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ABSTRACT

G-quadruplex structures can occur throughout the
genome, including at telomeres. They are involved in
cellular regulation and are potential drug targets. Hu-
man telomeric G-quadruplex structures can fold into
a number of different conformations and show large
conformational diversity. To elucidate the different G-
quadruplex conformations and their dynamics, we in-
vestigated telomeric G-quadruplex folding using sin-
gle molecule FRET microscopy in conditions where
it was previously believed to yield low structural het-
erogeneity. We observed four FRET states in Na*
buffers: an unfolded state and three G-quadruplex re-
lated states that can interconvert between each other.
Several of these states were almost equally popu-
lated at low to medium salt concentrations. These
observations appear surprising as previous studies
reported primarily one G-quadruplex conformation in
Na* buffers. Our results permit, through the analysis
of the dynamics of the different observed states, the
identification of a more stable G-quadruplex confor-
mation and two transient G-quadruplex states. Im-
portantly these results offer a unique view into G-
quadruplex topological heterogeneity and conforma-
tional dynamics.

INTRODUCTION

Telomeres are regions of chromosomal DNA that pro-
tect the ends of chromosomes and are important for ge-
nomic stability. Human telomeric DNA is double stranded
with a single stranded overhang of 100-200 nt containing
multiple copies of the sequence TTAGGG. Telomeres can
fold into different structural conformations including G-
quadruplexes (1). These structures contribute to the reg-
ulation and maintenance of telomere length by inhibit-

ing telomere extension by telomerase. Stabilization of G-
quadruplex structures by ligands has been shown to inhibit
telomere extension which could potentially be exploited in
cancer therapy (2).

G-quadruplex structures formed by human telomeric re-
peats (TTAGGG) are very polymorphic and can fold into
a variety of topologies (Figure 1) (3). While the dominant
conformation depends on external factors, such as cation
type and concentration, different structures can be energeti-
cally close to each other (4,5). In the presence of K* ions, G-
quadruplexes have been reported to fold into different con-
formations, including the parallel, hybrid and chair confor-
mations. In the presence of Na* ions, G-quadruplexes with
the human TTAGGG repeat have been reported to fold pre-
dominantly in an anti-parallel basket topology (6). Depend-
ing on salt concentration, folded and unfolded states can
both be populated and be in thermodynamical equilibrium.
Single molecule studies in these conditions can uncover G-
quadruplex folding dynamics and the presence of transient
structures. Folding intermediates have previously been ob-
served in Na™ buffers in the presence of force through tweez-
ers experiments (7,8).

Another parameter that can influence G-quadruplex con-
formation and conformation diversity is base mutation. A
minor substitution from a T base to a C base in all repeats,
which is a natural mutation in humans, has been reported
to yield a G-quadruplex in an anti-parallel chair conforma-
tion in the presence of K* ions (9). The anti-parallel chair
conformation has also been hypothesized as an intermedi-
ate folding structure for G-quadruplexes with TTAGGG
repeats (10,11) and identifying a clear experimental signa-
ture of this conformation can help elucidating its role in G-
quadruplex folding dynamics.

G-quadruplex polymorphism and folding have been in-
vestigated by a number of methods, however, few methods
allow obtaining a global picture of G-quadruplex polymor-
phism within the same sample (12). Single molecule Forster
Resonance Energy Transfer microscopy (SmFRET) offers
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Figure 1. Schematic view of different reported telomeric G-quadruplex
conformations: (A) parallel conformation, (B) anti-parallel basket confor-
mation, (C) (3 + 1) form 1, (D) (3 + 1) form 2, (E) chair conformation,
sequence variant AGGG(CTAGGG)3, (F) two tetrad anti-parallel confor-
mation and (G) (2 + 2) anti-parallel conformation.

the possibility to resolve conformational heterogeneity in a
given nucleic acid sequence and elucidate their dynamics on
the timescale of milliseconds to minutes (13). This technique
has already provided unique insights into the conformation
diversity of G-quadruplex structures with the human telom-
eric repeat (TTAGGG) in the presence of K* ions (14-19) as
well as their interaction with a number of proteins (20-24).

Here, we investigated conformational dynamics of G-
quadruplex structures with the human telomeric repeat in
different conditions, especially focusing on Na* buffer con-
ditions where their polymorphism was believed small. Sur-
prisingly, G-quadruplex structures in Na* buffers showed
pronounced conformational dynamics where we identified
at least four different states that are dynamically populated.
Careful quantification of FRET values and dwell times of
each FRET state revealed the presence of both fast (<~10
s) and slow dynamics (>10 s). We attribute the identified
FRET signatures to a more stable folded G-quadruplex
in anti-parallel basket topology, an unfolded state and to
two transient G-quadruplex structures and propose pos-
sible folding pathways. This new knowledge implies that
telomeric G-quadruplex polymorphism in thermodynami-
cal equilibrium conditions does not only occur in the pres-
ence of K* ions. Our results contribute to a thorough under-
standing of G-quadruplex folding dynamics and conforma-
tions, which is crucial for further understanding their inter-
action with proteins and role in vivo.

MATERIALS AND METHODS
DNA sequence and sample preparation

DNA oligonucleotides were purchased from IBA (Ger-
many). The G-quadruplex strand sequence with human
telomere repeats is 5'- GCA GGC GTG GCA CCG GTA
ATA GGA TTA GGG TTA GGG (TTA GGG);-Cy3, with
the G-rich single stranded overhang marked in bold. The
G-quadruplex strand includes the human telomeric repeat
motif at the end of which Cy3 was attached via amidite cou-
pling. The complementary stem oligo is AAC CCX AAT
CCT ATT ACC GGT GCC ACG CCT GC-biotin where
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X denotes an amino-C6 dT base where Cy5 was attached
via NHS coupling. It contained a biotin at the 3’-end for
surface immobilization. Constructs were also designed with
swapped positions of Cy3 and Cy3, i.e. CyS5 is placed at the
end of the 3’ end of the G-quadruplex strand (both dyes
via NHS coupling). For the mutant studies, (TTAGGG);
was replaced by (CTAGGG);, where the underlined base
denotes the change from T to C. A second mutant was used
where the last three Gs at the 3’end were replaced by Ts. This
sequence cannot form a G-quadruplex but is expected to be
able to form a G-triplex structure (25). Corresponding un-
labeled DNA single stranded sequences of 22 nt were used
for circular dichroism (CD) spectroscopy measurements.
The stem and the G-quadruplex strands were annealed in
a 1:1 mixture in annealing buffer (20 mM Tris—HCI buffer
(pH 7.5) containing either 100 mM LiCl, NaCl or KCI)
by heating the mixture to 95°C for 5 min and then cool-
ing down to room temperature over a few hours. At this
stage the concentration of the DNA product was 5 wM.
Hybridization was performed in the same salt type as sub-
sequently used in the FRET and CD measurements so that
additional salt did not affect the measurements (26).

smFRET experiments and data analysis

DNA constructs (Figure 2A) were immobilized via biotin-
streptavidin interaction on a quartz coverglass for prism-
based total internal reflection fluorescence microscopy. Flu-
orescence was measured using an inverted wide-field optical
microscope and alternate laser excitation at 514 and 630 nm
of the donor and acceptor fluorophores, respectively. The
excitation powers were 0.34 kW/cm? and 0.11 kW /cm? for
the green and red lasers, respectively. Fluorescence movies
were recorded with an EMCCD camera (Andor, iXON 3)
with a 150 ms integration time per image and a total length
of 300 s.

DNA samples were diluted in dilution buffers (20 mM
Tris—HCI buffer (pH 7.5) containing either 100 mM LiCl,
or 100, 200 or 400 mM NacCl, or 100 mM KCl) where the
salt type and amount corresponded to those selected for
imaging conditions. Sample chambers for smFRET mea-
surements were coated with BSA-biotin and streptavidin
and incubated with the DNA samples at a concentration
of ~20-30 pM for 5 min. The chamber was then washed
with dilution buffer and afterwards flushed with an imag-
ing buffer consisting of the dilution buffer supplemented
with an oxygen scavenging system composed of 2 mM
Trolox (Sigma Aldrich), glucose oxidase (Sigma Aldrich,
0.92 mg/ml), catalase (Sigma Aldrich, 0.04 mg/ml) and B-
D-(+) glucose (Sigma Aldrich, 4.5mg/ml). Fresh imaging
buffer was flushed into the chamber every 30 min. Detailed
protocols for these single molecule FRET measurements
can be found in Kriiger ez al. (27).

Data analysis was performed with the home-made soft-
ware package iSMS (28). Briefly, FRET-pairs were identi-
fied by automated image registration of the donor and ac-
ceptor emission channels and subsequently co-localization
of the donor/acceptor fluorescence spots. The resulting flu-
orescence time traces of identified FRET-pairs were cal-
culated by aperture photometry and only molecules end-
ing with single-step donor and/or acceptor photobleach-
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Figure 2. DNA constructs forming G-quadruplexes and FRET efficiency
distributions (A) Schematic representation of the DNA sample contain-
ing a 32-bp long double stranded DNA stem with a 3’ overhang capa-
ble of forming a G-quadruplex structure. The attached biotin is shown in
blue and Cy3 and Cy5 are shown in green and red respectively. (B-E) Sin-
gle molecule FRET histograms, showing the FRET efficiency distribution
for (B) TTAGGG in 100 mM LiCl, (C) TTAGGG in 100 mM KCl, (D)
TTAGGG in 100 mM NaCl and (E) CTAGGG in 100 mM KCIl.

ing, or showing clear dynamics with anti-correlated donor-
acceptor fluorescence, were selected for further analysis as
this indicated that the source of the signal was a single dou-
bly labeled molecule.

The FRET efficiencies were obtained from the donor and
acceptor fluorescence intensities as:

_
- FP4+y Fp

Here F2 and F? denote donor and acceptor fluorescence
intensities after donor excitations, respectively. The values
were corrected for background signal, donor leakage and
direct acceptor contributions. The factor y corrects for dif-
ferences in brightness and detection efficiency for the donor
and acceptor fluorophores. Correction factors (y, donor
leakage and direct acceptor excitation) were determined
for each buffer conditions (Supplementary Table T1) en-
abling comparing FRET efficiencies between different ex-
perimental conditions. FRET time series showing transi-

tional dynamics were analyzed using hidden Markov mod-
eling with the variational Bayesian expectation maximiza-
tion technique (29). To extract dwell times for each FRET
states, only FRET time traces showing four different states
were used. This analysis procedure ensured a correct as-
signment of all four FRET states and especially of the two
middle FRET states £ ~ 0.5 and E ~ 0.6, which are oth-
erwise difficult to distinguish due to the intrinsic low sig-
nal to noise ratio of smFRET and overlapping FRET dis-
tributions. An overview of the single molecule data in Na*
buffers is given in the Supplementary information (Supple-
mentary Table T2). Only data arising from doubly labeled
molecules and having active fluorophores were included in
single molecule FRET histograms, which thus directly re-
flect conformational distributions. All frames of each sm-
FRET time trace prior the first fluorophore bleaching event
were used to make single molecule FRET histogram plots.
Each frame yields a count in the single molecule FRET
histograms. To check that molecules with long time traces
were not over contributing to the overall histogram, sin-
gle molecule FRET histograms were also made using only
the first 30 frames of each smFRET time trace (data not
shown). These latter plots yielded very similar FRET his-
tograms as when all frames were included.

RESULTS

Conformational diversity of G-quadruplexes with human
telomere repeats

Structural dynamics of G-quadruplexes situated at the
3’end of a double stranded stem were investigated using sin-
gle molecule FRET microscopy. Fluorophores were placed
on the DNA strands so that folded G-quadruplex structures
showed high FRET efficiencies while the unfolded state
showed lower FRET efficiency (Figure 2A). Single molecule
FRET efficiency histograms were obtained for constructs
containing human telomeric repeats TTAGGG where G-
quadruplexes were folded in the presence of Li*, K* and
Na* ions, respectively (Figure 2B-D). Broad FRET distri-
butions were observed in the presence of K* and Na* (Fig-
ure 2C and D). The low FRET peak around E = 0.2 cor-
responds to unfolded G-quadruplex structures. This band
becomes less dominant at increasing Na* and K* concen-
trations and is the dominant peak in Li* buffer which does
not stabilize G-quadruplexes (Figure 2B). The low FRET
peak is more pronounced in Na* buffer (Figure 2D) than
in K* buffer (Figure 2C) consistent with the lower stabil-
ity of G-quadruplexes in Na™ buffer conditions (5,30). In
the presence of Na* ions, the FRET efficiency distribution
histogram also showed a broad peak with a peak FRET
value of E ~ 0.50. As was previously reported, we observed
a broad FRET distribution also in K* buffers with two
evident FRET peaks at £ ~ 0.7 and E ~ 0.85 (14). G-
quadruplexes with the CTAGGG mutant human telomeric
repeat sequence yielded a narrower FRET distribution with
one dominant peak at a FRET value of £ ~ 0.85 (Figure
2E).

Each molecule contributing to the FRET histograms can
be followed in time (Figure 3). In the case of structures con-
taining the TTAGGG repeat in Na* and K* buffers we ob-
served both fast (dwell times <~10 s) and slow conforma-
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Figure 3. Single molecules FRET time traces of G-quadruplexes with the
human telomeric repeat TTAGGG in 100 mM NaCl: (A) example of two
single molecule FRET time traces of molecules showing no dynamic be-
havior with FRET efficiencies around 0.6 and 0.2. (B) Single molecule
FRET time traces showing examples of the observed conformational dy-
namics, the corresponding fluorescence intensity time trace are shown in
the Supporting information (Supplementary Figure S3). (C) Section of the
time trace showing transitions between the two medium FRET states. Full
drawn lines are the idealized paths obtained through hidden Markov mod-
eling.

tion dynamics (dwell times > 10 s) between the unfolded and
folded states (Figure 3 and Supplementary Figure S1). No
clear dynamics were observed for structures formed with the
CTAGGG repeat (results not shown). This indicates either
that there is only one conformation or if there are differ-
ent conformations they have very similar FRET efficiencies.
Comparison with CD spectra (Supplementary Figure S2)
and previously reported nuclear magnetic resonance data
(9) allowed attributing the FRET state around E = 0.85
to a single G-quadruplex structure with anti-parallel chair
topology. The observed high FRET value of E ~ 0.85 corre-
sponds well with the fact that the distance between the two
ends of the G-quadruplex forming sequence is the smallest
of all conformations (Supplementary Table T3). This state
appeared to be present both in Na* and K* buffers (Figure
2C-E).

Conformational dynamics in Na* buffers

Single molecule FRET time traces of structures contain-
ing the TTAGGG repeat formed in Na™* buffer showed dy-
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namic conformational changes occurring within the same
molecule (Figure 3). Thus, the observed broad FRET peak
consists of several FRET states dynamically interconvert-
ing between each other in the presence of Na* ions. About
62% of the molecules showed multiple dynamic transitions
similar to the examples shown in Figure 3B. The remaining
part of the molecules (38%) did not show any dynamics in
Na* buffers indicating that these molecules remained in a
single conformation state within the experimental observa-
tion window (minutes).

The single molecule FRET time traces showing con-
formational dynamics were best fitted using four different
FRET states: (i) a low FRET state, (ii and iii) two medium
FRET states and (iv) a high FRET state. The corresponding
FRET efficiencies are around E = 0.2 (Ey»), E = 0.5 (Egs),
E=0.6(Epg) and E = 0.85 (E( gs), respectively. Clear tran-
sitions were observed between all four states (Figure 3C),
strongly implying that all FRET states are distinct confor-
mations of the molecule. All states had a comparable mean
dwell time between 7 = 2.2 s and t = 2.8 s in molecules
showing dynamic time traces. FRET efficiencies and life-
times can be influenced by dye choice and dye position (31).
To test the robustness of our observations, we also per-
formed measurements on a DNA construct where the po-
sitions of Cy3 and CyS5 dyes were swapped. The obtained
results yielded the same conclusion (Supplementary Figure
S4). Interestingly, the molecules showing static time traces
that had the longest survival time, i.e. the time spent in a
given conformation before fluorophore bleaching, showed
FRET values around £ = 0.2 or £ = 0.6 (Supplemen-
tary Figure S5A). This observation indicates that these two
states are the most stable states under these given buffer con-
ditions (100 mM Na™).

Most stable states in Na* buffer

It has been shown that folded G-quadruplex conformation
is further stabilized at high Na* concentrations (32). To
probe this effect, single molecule FRET histograms were
obtained for increasing Na* concentrations (Figure 4). The
population maximum is observed to shift from the low
FRET energy state Ey, to the Ey ¢ FRET state. The dynam-
ical transitions between all four FRET states identified in
conditions with 100 mM Na* were also observed at higher
salt concentration, although to a lesser extent (Figure 4D—
F, Supplementary Table T2). While the three highest FRET
states did not significantly change their FRET value with
increasing salt, the lowest FRET state increased its values
from E ~ 0.2 to E ~ 0.4 (Supplementary Figure S6). Sim-
ilar effect was previously observed for similar DNA con-
structs under conditions preventing G-quadruplex forma-
tion (14,17,33). This observation is consistent with the com-
paction of the unfolded single strand DNA due to increased
electrostatic screening with increasing salt concentrations,
which leads to a shorter average distance in between the
FRET pair (34).

The number of molecules showing transitional dynam-
ics within the observation window decreased with increas-
ing salt (Supplementary Table T2). Less than 25% of
the molecules showed fast dynamics and the majority of
molecules did not show any dynamics in their respective
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Figure 4. Effect of increasing Na* ion concentration: top panel: single
molecule histograms of G-quadruplexes with the human telomeric repeat
TTAGGG as a function of Na* ion concentration for (A) 100 mM (B) 200
mM and (C) 400 mM NaCl. Bottom panel: examples of single molecule
FRET time traces showing dynamics for the different salt concentration
(D) 100 mM (E) 200 mM and (F) 400 mM NacCl.
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Figure 5. Dwells times of the different FRET states (A) Dwell times as a
function of FRET efficiency (B) Histograms of the dwell times for 100 mM,
and 400 mM NacCl for the Ej > and the Ej 5 states. Data are binned in 150
ms intervals.

FRET traces in buffer conditions with 400 mM Na*. With
increasing Na™* ion concentration, the large band with high
FRET efficiency changed its maximum from E ~ 0.5 to
E ~ 0.6 (Figure 4A-C). This suggests that the Ey¢ state
gradually becomes more dominant compared to the E s
state. The suggestion is supported by the observation that
molecules showing FRET efficiencies of E ~ 0.6 possessed
the longest survival time (Supplementary Figure S5B). Thus
we conclude that the Ey ¢ state represents the most stable G-
quadruplex conformation in Na* buffer. Previous studies
have identified the anti-parallel basket conformation as the
predominant structure in Na* buffers. Our CD measure-
ments show a typical signature of this conformation (Sup-
plementary Figure S7). We thus attribute the Ej¢ state to
a G-quadruplex structure in an anti-parallel basket confor-
mation.

Short lived FRET states and transient states

The dwell times of each of the four FRET states were an-
alyzed for the different NaCl conditions (Figure 5A). For
the low Ej, states and the high Ej g5 dwell times were ob-
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Figure 6. G-quadruplex folding pathways (A) Transition density plot for
400 mM NaCl showing the number of transitions between different initial
and final FRET states in all FRET time traces showing dynamics. (B) Pro-
posed model for the G-quadruplex folding pathways and illustration of the
different transient structures.

served to decrease with increasing salt concentration (data
for Ey, are shown in Figure 5B). For both medium FRET
states (Eyps and Ejg) transitional dynamics occurred with
more than one decay rate constant: the longest dwell times
increased for increasing Na* concentration and, at the same
time, the observed fast dwell times became faster (Figure
5A and C). Thus, the Ej s and Ej ¢ states both showed short
timescale (fast) dynamics that became faster with increasing
salt concentration and longer timescale dynamics that be-
comes slower with increasing salt. This indicates either that
several different conformations have the same FRET value
or that one conformation has several relaxation pathways.
Single molecule transition density plots contain infor-
mation on folding and relaxation pathways. The transition
density plot for measurements in 400 mM Na™ buffers (Fig-
ure 6A) shows that the most frequent transitions from the
unfolded low FRET state were to the Ej s state including
some less frequent transitions to the high Ejgs state. From
the intermediate E 5 state most transitions either went to
the Ey ¢ state or back to the unfolded state (Ey ;). From the
Ey¢ state transitions occurred primarily to the two states
Eys and Ejgs. Most frequent transitions from the interme-



diate Ey g5 state were to the Ey¢ state, very few transitions
were observed to the unfolded Ej, state. In combination
with the Na* dependent stabilities described above, these
observations suggest that the two states Eys and Ejgs are
two different transient states during G-quadruplex folding.

Several transient and intermediate states of G-
quadruplex folding have been proposed in the literature,
including G-hairpins, G-triplex, two G-tetrads and chair
anti-parallel conformations (35-37). The observed high
FRET efficiency state Ejgs corresponds well to the FRET
state found for G-quadruplexes with the CTAGGG repeat
which forms a chair anti-parallel conformation. This
structure is ‘identical’ to the chair structure suggested by
Mashimo and Chaires as a possible intermediate state in
KCI (10,38). High FRET efficiencies are also expected
for G-hairpins. This structure may also be present here
however G-hairpins are expected to form on a very fast
time scale (32,39) and thus unlikely to correspond to
the observed Ejpgs FRET efficiency state. The observed
medium FRET state Ej 5 corresponds to molecular struc-
tures with larger distance between the two fluorophores
and thus smaller FRET efficiency than the most stable
folded G-quadruplex structure. Three possible candidates
for the Eys intermediate state are a recently reported (2
+ 2) anti-parallel structure in Na* buffers (40), a two
G-tetrads G-quadruplex structure (37) or a G-triplex state
where the last three Gs on the 3’end of the single DNA
strand are free (41). G-triplex formation was investigated
using a mutant sequence where the last three Gs at the
3’end were replaced by Ts, which was previously reported
to yield a G-triplex signature in CD measurements (25).
No clear signature of a folded G-triplex structure was
observed on the time scale of our single molecule FRET
experiments (Supplementary Figure S8) indicating that
the Eos FRET state does not correspond to a G-triplex
structure. We propose a model of G-quadruplex folding
pathways based on our smFRET results where the Ejs
and Eygs are transient G-quadruplex structures in the
formation of the more stable G-quadruplex conformation,
i.e. the long lived Ey ¢ state (Figure 6B).

DISCUSSION

G-quadruplex structures with human telomeric repeat can
be very polymorphic. In this work, we used single molecule
FRET experiments to distinguish between a number of dif-
ferent conformations and follow G-quadruplex folding dy-
namics. By choosing to work in conditions of low poly-
morphism, we observed a clear FRET signature for the
anti-parallel chair (Ejgs5) and basket (Ey¢) G-quadruplex
conformations. While G-quadruplexes were previously re-
ported to fold predominantly in a basket conformation in
Na™* buffer, we here report the observation of at least four
different FRET states: (i) a short lived low FRET state
(Ey») which is the unfolded state, (ii and iii) two medium
FRET states (Eps and Ejg) that show both a short-lived
and a long lived component and (iv) a short lived Ej g5 state.

The presence of states that were stabilized by increas-
ing Na* ion concentration likely corresponds to the forma-
tion of stable G-quadruplex structures that can host three
ions in their center cavity (32). We attribute the most sta-
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ble Ej ¢ state to the anti-parallel basket G-quadruplex con-
formation. The presence of a number of other structures
has been proposed in Na* buffers (8,32,40). One of these is
the G-triplex (8,32), which is an intermediate structure on
the pathway of G-quadruplex formation. This structure was
not clearly observed in the conditions of our experiments
(Supplementary Figure S8) indicating that, if the G-triplex
is formed, this probably happens on a faster time scale than
our experiments can resolve (<200 ms). Another suggested
transient structure is a two tetrad G-quadruplex, which was
proposed as a transient structure having the capability to
transform into an anti-parallel basket structure by the slid-
ing of one of its arms (32,37). This sliding behavior im-
plies that the two tetrad G-quadruplex structure can have a
lower FRET efficiency than the anti-parallel basket struc-
ture and thus could be consistent with the observed Ej s
FRET state. The two tetrad G-quadruplex structure has so
far only been directly observed in K* buffers but we pro-
pose here that it may also exist in Na* buffers. Recent stud-
ies have demonstrated that G-quadruplexes can also fold in
a (2 + 2) anti-parallel structure in Na* solutions (40). This
new anti-parallel G-quadruplex conformation could also
yield a FRET efficiency around E = 0.5 (Supplementary Ta-
ble T3). G-hairpin and G-quadruplex chair structures have
been hypothesized to be folding intermediates (7,11,32,38).
Both structures are expected to have a high FRET signature.
The Ejgs state is here assigned to an anti-parallel chair G-
quadruplex as G-hairpin formation is likely too fast to be
observed under our experimental conditions. We thus pro-
pose that the Eys and the Eygs states both correspond to
transient G-quadruplex structures (Figure 6B).

The most probable transition from the unfolded state is to
the Ej 5 state. The second most probable transition is to the
Ey g5 state. Both states have fast dwell time components (of
several seconds) that decrease with increasing salt concen-
trations, indicating that they are destabilized with increas-
ing Na* concentration. Additionally, both the Ey 5 and Ey g5
states have a high transition probability to the Ej state.
These arguments taken together indicate that £y s and Eygs
are transient states in the folding pathway of the most sta-
ble G-quadruplex structure in Na* buffers (with Ey¢). The
number of transitions in each molecule and the number of
molecules showing dynamics decreases with increasing Na*
concentration. This could be related to the fact that salt low-
ers the energy barrier for G-quadruplex folding and thus the
final state is easier to reach. This hypothesis is consistent
with previous work which suggested that folding is facili-
tated by ions (10). Our assignments of the Ejs state as a
two G-tetrad or 2 + 2 G-quadruplex structure and of the
Ej g5 state as an anti-parallel chair G-quadruplex structure
are consistent with the occurrence of transitions between
the Eys and Eye and between the Ejgs and Ej¢ states as
the proposed structures for the Ej 5 and the Ejgs states can
transform to the anti-parallel basket G-quadruplex struc-
ture through partial unfolding. Short lived transient struc-
tures have recently been suggested to form when the Pifl
enzyme unwinds a G-quadruplex (42). Our findings in Na*
buffers can help identifying transient states where a large
conformation diversity is present.

In conclusion, we have investigated telomeric G-
quadruplex structures at the single molecule level in
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conditions known to yield low structural heterogeneity.
Using single molecule FRET microscopy we observed a
large FRET distribution and identified four FRET states
that can interconvert between each other in Na* buffer
conditions where the G-quadruplexes were expected to
fold in an anti-parallel basket conformation. Careful
comparison between different G-quadruplex sequences
and buffer conditions allowed the identification of different
G-quadruplex conformations in Na* buffers. Our results
thus show molecular structural heterogeneity of human
telomeric DNA structures in Na* buffer conditions, which
were previously believed to yield one main G-quadruplex
conformation. Using the advantages of single molecule
techniques, we uncover here the existence of three different
folded states that coexist dynamically in thermodynamical
equilibrium. In 100 mM Na* buffer conditions, which are
often used in the literature, we find that these states are
metastable with a dwell time of the order of 2 s. Single
molecule FRET offered a unique view into G-quadruplex
conformational dynamics under sodium-sufficient con-
ditions, which may play a crucial role for understanding
G-quadruplex protein interactions and G-quadruplex
stabilization by synthetic anti-cancer drug ligands.
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