M failed to
exhibit helicase activity on both DL and DL-Tg2, while wild type RECQL4 could unwind
both these substrates. (Figure 2B). We also tested if a thymine glycol lesion affected the
ATPase activity of RECQL4. We found that there was no significant difference in ATPase
activity with or without a Tg lesion in either ssDNA or D-loops (Figure 2C). To investigate
the specificity of RECQL4 towards Tg containing D-loops, we compared its helicase
activity on Tg and 8-oxoguanine (8-0xoG) containing D-loops. We compared the efficiency
of helicase activity when placing the modifications at similar positions towards either 3’- or
5’- end of the invading strand, thus eliminating any differences in activity that might arise
from differences in sequence context of the lesions. On comparing the D-loops containing
either Tg (DL-Tg2) or 8-oxoG (DL3) located towards 3”-end of the invading strand, the
activity on DL-Tg2 was greater by almost 2-fold than that observed on the DL3 (Figure 2D).
Similar results were obtained by comparing D-loops containing 8-0xoG (DL2) and Tg (DL-
Tg1) in which the lesions are located towards 5’-end of the invading strand (Figure 2E). We
further tested if RECQL4 could unwind non-telomeric D-loops containing Tg. RECQL4 had
higher activity on the telomeric D-loop containing Tg (DL-Tg2) than on the non-telomeric
D-loop (DL-Tg2 mix) (Figure 2F). As an additional control for the substrate stability, we
tested £. coli UvrD helicase on DL and DL-Tg2 (Figure S1). UvrD showed no enhanced
unwinding activity on the Tg D-Loop. Altogether, our findings indicate that RECQL4 has a
unique preference to unwind telomeric D-Loops that contain a Tg lesion. This preference by
RECQL4 was in contrast to WRN and BLM which showed no altered unwinding activity
when a Tg lesion was present (Figures 2G and 2H).

Previous reports show that WRN exonuclease activity is blocked by Tg and other oxidative
lesions in fork and overhang substrates (32,33). We therefore tested the exonuclease activity
of WRN on the D-Loop substrates containing the Tg lesion, DL-Tg2 and DL-Tg3. As a
marker we used the activity of £. coli exonuclease EXOIII, a duplex-specific 3’-5
exonuclease which cleaves at the duplex in the SS oligonucleotide (34) and is not blocked
by a Tg lesion. Consistent with the literature, WRN exonuclease was blocked at Tg lesions
located on the invading strand of DL-Tg2 (Figure 2I), as shown by decreased mobility of
longer exonuclease products for WRN (lanes 9-11) compared with EXOIII (lanes 12-14)
and compared with its exonuclease products in the undamaged D-Loop DL (lanes 2-4).
WRN exonuclease was not blocked when the Tg lesion was in the bottom BB-Tg strand of
DL-Tg3 (far right panel, Figure 2I). This strand-specific effect by other types of oxidative
lesions on WRN exonuclease has been shown for forked and recessed substrates (35), but it
is a novel observation that WRN exonuclease is inhibited by Tg on a telomeric D-Loop
structure.

DNA Repair (Amst). Author manuscript; available in PMC 2014 July 01.
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The cause of RECQL4’s enhanced unwinding activity is not clear. To clarify, we first tested
the binding ability of RECQL4 on undamaged or damaged D-loops. Binding capacity was
no greater on the Tg-containing D-Loop (Figure 3A), thus the enzyme is not more
effectively bound or recruited by this lesion. However, RECQL4 is known to have a strong
helicase-independent annealing activity (30), and it has also been reported that substrates
containing Tg are less efficiently annealed 7 vitro (11). We therefore investigated
RECQLA4’s annealing capacity on D-Loops containing Tg. Over a time course of 30 seconds
to 30 minutes, we observed similar annealing kinetics using a low concentration of RECQL4
on the Tg-containing D-Loop as on the undamaged D-Loop despite a lower saturation point
on the former (Figure 3B). This small difference may not account for the 4-fold increase of
helicase activity observed, particularly as no difference in its annealing capacity was
measurable between the substrates under conditions identical to those used to measure its
helicase activity (Figure 3C).

3.2 RECQL4 does not cooperate with WRN to unwind D-Loops containing Tg

We reported previously that RECQL4 and WRN cooperate on D-Loops containing 8-
oxoguanine (26). Here, we investigated whether the two proteins may also cooperate to
unwind D-Loops containing Tg. As in the previous study, the assay was performed under
conditions optimal for WRN helicase without excess sSDNA, such that no helicase activity
was detectable from RECQLA4, thereby restricting visualization of helicase activity to that of
WRN only. Our data shows that RECQL4 and WRN do not cooperate to unwind D-Loops
containing Tg, as the amount of unwound substrate detected from WRN helicase was
decreased in the presence of RECQL4 (Figure 4A). This may be caused either by
RECQLA4’s annealing activity or a non-catalytic effect in these reaction conditions, as a
helicase-dead mutant K508M which exhibits similar annealing to the wild-type (30) also
decreased the amount of substrate unwound compared with WRN helicase alone on both
substrates (Figure 4B). No helicase activity was detectable from either wild-type or mutant
RECQLA4 at this concentration. Quantitative analysis of WRN’s unwinding in their presence
(Figure 4C) indicates that the decrease observed was significant by a T-test (P<0.05) for
both wild-type RECQL4 and the helicase-dead mutant K508M.

3.3 TRF2 directly stimulates RECQL4 helicase on D-Loops containing Tg

The shelterin proteins, which include double-stranded binding proteins TRF1 and TRF2,
bind to and stabilize telomeric D-Loop structures (36). The shelterins are known to regulate
WRN on telomeric substrates with oxidative damage (28,37). We therefore investigated
whether TRF2 could functionally interact with RECQL4 on telomeric D-Loops containing
Tg. Using the helicase assay with excess ssDNA, we incubated RECQL4 with increasing
concentrations of TRF1 and TRF2 prior to addition of the substrate. While TRF1 did not
affect RECQLA4 helicase activity in this study (not shown), TRF2 did stimulate RECQL4 on
the Tg-containing D-Loop, DL-Tg2 (Figure 5A). RECQLA4 helicase activity on DL-Tg2 was
enhanced roughly 2-fold at 1:1 molar ratio concentration (P<0.05). This functional
interaction on an oxidatively damaged telomeric substrate is a novel observation. TRF2 and
RECQL4 have been shown previously to physically interact by co-immunoprecipitation and
cellular colocalization studies (26). On the other hand, TRF2 does not stimulate WRN on the
D-loop substrate containing Tg (DL-Tg2) (Figure S2). Instead, inhibition was observed at
higher concentrations of TRF2, possibly due to the competition in substrate binding. TRF2
is also known to bind to telomeric D-Loops (38), but shows decreased binding affinity for
D-Loops containing 8-oxoguanine (39). To explore whether TRF2 stimulated RECQL4
helicase by binding to the Tg D-Loops and recruiting RECQL4, we used electrophoretic
mobility shift assays to look for cooperative binding of TRF2 and RECQL4 on an
undamaged and a Tg-containing D-Loop. Both TRF2 and TRF1 showed 50% decreased
binding capacity to D-Loop substrates with Tg lesions (Figure 5B; P<0.05 by a t-test). At
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the concentration at which TRF2 stimulated RECQLA4 helicase, RECQL4 showed no greater
capacity to bind either D-Loop but instead competed with TRF2 for the substrate, together
binding less substrate than RECQL4 was able to bind on its own (P<0.05; Figure 5C). These
observations indicate that TRF2 stimulation of RECQL4 helicase was not via enhancement
of its binding capacity to the Tg D-Loop.

3.4 WRN but not RECQLA4 interacts with NEIL1 to remove Tg lesions on telomeric DNA

While the nucleotide excision repair pathway is also implicated in Tg repair (40), the main
pathway responsible for the removal of Tg lesions in human cells is base excision repair
(BER) (41). BER is initiated by removal of one (in short-patch BER) to ten (in long-patch)
nucleotides 3" of the lesion by one of several human DNA glycosylases; of these, NEIL1
and NTH1 specifically remove Tg (42,43). Among the human RecQ helicases, exclusively
WRN has been shown to enhance the incision activity of NEIL1 on a variety of oxidized
synthetic DNA substrates (44,45). WRN’s functional interaction with NEIL1 on Tg-
containing substrates however, particularly on telomeric substrates, is not currently reported.
Additionally, while RECQL4 is shown to modulate the activity of key BER proteins (46,47),
its role in the response to Tg lesions either via NEIL1 or independently is also not yet
known. We therefore investigated whether RECQL4 and WRN were able to stimulate
NEIL1 incision of Tg on telomeric substrates. As predicted, WRN was able to stimulate
NEIL1 incision of Tg on the D-Loop structure (Figure 6, right panel). To accommodate for
the lower helicase activity, greater concentrations of RECQL4 was introduced to the NEIL1
reaction, but this range of RECQL4 had no effect on NEIL1 incision activity (Figure 6, left
panel). In fact, at a 1:20 molar ratio, RECQLA4 inhibited NEIL1, possibly due to binding
competition. These findings further demonstrate the exclusivity of WRN’s interaction with
the NEIL1 glycosylase and are a novel observation on the D-Loop structure.

4. DISCUSSION

Characterizing the metabolic roles of RECQL4 and WRN in telomere maintenance is crucial
to understanding the pathogenesis of their associated disorders. The D-Loop is a generally
accepted telomeric structure that is formed to protect chromosome ends from degradation
and is unwound during telomeric repair, replication and transcription (48,49). WRN, BLM
and RECQLA4 are all recognized to operate in telomeric maintenance and function in D-Loop
processing (26,50-56). The other RecQ helicases, RECQL1 and RECQLS5, are not yet
reported to have a similar function. Indeed, RECQLS5 showed no ability to unwind the
telomeric D-Loops (Figure S3). RECQL4, WRN and BLM have been shown to have
preferential helicase activity on telomeric D-Loops containing oxidative damage in the form
of 8-oxoguanine (26,27). Thymine glycol (Tg), however, the most common type of
oxidative damage on thymine bases (and in one study more common than 8-oxoguanine
(57)), is a particularly critical lesion that blocks DNA metabolism (10-12,15,58). We have
developed novel synthetic substrates containing Tg base modifications in the telomeric
sequence. Our /n vitro findings indicate that while RECQL4 has a much weaker helicase
activity and more limited substrate specificity than WRN and BLM, it has considerable
partiality to unwind telomeric substrates containing Tg lesions, suggesting a novel function
for RECQLA4 in the cellular response to replication-blocking Tg lesions.

The RecQ helicases have overlapping substrate specificity, and therefore cooperative roles
in DNA maintenance are predicted. RECQLA4, for example, stimulates BLM helicase on a
long DNA fork substrate /in vitro, but does not on more complex telomeric D-Loops (26,59).
RECQLA4 does stimulate WRN, however, on a D-Loop containing 8-oxoguanine (26).
Conversely, in this study we did not observe cooperation between RECQL4 and WRN on a
D-Loop containing thymine glycol. Rather, RECQL4 may have inhibited WRN’s helicase
activity through DNA binding, or the strong annealing activity of RECQLA4 in the absence of
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ssDNA in the reaction re-annealed a fraction of the unwound substrate. Our observations
indicate that the cooperative nature of the RecQ helicases is likely to be highly complex,
particularly on non-B form DNA structures like D-Loops. The cooperative nature of the
RecQ helicases needs further exploration and is of great interest in understanding
mechanisms of genome stability.

The study of RECQLA is in its infancy relative to the other RecQ family members, since its
helicase activity was only recently uncovered (30,60), therefore, specifically how RECQL4
might promote telomeric maintenance at sites of Tg damage is not known. Tg lesions can
impair DNA replication and transcription (12,17,61). Dysregulated transcription in the
absence of proper telomere maintenance is shown to cause telomeric loss and cellular
senescence (62). Single strand break intermediates persisting from inefficient BER can
inhibit both replication and transcription (63). BER is the major pathway for removing Tg
lesions; both RECQL4 and WRN are implicated in BER (46,47,64), and RECQLA4-deficient
cells exhibit inefficient DNA break repair (46,65).

The specific role of RECQL4 in BER is not yet known though it has been shown to interact
with APE1, FEN1, POL and PARP1 (46,47). Its role specifically at sites of Tg has never
before been reported. Biochemical data reported in the literature consistently and uniquely
implicates WRN in a cooperative mechanism with the BER glycosylase NEIL1 by
stimulating its incision activity /7 vitro on a variety of substrates containing oxidative
lesions (45), and cellular studies place WRN and NEIL1 in the same functional pathway
(44). Cooperative analysis using Tg lesions or D-Loop structures have not yet been reported.
Consistent with previously reported trends, our findings in this study indicate that WRN can
stimulate NEIL1’s incision of Tg on a telomeric D-Loop, but RECQL4 cannot. Differences
in helicase activities between WRN and RECQL4 should not exclusively account for this
distinction, since NEIL1 prefers to incise a double-stranded substrate (45,66). Therefore our
data supports previous findings that among the RecQ helicases WRN exclusively functions
with NEIL1 at oxidative lesions. It is possible that RECQL4 may be beneficial for the repair
mechanism by unwinding around the site and creating access to the Tg lesion. For example,
as Tg damage is induced in a dose-dependent manner by H,O, (67), for example, and
persistence of repair intermediates contributes to H,O, toxicity (which is observed in RTS
cells (7)), it is feasible that RECQL4 may have a key role in promoting efficient BER
specifically at Tg lesions. Furthermore, it is likely that this function is critical prior to
telomeric replication, as RECQL4 could not unwind a telomeric fork substrate with a Tg
lesion in the translocating strand (data not shown), consistent with the literature reporting
strand-specific helicase obstruction by Tg (33).

4.1 Conclusions

In the future, crystallographic analysis may further characterize the physical interactions
with the Tg lesion and with TRF2 that are shown to stimulate RECQL4’s helicase activity.
Perhaps the helical distortion induced by Tg lesions is a more optimal conformation on
which the RECQLA helicase can specifically act; certainly this distortion is not optimal for
TRF2 or TRF1 binding, which may result in unprotected and unstable telomeres.
Structurally, RECQL4 is unique compared with WRN and the other RecQ helicases in that it
lacks the RQC domain; this structural difference may affect the functional interactions we
have observed. Of particular interest will be to investigate whether Tg lesions or Tg-derived
repair intermediates accumulate in the telomeres of RTS cells, and whether these cells are
hypersensitive to Tg-inducing agents. Currently these investigations prove challenging, as
no compound is known to exclusively induce Tg lesions in human cells, and while the
detection of other oxidative damage like 8-oxoguanine is common, the immunocytological
detection of Tg at the telomeres in live human cells using currently available antibodies is
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not well developed. These will be interesting hypotheses to explore as technology and
telomere research advances.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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M Tg
Y& 32P radiolabel

Tg3

FIGURE 1. Construction of telomeric D-L oops with thymine glycols

Structures of the telomeric D-Loops used in this study. A black square (H) indicates where
thymine bases were modified to thymine glycols in the various substrates, outlined in Table
1. DL does not contain any modified bases, while DL-Tg1, DL-Tg2 or DL-Tg3 contains a
modified base at a position Tgl, Tg2 or Tg3. A star (%) indicates the position of 32P
radiolabel.
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FIGURE 2. RECQL 4 shows unique prefer ence towar ds telomeric D-L oops containing thymine
glycol

(A) Gel and quantitative analysis showing the unwinding capacity of 20, 40 and 80 nM
RECQL4 on D-Loops with and without thymine glycol (Tg) lesions: DL (an undamaged D-
Loop; lanes 1-4), DL-Tg1 (containing a Tg lesion toward the 5" end of the invading strand;
lanes 5-8) and DL-Tg2 (containing a Tg lesion toward the 3" end of the invading strand;
lanes 9-12), each at 0.5 nM concentration in the reaction. “A” (lane 13) indicates heat-
denatured substrate. (B) Gel and quantitative analysis showing the unwinding capacities of
RECQL4 WT and K508M on D-Loops with and without Tg. Unwinding activity of 10, 20,
40 and 80 nM RECQL4 K508M on DL (lanes 3-6) or DL-Tg2 (lanes 9-12) are compared
with those of wild type RECQLA4 (lane 2 or 8). (C) A representative phosphor image of thin-
layer chromatography and quantitative analysis showing the effect of DNA cofactors with
and without Tg lesions on ATP hydrolysis. (lane 2-3,SS; lane 4, SS-Tg1; lane 5, SS-Tg2;
lane 6-7, DL; lane 8, DL-Tg1, lane 9, DL-Tg2) (D) Gel and quantitative analysis with
increasing concentrations of RECQL4 (20-100 nM) on telomeric D-loops containing either
8-oxoguanine (DL3) or Tg (DL-Tg2) located towards the 3”- end of the invading strand. (£)
Gel and quantitative analysis with increasing concentrations of RECQL4 (20-100 nM) on
telomeric D-loops containing either 8-oxoguanine (DL2) or Tg (DL-Tg1) located towards
5’- end of the invading strand. (F) Gel and quantitative analysis with increasing
concentrations of RECQL4 (20-100 nM) on telomeric D-loop containing Tg (DL-Tg2) and
non-telomeric D-loop containing Tg (DL-Tg2 mix). (G and H) Gel and quantitative analysis
showing the comparable unwinding capacity of 5, 10 and 20 nM WRN (G) and BLM (A) on
the same substrates as in A, as indicated. (/) Representative gel showing the effect of Tg
lesions on the activity of 5, 10 and 20 nM WRN exonuclease (lanes 1-4 DL; lanes 8-11 DL-
Tg2; and additionally lanes 15-18 DL-Tg3) compared with £. co/i EXOIII (lanes 5-7 DL;
lanes 12-14 DL-Tg2). *P<0.05 by a t-test.
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FIGURE 3. Comparative binding and annealing efficiency of RECQL 4 on telomeric D-L oops

with and without thymine glycol

(A) Gel and quantitative analysis showing the binding capacity of 10, 20, 40 and 80 nM
RECQL4 on an undamaged D-Loop, DL (lanes 1-5), compared with two Tg-containing D-
Loops, DL-Tgl and DL-Tg2 (lanes 6-10 and 11-15, respectively). (B) Gel and quantitative
analysis showing the annealing efficiency of 1 nM RECQL4 on DL (lanes 1-7) compared
with DL-Tg2 (lanes 8-14) over a time period of 30 seconds to 30 minutes. (C) Gel and
guantitative analysis showing the annealing efficiency of RECQL4 on the same substrates
(DL lanes 1-5, DL-Tg2 lanes 6-10) done in conditions used in the helicase assays (minus
ssDNA), at 10-80 nM RECQL4 over 30 minutes. Error bars show standard deviation over at

least three independent assays.

DNA Repair (Amst). Author manuscript; available in PMC 2014 July 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Ferrarelli et al.

Page 17

A DL DL-Tg2
WRN - + + =« a® + = A
RECQL4 - - + + =« - + +
-~ - —
| - - |-
Lane 1 23 4 5 6 7 & 9
B DL DL-Tg2
WRN | p0 o aw #0n &
KS0BM . . & &+ . . & +
— =
L . - -
lLane 1 23 4 5 6 T8 9
c
60 OWRN
BEWRN + RECQL4
50 EWRN + K508M
40

% unwound
B 8

-
o

DL

DL-Tg2

FIGURE 4. Functional interaction of RECQL 4 with WRN to unwind D-L oops containing a

thymine glycol lesion

(A) Gel showing the unwinding capacity of 10 nM WRN on an undamaged D-Loop, DL

(lanes 1-4), and a Tg-lesion containing D-Loop,

DL-Tg2 (lanes 5-8), with (+) or without (=)

10 nM wild type RECQLA4 in the reaction mixture. A (lane 9) indicates heat-denatured
substrate. (B) Gel showing a comparable effect of 10 nM helicase-dead mutant RECQL4
(K508M) on 10 nM WRN on the same substrates as in A. (C) Quantitative analysis showing
the effect of either wild-type or mutant (K508M) RECQL4 on WRN helicase. Neither wild-
type nor mutant RECQL4 exhibited any detectable helicase activity on the substrate alone.
Error bars show standard deviation over at least three independent assays. *P<0.05 by a t-

test.
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FIGURE 5. Functional interaction of TRF2 with RECQL 4 on telomeric D-L oops containing
thymine glycol

(A) Gel and quantitative analysis showing the effect of 8, 20, 40 and 80 nM TRF2 on 80 nM
RECQL4 on an undamaged D-Loop, DL (lanes 1-6), and a Tg-containing D-Loop, DL-Tg2
(lanes 7-12). A (lane 13) indicates heat-denatured substrate. The graph represents the
stimulatory effect on RECQL4’s helicase activity by TRF2. Stimulatory effect is calculated
relative to the helicase activity without TRF2 (Lane 2 for DL, lane 8 for DL-Tg2). (B) Gel
showing the effect of Tg lesions on shelterin protein binding to D-Loops. 25, 50 and 100 nM
TRF1 or TRF2 was incubated with 0.5 nM DL (lanes 1-7) or DL-Tg2 (lanes 8-14) as
described in the methods. The percent of substrate DL (white bars) and DL-Tg2 (black bars)
bound by each protein was quantified over three repeats. (C) Gel and quantitative analysis
showing the effect of TRF2 on RECQLA4 binding to D-Loops, where 80 nM RECQL4
binding alone (lanes 2 and 6) are compared with the binding of 80 nM RECQLA4 in the
presence of 40 nM TRF2 (lanes 3 and 7) on DL and DL-Tg2 as indicated. The binding
capacity of 40 nM TRF2 alone on these substrates is also shown (lanes 4 and 8). Error bars
show standard deviation over at least three independent assays. *P<0.05 by a t-test.
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FIGURE 6. Effect of RECQL4 and WRN on NEIL1 incision of thymine glycol in telomeric D-
Loopsand forks

Representative gels and quantitative analysis showing the effect of RECQL4 (black bars) or
WRN (white bars) on NEIL1 incision activity of a thymine glycol lesion on a telomeric D-
Loop DL-Tg2. 2.5 nM NEIL1 was incubated with 0.5 nM 5’-labeled substrate and
increasing concentrations of RECQL4 (at molar concentrations of 1, 5, 10 and 20 against
NEIL1) or WRN (at molar concentrations of 1, 2, 4 and 8 against NEIL1). Error bars show
standard deviation over at least three independent assays. *P<0.05 by a t-test.
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Table 1
Oligonucleotide names and sequences

Sequences are given for the synthetic oligodeoxynucleotides with telomeric and complementary sequences
used in this study. The thymine base modified to a thymine glycol is indicated by [Tg]. Telomeric D-Loops
(Figure 1) consisted of a 33 base pair (bp) duplex and were constructed as follows: DL: SS, BB, BT; DL-Tg1:
SS-Tgl, BB, BT; DL-TgZ2: SS-Tg2, BB, BT; DL-Tg3. SS, BB-Tg, BT. Non telomeric D-loop was constructed
using SS-Tg2 mix, BB mix and BT.

S;'r%g Sequence
s (5")CACCATCCAGTTCTCTTTTGAGAACTGGATGGTGTTAGGGTTAGGGTTAGGG

TTAGGGTTAACGCTC(3")

SS- | (5")CACCATCCAGTTCTCTTTTGAGAACTGGATGGTG[TITAGGGTTAGGGTTAG
Tyl | GGTTAGGGTTAACGCTC(3')

Ss- | (5")CACCATCCAGTTCTCTTTTGAGAACTGGATGGTGTTAGGGTTAGGGTTAGGG
Tg2 | TTAGGG[Tg]ITAACGCTC(3")

(5")TCAAGCTCGGTCTGCAGTCAGGATGATTGTGAGCGTTAACCCTAACCCTAAC

BB | CCTAACCCTAATCTGCACTCGAGACTCACGTCCTGGTCACG-3’

BB- | (5")TCAAGCTCGGTCTGCAGTCAGGATGATTGTGAGCGTTAACCCTAACCCTAAC
Tg CC[TgJAACCCTAATCTGCACTCGAGACTCACGTCCTGGTCACG(3")

(5/)CGTGACCAGGACGTGAGTCTCGAGTGCAGACLI TTTTTTTTTTTTTTTTTTTT

BT | TTTTTTTTTTACAATCATCCTGACTGCAGACCGAGCTTGA(3')
?Sé (5")CACCATCCAGTTCTCTTTTGAGAACTGGATGGTGTATCACATTGCGTTGATGG
m | GACCG[TgITAACGCTC(3))

BB (5")TCAAGCTCGGTCTGCAGTCAGGATGATTGTGAGCGTTAACGGTCCCATCAACGCAA

mix | TGTGATATCTGCACTCGAGACTCACGTCCTGGTCACG(3")
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