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Abstract
Replication Protein A (RPA) is known to interact with G-rich sequences that adopt G-quadruplex
(GQ) structures. Most studies in the literature have been performed on GQ formed by homogenous
sequences, such as the human telomeric repeat, and RPA’s ability to unfold GQ structures of
differing stability is not known. We compared the thermal stability of three potential GQ forming
DNA sequences (PQS) to their stability against RPA mediated unfolding using single molecule
FRET and bulk biophysical and biochemical experiments. One of these sequences is the human
telomeric repeat and the other two located in the promoter region of tyrosine hydroxylase gene are
highly heterogeneous sequences, which better represent PQS in the genome. The three GQ
constructs have thermal stabilities that are significantly different from each other. Our
measurements showed that the most thermally stable structure (Tm= 86 °C) was also the most
stable against RPA mediated unfolding, although the least thermally stable structure (Tm= 69 °C)
had at least an order of magnitude higher stability against RPA mediated unfolding compared to
the structure with intermediate thermal stability (Tm= 78 °C). The significance of this observation
becomes more evident when considered within the context of cellular environment where protein-
DNA interactions can be an important determinant of GQ viability. Considering these, we
conclude that thermal stability is not necessarily an adequate criterion for predicting physiological
viability of GQ structures. Finally, we measured the time it takes for an RPA molecule to unfold a
GQ from a fully folded to a fully unfolded conformation using a single molecule stopped-flow
type method. All three GQ structures were unfolded within Δt≈0.30±0.10 sec, a surprising result
as the unfolding time does not correlate with thermal stability or stability against RPA mediated
unfolding. These results suggest that the limiting step in G-quadruplex unfolding by RPA is
simply the accessibility of the structure to the RPA protein.

INTRODUCTION
Potential G-Quadruplex forming sequences (PQS) have been identified in both telomeric
and non-telomeric genomic DNA1–4. Bioinformatics studies have identified 375 000 distinct
and non-overlapping PQS in the human genome5 and mapped their distribution 6–10. Non-
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telomeric PQS are over represented in or near gene promoters9, suggesting their potential
role might be involved in regulation of gene expression at the transcription level 11,12.
Similarly RNA GQs located in the 5’-UTR region13 have been demonstrated to regulate
gene expression at the translational level14–16. Recently, the GQs located in the promoter
regions of several oncogenes have been targeted by specific small molecules that stabilize
the GQ structure in order to modulate gene expression17,18.

Despite the abundance of PQS in eukaryotic genomes and the numerous in vitro
demonstrations of such structures, it has been challenging to directly demonstrate their
existence and function in vivo19. However, recent genome-wide studies have presented
indirect but increasingly convincing evidence for their in vivo significance. For instance,
absence of Pif1, a GQ unfolding helicase, causes severe retardation in DNA replication and
a significant increase in the number of DNA breaks in the GQ forming segments of the
genome20. These data have been interpreted as evidence for formation of GQs in vivo, and
the need for their unfolding by proteins. Since GQs are typically thermodynamically more
stable than Watson-Crick base paired duplex DNA21, they would need to be unwound for
effective progression of cellular processes that require unwinding of DNA, such as
replication and transcription19,22. Various helicases including Pif1, WRN, BLM, and
FANC-J, have been shown to perform this task22.

Single strand DNA (ssDNA) binding proteins are also known to unfold GQ structures.
Replication Protein A (RPA) is the most abundant ssDNA binding protein in eukaryotes (≈1
μM concentration in vivo23). RPA has three subunits (RPA70, RPA32, and RPA14), and is
involved in DNA replication, repair and recombination24,25. RPA has about three orders of
magnitude higher affinity for ssDNA (kd≈10 nM under physiologically relevant conditions)
and GQ structures compared to double stranded DNA (dsDNA)26–28. RPA binding unwinds
GQs formed by human telomeric repeat sequence (TTAGGG)n

26,29–31, and it is known that
RPA, along with another ssDNA binding protein Pot1, is involved in telomere
maintenance32. Interestingly, it has been shown that Cdc13, Stn1, and Ten1, which are
proteins specialized for maintaining telomeric DNA, have extensive structural and
functional homology to subunits of RPA33,34. It has been proposed that Cdc13, Stn1, and
Ten1 form an RPA-like complex that is involved in the maintenance of telomeres. These
observations combined with the ubiquitous nature of both RPA and PQS demonstrate the
physiological relevance and significance of RPA-GQ interactions.

In the present study, we compared three GQ constructs in terms of their thermal stability and
stability against RPA mediated unfolding. The thermal stabilities of GQs formed by human
telomeric and non-telomeric sequences and RPA mediated unfolding of GQ formed by
human telomeric sequence have been measured 35,36. However, a comparative study that
relates thermal stability and unfolding by RPA of multiple GQ constructs has not been
performed. The non-telomeric sequences studied in this work are highly heterogeneous, and
the interaction of RPA with such sequences has not been studied before. In particular,
whether higher thermal stability also implies higher stability against protein mediated
unfolding is a question that has not been addressed before. Additionally, interaction of RPA
with any GQ construct, including that formed by human telomeric repeat, has not been
studied at the single molecule level.

METHODS
We used circular dichroism (CD), DMS foot-printing, and UV-thermal melting to
characterize the GQs and single molecule FRET to study RPA-GQ interactions. The
experimental methods and protocols followed to perform these measurements are provided
as Supporting Information.
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RESULTS AND DISCUSSION
RPA has very high affinity to bind to ssDNA and the non-tetrad portions, e.g. loops, of the
GQ can act as natural substrates for RPA. Therefore, we hypothesized that a long loop in the
GQ structure could dramatically reduce the stability of the GQ against RPA mediated
unfolding, while the effect of such a long loop on thermal stability may not be as significant.
The critical step in this process is finding a GQ structure that has a relatively high melting
temperature as well as a long loop within the structure. Structures with both of these
attributes can be difficult to locate, as longer loops have been shown to decrease thermal
stability35. Identification of a GQ structure with a long loop and high thermal stability
motivated us to address this question using a small set of GQ structures.

Such a GQ structure is formed by a non-telomeric and heterogeneous sequence (will be
referred to as TH-2) that forms a two layer GQ and could potentially have a 6–9 nucleotide
long loop while maintaining a relatively high melting temperature of Tm=78 °C. To
compare, we studied two other GQ structures as well: a homogenous telomeric repeat that
forms a three layer GQ (TR-3) and a heterogeneous non-telomeric construct that potentially
forms a four layer GQ (TH-4). TH-2 and TH-4 sequences are located within the promoter
region of the tyrosine hydroxylase gene37. The TH-2 sequence is embedded within TH-4
sequence, which has an additional segment that enables a four layer GQ structure (see
Figure 1-B for sequences and a possible folding pattern for each GQ).

CD measurements were performed to confirm GQ formation in each of the three PQS at 100
mM K+ concentration as summarized in Figure 2-A (control measurements at 100 mM Li+

are shown in Supporting Figure S1). The CD spectrum of TH-2 showed a peak at 260 nm
and a trough at 240 nm which is consistent with parallel GQ conformation. On the other
hand, TH-4 has a shoulder around 260 nm in addition to another peak at 295 nm, suggesting
a mix of parallel and anti-parallel GQs or a hybrid conformation. TR-3 had a spectrum
similar to that of TH-4, with the exception of the second peak being at 288 nm rather than
295 nm, consistent with a hybrid conformation38,39. It should be mentioned that CD data are
used as an evidence for GQ formation rather than identifying the exact conformation of GQ,
as there are exceptions to the presented interpretations on conformations40. In this study, we
focused on comparing the average thermal stability of GQs with the RPA mediated
unfolding activity of such structures. The thermal stabilities of the GQs were determined via
UV-melting measurements, and the following melting temperatures were obtained:
Tm(TH-2)=78 °C; Tm(TR-3)=69 °C; and Tm(TH-4)=86 °C (Figure 2-B).

Dimethyl sulfate (DMS) footprinting experiments were performed to distinguish the
guanines that are part of the G-tetrad structure, which would protect them from DMS
modification, from those that are within the loop regions, and therefore are not protected 41.
The results of these measurements are reported in Supporting Figure S2. Based upon the
DMS protection pattern, one of the many possible GQs is shown for each sequences in
Figure 1-B. The DMS footprinting data suggest that there is not a unique set of guanines that
participate in the GQ structure for TH-2 and TH-4. Redundancy in the sequences allows for
different subsets of contiguous guanines to participate in GQ formation, resulting in a
variety of possible structures.

smFRET measurements were performed in prism-type total internal reflection configuration,
as schematically shown in Figure 1-A 42–44. Proper folding into GQ structure was monitored
by measuring the FRET efficiency between the donor and acceptor fluorophores. Increasing
K+ concentration results in stabilization of the GQ, thereby decreasing the distance between
the donor-acceptor fluorophores and resulting in higher FRET efficiency (see Supporting
Figure S3 for K+ titration data on TH-2). At 100 mM K+ all three constructs showed a single
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high FRET peak suggesting stable folding (Figure 3). It should be noted that a single FRET
population does not necessarily mean a single GQ folding conformation as the distance
between the donor-acceptor fluorophores could be similar for different conformations. In
order to minimize the interaction between the fluorophores and the GQ structure, thymidine
spacers were placed between the fluorophores and GQ (see Supporting Information for
sequences). We confirmed that these spacers do not have a significant effect on the thermal
stability of the GQs and that constructs with and without the spacers had similar melting
temperatures (data not shown). Finally, smFRET measurements are performed at picomolar
DNA concentrations thereby excluding possibility of intermolecular GQ formation.

The smFRET data in Figure 3 summarizes the unfolding of the GQs at 100 mM K+ by
different RPA concentrations. Among the three GQs, the stability against RPA mediated
unfolding varies by orders of magnitude. TH-2 is the least stable against RPA and
completely unfolds in the presence of about 25 nM RPA. TR-3 and TH-4 demonstrate an
unexpected unfolding pattern: they are both significantly unfolded at relatively low RPA
concentrations (<100 nM) but maintain a steady state unfolded/folded proportion up to
physiological level RPA concentrations (≈1 μM). For TR-3, the steady state unfolded
population constitutes about 86% of the total population whereas for TH-4 it is about 49%.
The bottom panels in Figure 3A and 3B show that RPA mediated unfolding activity can be
fitted well by a Langmuir isotherm of the form y=x/(x+kD), where y describes the fraction of
unfolded GQ structures, x is the concentration of RPA in the solution, and kD is the
dissociation constant. This expression is justified as the surface concentration of GQ (sub
nanomolar) is much lower than the protein concentration in solution. In order to
accommodate for incomplete unfolding of GQ for TR-3 and TH-4, the equation is multiplied
by a normalization constant y=α[RPA]/([RPA]+kD), where α essentially describes the
saturating unfolded fraction of GQ. It should be mentioned that this equation assumes that
binding of RPA to GQ is equivalent to unfolding of GQ. A more complete description
would require separating the two processes however; given the number of data points we
have and the quality of the fits based on the simplified model, we believe we would not be
able to distinguish the two models. Two parameters are extracted from these fits: α and kD
which are the fraction of unfolded GQs at saturation (up to physiological RPA concentration
which is about 1 μM) and the dissociation constant of binding/unfolding process,
respectively. The results of the fits are: y=x/(x+2.3) for TH-2, y=0.86x/(x+8.9) for TR-3,
and y=0.49x/(x+27) for TH-4. These results mean that RPA can bind and unfold all of TH-2
with a kD=2.3 nM. However, in the case of TR-3 86% and TH-4 49% of the GQ molecules
can be unfolded at saturating RPA concentrations. The corresponding dissociation constants
are kD=8.9 nM for RPA-TR-3 interaction and kD=27 nM for RPA-TH-4 interaction. Despite
its lower thermal melting temperature, TR-3 was significantly more stable against RPA
mediated unfolding compared to TH-2 as it had about 4 times higher kD. In addition, about
14% of TR-3 molecules were able to maintain a folded structure even in the presence of 1
μM RPA concentration, while all of TH-2 molecules were unfolded at less than 100 nM
RPA concentration.

The DNA constructs we used for this study have a double stranded stem sequence (see
Figure 2), and the donor/acceptor fluorophores are placed at the ends of the GQ structure but
are on separate ssDNA strands. RPA is known to have helix destabilization activity
however, at near physiological salt conditions (100 mM KCl and 5 mM MgCl2), the affinity
of RPA to dsDNA was measured to be about three orders of magnitude smaller than its
affinity to ssDNA27. It is also known that RPA has indistinguishable affinity for GQ and
ssDNA26. Furthermore, Fan et al. showed that the affinity of RPA to the duplex formed by a
GQ forming sequence and its complementary strand is negligible compared to its affinity to
the GQ forming sequence alone26. Therefore, the possibility of unfolding of the dsDNA
stem by RPA can be discarded. All three DNA constructs we studied have the same dsDNA
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stem, and therefore it would be the GQ constructs that are the cause of the significant
variation in the stability against RPA mediated unfolding.

Interestingly, the unfolded population of TH-4 shows a double peak, with one present in the
intermediate FRET region, shown in Figure 3-C. This suggests that the unfolded state of the
TH-4 could still maintain some folded secondary structure. RPA has four active DNA
binding domains (DBD), and can bind an 8–30 nucleotide long ssDNA45. Given that TH-4
is 37 nucleotide long (including thymidine spacer), it could accommodate an RPA molecule
and some folded secondary structure or two RPA molecules at once. If the latter scenario is
assumed, the low FRET peak would represent two RPA molecules binding to the same DNA
molecule simultaneously. If that were the case, the population of lower FRET peak would be
expected to systematically increase with increasing RPA concentration between 100 nM-1
μM RPA. However, such a systematic increase is not observed making this scenario
unlikely. The more likely alternative is that the lower FRET peak represents a completely
unfolded DNA molecule that is bound by a single RPA molecule. In this case, the
intermediate FRET peak would represent an RPA bound DNA molecule that continues to
maintain some folded secondary structure, but not necessarily a GQ.

Finally, we monitored the time it takes for RPA to unfold GQ using a single molecule assay
that resembles the ensemble level stopped-flow assay. In this assay, we incubate the DNA
constructs in a buffer containing 100 mM K+ for 20 minutes to attain stably folded GQ
structures. Then we inject a buffer that contains 100 mM K+ and 100 nM RPA, while
simultaneously recording the data. As a result we obtain single molecule FRET time
trajectories as shown in Figure 4-A, which was acquired at 0.018 sec integration time. The
initial high FRET state corresponds to the folded GQ conformation and the following low
FRET state corresponds to the RPA-bound unfolded state. By measuring the transition time
between these two states we obtain the time it takes for RPA to unfold the GQ. Several
points should be mentioned about this assay to distinguish it from ensemble level stopped-
flow assay. First of all, uncertainty in mixing time is not an issue for this single molecule
assay as we monitor the interaction of a single DNA and single protein molecules in real
time. We can determine the exact time, within our time resolution, that a GQ starts
unfolding and completes the unfolding process. Hence, the start and end of the unfolding
process are determined independently for every GQ molecule included in our analysis.
Secondly, the protein concentration used for the measurements does not affect the transition
time. The GQ is unfolded by a single RPA molecule and the start and end of the GQ
unfolding can be determined for each molecule. Having a higher protein concentration
would provide larger number of unfolding events and better statistics. To be consistent we
maintained 100 nM RPA concentration for all our measurements. Finally, we can
distinguish between photobleaching and GQ unfolding and were able to exclude the
photobleaching events during data analysis. Fluorophore photobleaching could arise because
of buffer exchange at the time of RPA flow in the chamber. As shown in Figure 4-A, the
photobleaching and the unfolding transition can be clearly distinguished. Apart from
temporal separation between the two events, the FRET level upon GQ unfolding (~0.25) and
the FRET level upon acceptor photobleaching (~0.10 for our setup and dye pair) are
significantly different and can be easily distinguished. These criteria have been applied to all
the data included in the histograms shown in Figure 4-B.

The histograms of the unfolding time and Lorentzian fits to these histograms are shown in
Figure 4-B. While constructing these histograms, the unfolding events that were within few
seconds of RPA injection were used for TH-2 and TH-4, whereas for TR-3 we had to
consider later events as well in order to obtain reasonable statistics. Characteristic unfolding
times were determined to be (based on Lorentzian fits): Δt=0.29±0.10 sec for TH-2;
Δt=0.38±0.10 sec for TR-3; and Δt=0.33±0.10 sec for TH-4. The image acquisition time for
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the measurements was 0.035 sec, about an order of magnitude smaller than the duration of
unfolding transition. We also performed control measurements on the TR-3 construct using
0.018 sec acquisition time which was achieved by using half of the CCD sensor for imaging.
An average unfolding time of Δt=0.27±0.05 sec was obtained from these measurements
(Figure S4), which is consistent with the data presented in Figure 4 within the uncertainty of
the method. The most important contribution to the uncertainty in determining the
characteristic times is due to uncertainty in selecting the beginning and end of the transition
time. We estimate this uncertainty to be about 3 data points (images), increasing the
uncertainty in the measurement to about 0.10 sec for 0.035 sec image acquisition time, and
to about 0.050 sec for 0.018 sec image acquisition time. Given this uncertainty, all three GQ
structures essentially have the same unfolding time despite significant variations in their
melting temperatures and steady state stabilities against RPA mediated unfolding. This
novel result suggests that the limiting step in unfolding of GQ structures by RPA is the
binding of RPA to GQ. Once RPA binds and the unfolding of GQ starts, it takes similar
times for RPA to unfold GQ structures with otherwise very different stabilities. How this
binding is influenced by GQ structure requires systematic studies in which RPA mediated
unfolding is studied with GQ structures with differing loop lengths, sequences, and number
of G-tetrad layers. Such a systematic study is beyond the scope of the current work although
our results suggest that having a long loop in the GQ structure may be the determining factor
in the stability (against protein mediated unfolding) of certain structures such as the one
adopted by TH-2. TH-2 can have a 6–9 nucleotide loop, depending on which guanines
participate in the G-tetrad formation. RPA can efficiently bind this loop and destabilize the
GQ. In the case of TR-3, the loops are all 3 nucleotide long which may be the reason why
TR-3 is more stable than TH-2. However, loop length does not describe the entire
complexity of the process as TH-4 has a similar long loop in its structure, 9–10 nucleotide
long, but it is very stable against RPA mediated unfolding. The important difference
between TH-2 and TH-4 is of course the number of their G-tetrad layers: TH-2 has only two
tetrad layers whereas TH-4 has four tetrad layers. Interestingly, the stability against RPA
mediated unfolding correlates with the number of layers, i.e. the four layered TH-4 is the
most stable and the two layered TH-2 is the least stable. However, understanding how these
different structural elements influence the stability of a GQ structure would require
systematic studies varying these parameters. However, this study clearly shows that thermal
stability alone is not an adequate criterion to determine the stability of a GQ against protein
unfolding.

CONCLUSION
We have demonstrated that the relative stability of GQs against RPA mediated unfolding
can be significantly different from their relative thermal stability. Hence, thermal stability
alone should not be used as a gauge for putative physiological viability of GQs, given the
presence of various unfolding proteins in vivo. It should be emphasized that in vitro RPA-
GQ interactions are not an adequate gauge for in vivo viability either as numerous other
molecular factors could affect the stability of a GQ. However, our measurements
demonstrate the potential problems that would be encountered if in vivo viability is directly
correlated with thermal stability. Potential variables such as the sequence, loop length and
number of G-tetrads could have a dramatic influence on protein-GQ interactions compared
to their influence on thermal stability of the GQ. In addition, we found that the unfolding
time of the three GQs by RPA to be very similar, Δt≈0.30±0.10 sec, despite their
significantly different melting temperatures. To our knowledge, this quantity has not been
measured before and its similarity between GQ structures with different stabilities suggests
that binding of RPA to GQ may be the limiting step in this process. Once RPA binds to GQ,
the unfolding event takes a place within a very similar time frame for GQs that otherwise
have very different stabilities.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Schematic of single molecule FRET experiments. GQ forming DNA constructs are
immobilized on a poly ethylene glycol coated quartz slide via a neutravidin biotin linker.
Adding potassium stabilizes the GQ structure whereas RPA unfolds the structure. (B)
Sequences and a possible folding conformation for each of the three GQ constructs studied
in this work. TH-2 and TH-4 are located within the promoter region of the tyrosine
hydroxylase gene and they can form a two and four layer GQ, respectively. TR-3 is the
human telomeric repeat that forms a three layer GQ.
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Figure 2.
(A) Circular Dichroism (B) UV thermal melting measurements on the three GQs studied in
this work. Both measurements were performed under similar conditions to smFRET
measurements for consistency. CD measurements demonstrate the GQ formation for all
three constructs. The UV thermal melting measurements are used to characterize the thermal
stability of the GQ structures.
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Figure 3.
Single molecule FRET experiments probing GQ unfolding at different RPA concentrations
for (A) TH-2; (B) TR-3; and (C) TH-4. When GQ is folded, the donor and acceptor dyes are
close to each other, resulting in high-FRET efficiency. RPA binding to DNA induces GQ
unfolding, separating the fluorophores away from each other and resulting in low FRET
efficiency. As the RPA concentration is increased, the population of the low FRET peak
gradually increases as more GQ constructs are unfolded. For TR-3 and TH-4 the fraction of
unfolded GQ structures saturates at certain value and complete unfolding of all molecules
cannot be attained. The panels at the bottom show a Langmuir isotherm fit to the unfolding
data.
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Figure 4.
(A) Stopped-flow type single molecule measurements characterizing the unfolding of GQ by
RPA. 0.018 sec acquisition time was used for these data and the transition from the folded
GQ to unfolded structure upon RPA addition is monitored in real time. GQ unfolding, donor
photobleaching, and acceptor photobleaching are indicated on the top graph. Δt represents
the unfolding time of GQ by RPA. (B) Histograms of unfolding times obtained using this
method. The histograms are fitted with Lorentzian functions to determine the characteristic
GQ unfolding time.
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