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G-quadruplex (GQ) is a four stranded DNA secondary structure that
arises from a guanine rich sequence. Stable formation of GQ in genomic
DNA can be counteracted by the resolving activity of specialized
helicases including RNA helicase AU (associated with AU rich elements)
(RHAU) (G4 resolvase 1), Bloom helicase (BLM), and Werner helicase
(WRN). However, their substrate specificity and the mechanism
involved in GQ unfolding remain uncertain. Here, we report that
RHAU, BLM, and WRN exhibit distinct GQ conformation specificity,
but use a common mechanism of repetitive unfolding that leads to
disrupting GQ structure multiple times in succession. Such unfolding
activity of RHAU leads to efficient annealing exclusively within the
same DNA molecule. The same resolving activity is sufficient to
dislodge a stably bound GQ ligand, including BRACO-19, NMM, and
Phen-DC3. Our study demonstrates a plausible biological scheme
where different helicases are delegated to resolve specific GQ
structures by using a common repetitive unfolding mechanism that
provides a robust resolving power.
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-quadruplex (GQ) is a noncanonical secondary structure of

DNA in which two or more sets of four guanines form into
stacks of tetrad rings stabilized by monovalent cations, such as po-
tassium or sodium (1). GQ DNA can exhibit different conformations
dictated by the arrangement of the loop sequences that intervene
between the consecutive runs of guanines. GQ is classified as “par-
allel” when all guanine bases point in the same direction and “non-
parallel” when they do not (2). Recent studies reported evidence that
the GQ structures form in human cells and that the distribution and
abundance change throughout the cell cycle (3, 4). Bioinformatic
studies have revealed that the human genome is highly enriched with
potential GQ-forming sequences and that many are associated with
genes implicated in human diseases (5).

The formation of GQ DNA and GQ RNA can modulate essential
cellular processes, including replication, transcription, and trans-
lation (6-8). Stable GQ structures can act as physical barriers to
down-regulate gene expression or block replication, for example.
Such inhibitory effects can be counteracted by helicases, such as
Bloom helicase (BLM), Werner helicase (WRN), FANCJ, PIF1,
and RNA helicase AU (associated with AU rich elements)
(RHAU) (G4 resolvase 1), all of which can bind and unfold GQ
structures (9-12). Ablation of RHAU in germ cells caused an ac-
cumulation of G4 structures (13). Many GQ-resolving helicases
have a higher affinity toward GQ DNA than to other forms of
single-strand (ss) or double strand (ds) DNA. Although they differ
in directionality and substrate specificity, it is not clear whether
these helicases have an overlapping or complementary role in re-
solving GQ DNA structures. A recent study reported the structure
of the GQ recognition domain of RHAU, which revealed an ex-
quisite architecture specifically designed to fit into the parallel GQ
structure (14). In agreement, our earlier study also demonstrated
by EMSA that RHAU exhibits specific binding to parallel GQ
DNA (15). Such distinct structural features seen in this protein
suggest that different helicases may be delegated to unfold a subset
of specific structures of GQ DNAs in cells.
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We sought to investigate several outstanding questions regarding
the GQ-resolving activity: (i) the potential role of GQ-unfolding
helicases in targeting specific conformers of GQ DNA, (ii) the
mechanism by which helicases resolve the GQ structures, (iii) the
outcome of the resolving activity in the context of duplex DNA, and
(iv) the ability of resolvases to compete with GQ binding ligand. We
tested three GQ-resolving helicases (RHAU, BLM, and WRN) on a
set of parallel and nonparallel GQ DNAs. We show that the three
helicases exhibit distinct GQ-conformation specificity, yet they all
use a common mechanism of repetitive unfolding to destabilize the
GQ structure in successive runs. Such activity is sufficient to
enable annealing, in a cis-specific manner, and removing a GQ
ligand bound to GQ DNA. Our findings point to a plausible
orchestration of different types of helicases assigned to unfold
specific subsets of GQ conformations.

Results

RHAU Binding and Activity Is Specific to Parallel GQ Structure. We
reported previously that RHAU (G4R1, DDX36) interacts prefer-
entially with parallel GQ conformation (15), and the structural basis
of the parallel GQ specificity was provided by a recent study (14). To
investigate the GQ-resolving activity of RHAU, we prepared FRET-
DNA substrates, including 111 and CMYC, which represent pri-
marily parallel conformation, and TTA and TAA, which exhibit a
primarily antiparallel (nonparallel) signature of GQ folding (15).
Each DNA is named after the composition of the loop sequence as
shown (Fig. 14). The T15 was added for optimal loading of RHAU
(11, 15, 16). The circular dichroism (CD) analysis on four DNAs
confirmed that both 111-T15 and CMYC-T15 still fold into highly
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Fig. 1. RHAU binding and activity is specific to parallel GQ. (A) GQ DNA se-

quences used in the study. (B) CD spectrum of 111-T15, CMYC-T15, TTA-T15, and
TAA-T15. Orange and blue boxes indicate signature of parallel GQ and nonparallel
GQ, respectively. (C) Schematic diagram of single-molecule FRET experiment
depicting parallel and nonparallel GQ unfolded by RHAU. (D) FRET histogram of
above GQ substrates before (gray) and after (green) addition of RHAU.

parallel GQs and that the TTA-T15 and TAA-T15 exhibit nonparallel
folding as reported previously (15, 17-20) (Fig. 1B). Each GQ-DNA
substrate is prepared as a partially duplexed DNA with Cy3 (green)
and Cy5 (red) dyes located near either end of the GQ-forming
region to measure the folding (formation) and unfolding (resolution)
of GQ that occurs within the FRET-sensitive distance range (Fig.
1C). The biotin at one end of the dsSDNA enables tethering indi-
vidual DNA molecules to a NeutrAvidin-coated surface (21).
The FRET values that are collected from over 4,000 single mol-
ecules obtained from approximately 20 fields of view are built into a
FRET histogram. The 111-T15 and CMYC-T15 yielded FRET
peaks at 0.65-0.7 whereas the TTA-T15 and TAA-T15 displayed a
lower FRET peak at 0.5 (Fig. 1D, in gray). The difference in the
FRET peaks likely arises from the different conformations of GQ as
depicted in Fig. 1C. Upon addition of RHAU (7.5 nM), the histo-
grams shifted to lower FRET values in 111-T15 and CMYC-T15,
but not significantly in the TTA-T15 and TAA-T15 substrates,
suggesting that RHAU binds specifically to the parallel conformers of
GQ (Fig. 1D, in green). In addition, the FRET decrease exhibited
in the two parallel GQ substrates suggests that the RHAU is likely
disrupting the folded structure of GQ. The FRET change was not
detected when the GQ DNA did not possess an ssDNA tail or when
the Cy3 dye was located adjacent to the GQ structure (Fig. S1 4 and
B). We note that 9 nt of ssDNA were sufficient for RHAU binding
(Fig. S1C). Based on the substrates tested above, RHAU likely makes
an intimate contact with both the GQ (parallel) and the ssDNA.

RHAU Resolves GQ Structure by Repetitive Unfolding Activity. To
study the mechanism responsible for the RHAU activity seen above,
we examined single molecule FRET traces. Binding of RHAU to
both 111- and CMYC-T15 induced FRET fluctuation (anticorrelated
change between Cy3 and Cy5 signals), reporting on a periodic dis-
tance change between the two FRET dyes, likely resulting from
successive GQ-unfolding activity (Fig. 24, Top). This activity, which
does not depend on ATP, is consistent with the broad FRET peak
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shown in Fig. 1D. When RHAU was applied to a substrate with a
shorter ssDNA tail (CMYC-T9), the initial protein binding and sub-
sequent unfolding repetition were well-distinguished as a stepwise
decrease from 0.8 to 0.7, followed by FRET fluctuation that oscillates
between (.35 and 0.6 (Fig. S2 A and B). These data suggest that the
FRET fluctuation likely arises from an activity of a single RHAU
rather than successive binding and rebinding of multiple units.
Further, the FRET fluctuation continued after a buffer wash of
excess proteins in reaction, also suggesting that a single RHAU is
responsible for the repetitive cycle of unfolding and refolding of GQ
(Fig. S2C). For TTA- and TAA-T15 DNAs, a majority of traces
showed no change in FRET, with a small fraction of molecules
displaying a one step FRET decrease (Fig. 24, Bottom). To test
more definitively whether the repetitive FRET fluctuation seen in
111- and CMYC-T15 arises from a single unit of RHAU or suc-
cessive binding of many units, we immobilized flag-tagged RHAU
on a single-molecule imaging surface coated with anti-flag antibody
(22, 23). CMYC-T15 DNA applied to immobilized RHAU pro-
duced a highly similar repetitive FRET pattern, suggesting that the
FRET fluctuation is indeed due to a single protein activity rather
than successive binding of multiple RHAU (Fig. 2B). Therefore, we
interpret the fluctuating signal as repetitive GQ unfolding-refolding
activity by a single RHAU.

To quantify the GQ binding by RHAU, we counted the fraction of
molecules that display FRET change (i.e., the FRET fluctuation for
111- and CMYC-T15 and one step FRET decrease for TTA- and
TAA-T15) and plotted this result alongside the percentage of parallel
GQ conformation (15) (Fig. 2C). The result suggests that RHAU’s
binding is highly specific to parallel GQ. Although we detected FRET
change, we did not observe any FRET fluctuation in TTA- or TAA-
T15 substrates, indicating that the parallel conformers of these DNA
do not stimulate repetitive resolving activity of RHAU. We also
show that the dye-to-dye distance does not interfere with detecting
RHAU activity on nonparallel GQs (Fig. S3). RHAU exhibited
similar activity on RNA-GQ, likely because of the RNA-GQ adopting
parallel conformation (24), which indicates that RHAU likely employs
the same mechanism in unfolding both the RNA- and DNA-GQs.

For kinetic analysis of the GQ-unfolding activity in 111- and CMYC-
T15, we measured the dwell times that represent the unfolding time
(Fig. 2D, 51, red) and refolding time (Fig. 2D, 82, light blue). Based
on the dwell times collected from more than 500 cycles of events, we
obtained the unfolding rate (Fig. 2E, red bar) and refolding rate (Fig.
2E, light blue bar) for 111- and CMYC-T15. Interestingly, both rates
were approximately threefold higher for 111-T15 than in CMYC-
T15, likely governed by thermal stability of the GQ (25): that is, more
stable GQ leads to faster refolding (26). Consistently, RNA-GQ
tested above showed three- to sixfold higher rate than the case of 111-
and CMYC-T15, respectively (Fig. S2G). Furthermore, when RHAU
was applied to CMYC-T15 in 140 mM KCl, where the GQ folding is
expected to be more stable, RHAU displayed similar activity with
higher unfolding rate than at 50 mM KCI (Fig. S4). Taken together,
our results indicate that RHAU activity is specific to parallel con-
formation of GQ, whether it is composed of DNA or RNA, and that
the unfolding and refolding rate scales with GQ-folding strength.

RHAU Activity Enables Hybridization with a Complementary Strand in
cis. We asked whether the RHAU activity is sufficient to resolve the
GQ to hybridize with a cDNA. To test this question, we applied to
GQ-DNA 10 nM unlabeled oligonucleotide, which bears a com-
plementary sequence of the GQ-folding sequence (Fig. S54).
However, we observed the same FRET change as when RHAU was
added alone (Fig. S5B), suggesting that the RHAU’s unfolding ac-
tivity does not lead to annealing with the cDNA added in trans. It is
likely that RHAU occupies and occludes the site of DNA required
for hybridization. Next, we tested annealing reaction in the format of
partially unwound duplex DNA, or in cis, which is more relevant to
genomic processes such as DNA replication and transcription (Fig.
34). To form this DNA, we preformed the GQ strand by heating
and gradually cooling the G-rich strand independently, followed by
mixing with the complementary strand at room temperature. The
two FRET dyes were situated such that the GQ formation and
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annealing would result in high and low FRET, respectively (Fig.
34). As expected, the GQ-folded CMYC-T15 DNA exhibited a
major peak at high FRET (0.7). When RHAU was added, a sharp
low FRET (0.3) peak emerged, reflecting an efficient annealing by
the GQ-resolving activity of RHAU (Fig. 3B). We confirmed that
the low FRET of 0.3 arises from the fully duplexed DNA (Fig. 3B,
Bottom). We confirmed that lack of G4R1 does not lead to
annealing, which reflects stability of GQ in this splayed arm con-
text (Fig. S5C). RHAU applied to 111-T15 also showed the same
annealing activity as CMYC-T15 (Fig. S5D).

The representative FRET traces show that the high FRET (0.7)
transitions to low FRET (0.3) in two to three steps (Fig. 3C), likely
suggesting a sequential unfolding of the GQ structure and con-
comitant stepwise annealing with the complementary strand. The
FRET fluctuation was no longer present, indicating that the re-
petitive activity is not exhibited during or after the annealing reac-
tion, suggesting that the RHAU'’s repetitive activity occurs only in
the context where the complementary C-rich strand is not readily
accessible: for example, when bound to proteins. The annealing rate
between the 111- and CMYC-T15 substrates indicates that
annealing is about threefold faster in 111-T15 than in CMYC-T15
(Fig. 3 C-E), reflecting the difference seen in the unfolding rate
between the two substrates (Fig. 2E). The cis annealing experiment
performed in the presence of ATP yielded the same result, indi-
cating that the annealing activity is not affected by ATP (Fig. S6).

RHAU Acts to Remove GQ-Bound Ligand. We sought to test whether
RHAU activity is sufficient to dislodge GQ ligand bound to GQ
DNA. We chose BRACO-19 (Fig. 44), which binds to parallel
GQ and displayed the most distinct signature of binding in the
smFRET platform. The addition of BRACO-19 followed by
buffer wash shifted the FRET peak from 0.6 to 0.5 (Fig. 4B,
purple). Subsequently, the addition of RHAU shifted the FRET
peak to low FRET (Fig. 4B, lime-green), which signifies RHAU
repetitive unfolding, suggesting that the ligand is removed by the
RHAU activity (Fig. 4B).

The real-time flow measurement revealed that BRACO-19 bind-
ing induced rapid fluctuation or quenching of the Cy5 signal (Fig. 4
C and D, stage b). When RHAU was applied to this platform, we
initially obtained a steady FRET at around 0.5, which represents the
ligand-bound state of CMYC-T15 GQ (Fig. 4C, stage c). Sub-
sequently, the FRET fluctuation ensued, indicating that RHAU’s
repetitive GQ-resolving activity is initiated after clearing BRACO-19
(Fig. 4C, stage d). We tested two more GQ ligands, Phen-DC3 and
NMM. In both cases, addition of RHAU halted the Cy5 signal
change and induced the same FRET fluctuation pattern (Fig. S7),
indicating that RHAU activity is sufficient to dislodge GQ ligand
from GQ DNA (Fig. 4D). Although many earlier studies used the
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1-5 pM range, we used a 50-100 nM concentration based on our
K4 determination (15). We limited the ligand concentration because
1-5 pM ligand gets adsorbed to the surface and quenches all fluo-
rescence, preventing us from conducting single molecule detection.
Therefore, what we demonstrate here is that a single GQ ligand
bound to GQ can be successfully removed by a single RHAU’s
resolving activity.

RHAU Activity Is Independent of ATP. To study the role of ATP, we
used an immobilized protein assay, which provides a flexible platform
to change buffer conditions while DNA molecules remain bound to
RHAU on the surface (Fig. S84). As shown in Fig. 2B, we observed
rapid FRET fluctuation in the absence of ATP. When ATP and
ATPyS and AMPPNP were applied to the RHAU-DNA complex
independently, we obtained fluctuating FRET signals that resembled
the ones detected in the absence of ATP (Fig. S8) The long-lived
FRET signal obtained in a single-molecule spot indicates continuous
interaction between the single DNA molecule and RHAU in the
presence or absence of ATP. The rate of unfolding and refolding of
GQ in the presence of ATP, ATPyS, and AMPPNP was comparable
with the rates obtained in the absence of ATP (Fig. S8D), suggesting
that the repetitive unfolding activity is independent of ATP.
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Fig. 3. RHAU induces annealing only in cis configuration. (A) Schematic dia-
gram of RHAU-promoted cis annealing of CMYC-T15. (B) smFRET histograms of
DNA only (Top), RHAU applied (Middle), and DNA preannealed (i.e., duplexed
DNA) (Bottom). (C and D) Single-molecule traces from RHAU-assisted stepwise
annealing of complementary strand on 111-T15 and CMYC-T15. The red arrow
indicates the moment at which annealing is initiated. The green shaded area
represents the annealing duration. (E) Annealing rate measured for 111-T15
and CMYC-T15.
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Fig. 4. RHAU-resolving activity dislodges GQ ligand.

(A) Chemical structure of BRACO19. (B) smFRET histo-
grams of CMYC-T15 (black, Top), with Braco19 after
excess buffer wash (purple, Middle), and after adding
RHAU (yellow, Bottom). (C) smFRET flow traces of
CMYCT15 -Braco19-RHAU interactions. Braco19 and
RHAU were added at 20 s and 60 s to the CMYC-T15,
respectively, as denoted by black arrows. (D) Sche-
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(c) RHAU added, and (d) RHAU displacing BRACO19
and resolving GQ.

BLM Displays Repetitive Unfolding of GQ Regardless of Conformation.
Recent single-molecule studies have reported that truncated BLM
interacts with telomeric GQ (9, 27, 28). We used the same set of
substrates used above to test the BLM activity. In all four cases, the
high FRET that corresponds to GQ-DNA (Fig. 54, in gray)
transitioned to lower FRET (Fig. 54, in navy blue), indicating that
200 nM full-length BLM interacts with all GQ structures tested here
except for the T30, the non-GQ control DNA. This result suggests
that, unlike RHAU, BLM interacts with GQ-DNA regardless of the
conformation.

The representative smFRET traces for individual GQ-DNA dis-
played FRET fluctuations for 111- and CMYC-T15 that resembled
the pattern obtained for RHAU (Fig. 5B, Top). In the case of TTA-
and TAA-T15, the FRET fluctuation was significantly slowed down.
Although the majority (~90%) of 111- and CMYC-T15 exhibited
FRET fluctuation, a substantial fraction (60-70%) of TTA- and
TAA-T15 also displayed FRET changes, again reflecting that BLM
acts on GQ in a conformation-independent manner (Fig. 5C). The
BLM binding and GQ-unfolding activity was independent of ATP,
similar to the case of RHAU, which is in agreement with previous
studies (9, 27, 28). We also tested two substrates that contain ssDNA
on the 5’ side of GQ (TTA). BLM exhibited a similar FRET fluc-
tuation, in agreement with previous studies (28, 29), which indicates
that a similar mechanism is at work (Fig. S9). Similar to RHAU, the
unfolding rate of BLM was significantly higher than the refolding rate
for all substrates. Both rates obtained for 111- and CMYC-T15 were
highly similar to the ones measured for RHAU, suggesting that the
two proteins may use a similar unfolding mechanism.

WRN Displays Selective Binding and Repetitive Unfolding on Telomeric GQ.
We set out to test another RecQ family helicase, WRN, implicated in
GQ unwinding. We used all four GQs and the non-GQ control
DNA used above. Unlike RHAU, WRN induced FRET shift only
on telomeric GQ, TTA-T15 applied with ATP, suggesting a highly
specific binding of WRN toward the telomeric GQ and requirement
for ATP (Fig. 64) (25).

Unlike a steady FRET signal for all substrates (Fig. 68), WRN
displayed rapid FRET fluctuation on telomeric GQ, likely
representing a repetitive unfolding and refolding of telomeric GQ.
The majority (>80%) of telomeric GQs induce binding of WRN
that entails repetitive FRET fluctuation whereas less than 20% of
traces showed a FRET change in the other substrates. Interestingly,
telomeric GQ unfolding and refolding was 5-10 times faster than
that measured for RHAU and BLM (Fig. 6D). WRN is unique in
that its binding and GQ-resolving activity is highly specific to
telomeric GQ and is ATP-dependent.

Discussion

Formation and Resolution of GQ. Genomic DNA is compacted into
nucleosome units that are tightly organized into chromatin.
Therefore, DNA cannot be rearranged into any other secondary
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structures under these conditions. In every cell cycle, however, the
entire genomic DNA undergoes a round of replication in which the
entire molecule of dsDNA is unraveled into single-stranded DNA.
Transcription also entails local melting of DNA at active transcription
sites. It is thought that these processes facilitate certain sequences
of ssDNA to form noncanonical secondary structures, such as the
G-quadruplex and trinucleotide repeat (TNR) hairpin (30). Stably
folded GQ structures can be long-lasting, leading to alterations in the
subsequent replication or transcription activity (31, 32). Counteracting
the formation of such GQ structures is a special class of helicases
evolved to specifically target and resolve stably formed GQ
structures (33). Highly stable DNA-GQ structures often adopt
parallel conformations (26). In agreement, our previous in vitro
study demonstrated that only parallel GQ folding can be sus-
tained in the context of dsDNA (34). Nevertheless, it is possible
that even weak GQ structures may be stabilized by GQ-binding
proteins (35). It is expected that the GQ formation and de-
formation will be maintained and regulated by these proteins.
Here, we examined three GQ-resolving helicases, RHAU, BLM,
and WRN, which displayed distinct substrate specificity, yet a very
similar unfolding mechanism.
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BLM bound to all substrates. (C) Percentages of BLM-bound GQ-DNA
molecules in a bar graph. (D) Refolding and unfolding rates of all GQ-DNAs
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Fig. 6. WRN binding is specific to telomeric GQ in the presence of ATP. (A) FRET
histograms of 111-T15, CMYC-T15, TTA-T15,TAA-T15, and T30 (non-GQ control)
(in gray) with WRN plus ATP (pink). (B) smFRET traces of all GQ-DNAs with WRN
and ATP. (C) Percentage of WRN-bound 111-T15, CMYC-T15, TTA-T15, TAA-T15,
and T25 in the presence of ATP in a bar graph. (D) Unfolding (red) and refolding
(blue) rates of TTA-T15 in the presence of WRN and ATP.

Conformation-Specific Unfolding. Many previous studies focused
on unwinding of telomeric GQ substrates (10, 27, 29, 36, 37).
The highly selective binding of RHAU to parallel GQ was an-
ticipated from the previous structure (14). Based on this struc-
tural feature, we envision that the N-terminal RHAU makes a
specific contact on the top of parallel GQ whereas the helicase
domain uses its two RecA-like domains to pry open the folded
GQ structure. Our data also reveal a requirement of a segment
of ssDNA, likely reflecting that RHAU uses the adjacent ssDNA
as an anchor to engage in the GQ-unwinding activity. The robust
unwinding activity of RHAU on RNA-GQ confirms that the
substrate specificity of RHAU arises from its recognition of the
parallel configuration of GQ regardless of DNA or RNA. Al-
though RHAU uses the same mechanism to repetitively unfold
parallel structures of CMYC-T15, 111-T15, and RNA-GQ, we
do observe different unfolding and refolding rates depending on
the folding strength of the GQ. We further tested this effect by
applying a 140-mM KCI condition in which GQ folding is tighter

(Fig. S4), which reflects that the unfolding activity by RHAU
may not be equivalent on all parallel GQs and that the profi-
ciency may depend on the GQ-folding stability. Unlike RHAU,
BLM binds all GQ constructs, displaying an indiscriminate
binding to both parallel and nonparallel GQ structures. The
most selective substrate specificity was seen in WRN, which
interacted only with the telomeric GQ in the presence of ATP.
This finding is consistent with the high telomeric specificity of
WRN displayed in DNA deletion suppression (25, 38) and un-
winding activity (39).

Repetitive Unfolding Mechanism. Although unwinding of nucleic
acid is inherently a reversible process, the repetitive activity can
prevent the single-stranded segments from rewinding and inter-
acting with unwanted proteins. Our results demonstrate that all
three GQ resolvases use the same mechanism of repetitive GQ
unfolding albeit with different substrate specificity. Our previous
studies demonstrated the repetitive translocation activity of
DNA motors (22, 40, 41) and an RNA motor (42), involved in
the DNA repair pathway and antiviral signaling, respectively.
Recent single-molecule studies on BLM (truncated version) (29,
43) and on PifI (37) also showed repetitive unfolding activity on
telomeric GQs. Although the ATP-independent unfolding ac-
tivity by RHAU and BLM that we present here is consistent with
some previous studies that reported ATP independent GQ un-
winding activity by BLM (9, 28), others have presented ATP-
dependent unwinding by RHAU and BLM. Our results cannot
be directly compared with these previous studies for the fol-
lowing reasons. First, we have monitored the protein activity on
intramolecular GQs whereas others have used bimolecular or
tetramolecular GQs (16) (12) as unwinding substrates. Second,
we have used full-length BLM unlike many other studies that
resorted to a truncated form of BLM or the core-BLM fragments
(27-29). Third, the DNA substrates designed for the study had a
different composition: for example in the ssDNA length, polar-
ity, and composition. Taken together, the repetitive motion is
likely a conserved mechanism among a diverse family of helicases
as an efficient means of preserving the ssDNA or RNA from
unintended processes. Although the repetitive nature of
unfolding bears resemblance to the previous ATP-dependent
DNA and RNA motor proteins, the ATP-independent GQ
unfolding by RHAU and BLM observed here likely employs
a different mechanism.

DNA Annealing and Ligand Displacement. RHAU induced DNA
annealing only in the cis configuration where the two complemen-
tary strands were located in the same DNA molecule (Fig. 3). In our
previous study, RNA helicase A exhibited repeated cycles of un-
winding, which stimulated unwinding in trans (44). The cis-specific
annealing by RHAU suggests that the protein does not unfold the
GQ completely, but likely only partially disrupts the structure. This

Table 1. Extended materials and methods: DNA sequences

Sequence 5 to 3’

CMYC-T15/3Cy3/ TGG CGA CGG CAG CGA GGC TT GGG T GGG TA GGG T GGG TTT TTT TTT TTT TTT/3Cy3/
111-T15/3Cy3/ TGG CGA CGG CAG CGA GGC TT GGG T GGG T GGG T GGG TTT TTT TTT TTT TTT/3Cy3/
TTA-T15/3Cy3/ TGG CGA CGG CAG CGA GGC TT GGG TTA GGG TTA GGG TTA GGG TTT TTT TTT TTT TTT/3Cy3/
TAA-T15/3Cy3/ TGG CGA CGG CAG CGA GGC TT GGG TAA GGG TAA GGG TAA GGG TTT TTT TTT TTT TTT/3Cy3/
T15/3Cy3/ TTT TTT TTT TTT TTT/3Cy3/

T25/3Cy3/ TTT TTT TTT TTT TTT TTT TTT TTT T

CMYC-T9/3Cy3/ TGG CGA CGG CAG CGA GGC TT GGG T GGG TA GGG T GGG TTT TTT TTT/3Cy3/

c4 CCC A CCC TA CCC A CCC

CMYC complementary /iCy5/ CCC A CCC TA CCC A CCC AA G/iCy5/CC TCG CTG CCGTCG CCA /3Bio/-3

111 complementary/iCy5/ CCC A CCC A CCCACCCAAG/iCy5/CC TCG CTG CCGTCG CCA /3Bio/-3

/5Cy5/18merBio /5'Cy5/GCC TCG CTG CCG TCG CCA/3'Bio/

/5Cy5/18mer /5'Cy5/GCC TCG CTG CCG TCG CCA

Biotin CMYC 51 mer /5B10dT/~-GGC CGC TTA TGG GGA GGG TGG GGA GGG TGG GGA AGG TGG GGA GGA GAC TCA

DNA sequences used in this study. The underline portion corresponds to G-quadruplex forming sequence.
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suggestion is also in agreement with the narrow range of FRET
fluctuation between 0.35 and 0.6 (Fig. 24), which is much lower
than the expected distance change from unfolding of 15-16 nucle-
otides. The emerging model is that RHAU latches onto the top of
the parallel GQ by its N-terminal domain (14) and that the helicase
grabs onto the propeller arms of the GQ structure to spring back
and forth, stretching and relaxing in repetition. Interestingly, the
repetitive unwinding is abolished in the presence of the comple-
mentary strand in cis. Instead, there is a stepwise pairing between
the GQ and complementary strand (Fig. 3C). These data suggests
that RHAU disrupts the GQ enough to allow for partial annealing,
which may trigger further unwinding and subsequent annealing. It is
probable that the G triplets are released one at a time, gradually
allowing the stepwise annealing to occur. Based on this result, it is
likely that the repetitive unwinding is needed only when the com-
plementary strand is absent or when it is not accessible due to being
occupied by another protein, for example. Again, such activity will
preserve and sequester the unwound GQ DNA until the comple-
mentary strand becomes accessible. We also demonstrated that
the unwinding activity by RHAU dislodged the chemical ligands
BRACO-19, NMM, and Phen-DC3 bound to GQ DNA (Fig. 4 and
Fig. S4). Our results clearly indicate that the GQ-bound ligand is
easily displaced when RHAU initiates unwinding. Many previous
studies reported that GQ ligands such as BRACO-19 stabilize the
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GQ structure and interfere with downstream processes, such as
telomerase extension and gene expression (45). Although these
results seem to contradict our findings, the concentrations of ligand
used in these studies are likely high enough (1-100 pM) to out-
compete the resolvase enzyme, resulting in more pronounced sta-
bilization of GQ, which leads to the corresponding inhibitory effect.

Materials and Methods

DNA-Protein Measurement. \WRN protein was purified as described previously (46).
Reactions were performed in 10 mM Tris, pH 7.5, 25 mM KCl, 1 mM MgCl,, and
2 mM ATP. BLM was purified as described previously (47), and single-molecule
reactions were performed with 100 nM BLM in the presence of 20 mM Tris, pH 7.6,
50 mM KCl, 3 mM MgCl,, and 2 mM ATP. RHAU was purified as described pre-
viously (15), and single-molecule reactions were performed with 7.5 nM RHAU in
the presence of 50 mM Tris-Acetate, pH 7.6, 50 mM KCl, 50 mM Nacl, 0.5 mM Mg
(Ac),, and 1 mM ATP, ATPyS, and AMPPNP. See Table 1 for DNA sequences.

smFRET Data Analysis. Software for analyzing single-molecule FRET data is
available for download from https://cplc.illinois.edu/software/.
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