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ABSTRACT. G-quadruplexes play important roles in cellular regulatory functions, but despite
significant experimental and theoretical efforts, their folding mechanisms remain poorly
understood. In this context, we developed a T-jump experiment to access the thermal
denaturation and renaturation dynamics of short intramolecular G-quadruplexes in vitro, on the
time scale of a few hundred milliseconds. With this new set-up, we compared the denaturation
and renaturation kinetics of three antiparallel topologies made of the human telomeric sequences
d[(5°-GGG(TTAGGG)3-3’]/Na” and d[5’-AGGG(TTAGGG)3-3’]/Na" and the thrombin-binding
aptamer sequence d[5’-GGTTGGTGTGGTTGG-3"])/K", with those of the parallel topology
made of the human CEB25 minisatellite d[5’-AAGGGTGGGTGTAAGTGTGGGTGGGT-
3’]/Na*. In all cases, exponential kinetics of the order of several hundred milliseconds were
observed. Measurements performed for different initial temperatures revealed distinct
denaturation and renaturation dynamics, ruling out a simple two-state mechanism. The parallel
topology, in which all guanines adopt an anti conformation, displays much slower dynamics than
antiparallel topologies associated with very low activation barriers. This behavior can be
explained by the constrained conformational space due to the presence of the single-base
propeller loops that likely hinders the movement of the coiled DNA strand and reduces the

contribution of the entropy during the renaturation process at high temperatures.



Introduction

Besides their three-dimensional structures, the folding dynamics of biomolecules play an
important role in their biological functions. While the folding mechanisms of proteins and RNA
have been often studied over the past decades, those of DNA have attracted much less attention
in comparison, most certainly because the biological relevance of non-canonical DNA structures
has only emerged recently. Among them, G-quadruplexes (G4), which result from the
hydrophobic stacking of several G-quartets stabilized by metal cations, are known now to be
involved in important cellular regulation functions.! Unlike duplexes, G4s provide a rich set of
conformations particularly attractive for the fundamental studies of the folding processes of
DNA. Despite recent experimental and theoretical efforts (see +® and references therein), there is
not yet a consensual picture of the folding mechanisms of intramolecular G4. Although single
molecule techniques have yielded valuable information about the fundamental forces at stake in
G4s,”? they have a limited time-resolution preventing the observation of folding/unfolding
events faster than a few seconds. On the other hand, many experiments based on rapid mixing
methods combined with various spectroscopic detections (absorption, fluorescence of labeled
nucleotides, FRET or circular dichroism) allowed the observation of cation-induced G4 folding
dynamics, with a time resolution of few milliseconds, starting from unfolded states of DNA.!%-12
The purpose of the present study is to address another aspect of the G4 dynamics, starting from
solutions containing folded G4s perturbed from their equilibrium in a reversible manner to
investigate the subsequent denaturation and renaturation dynamics. In this regard, we used a
unique combination of continuous wave (CW) laser temperature-jump (T-jump) measurements
combined with time-resolved UV absorption and circular dichroism detections to assess the G4

conformational changes on a time scale spanning a few ten milliseconds up to seconds after an



abrupt rise or decrease of the temperature. In contrast with single-molecule and stopped-flow
approaches coupled with FRET, the CD detection, which is very sensitive to the guanine
arrangement in the G4 scaffolds, does not require any specific modifications of DNA.!?

T-jump combined with UV absorption or FRET detections has long been used for studying
the melting dynamics of DNA.'*!7 Recently, pulsed laser T-jump combined with ultrafast time-
resolved infrared spectroscopy has been used for studying the melting dynamics of label-free
short DNA duplexes on the time scale of a few nanoseconds to the millisecond.'®-?° These
structurally sensitive experiments have revealed temporal components of ten to a few hundred
nanoseconds and a few microseconds, assigned to the end-fraying and the complete dissociation
of the duplexes into single-strands, respectively.'® Unlike short DNA duplexes, the melting

dynamics of short intramolecular G4 are expected to occur on longer time scales,'® 2!

making
pulsed laser T-jump initiation inappropriate for probing their dissociation. In this regard, recent
developments have been achieved for the use of CW T-jump initiation to access both the
denaturation and the renaturation dynamics of biomolecules beyond the millisecond time scale.?*
25 Herein, we present the first study of this type, devoted to G4-forming sequences. We compare
the thermal denaturation and renaturation dynamics of four G4-forming sequences: three
antiparallel topologies made of the human telomeric sequences Tel21 (d[(5°-GGG(TTAGGG)3-
3’]) and Tel22 (d[5’-AGGG(TTAGGG)3-3’]) and the short thrombin binding aptamer sequence
(d[5’-GGTTGGTGTGGTTGG-3’]) and the parallel topology made of the human CEB25
minisatellite sequence 26CEB (d[5’-AAGGGTGGGTGTAAGTGTGGGTGGGT-3"]). This

study highlights the different time responses in the return to the thermal equilibrium of all the

studied G4s depending whether the DNA is heated or cooled. It also provides evidence of a



distinct dynamical behavior between 26CEB and the antiparallel topologies both in their time

response and in their energetic profiles.

Materials and Methods

Samples. Phenol red was purchased from Sigma Aldrich. The G4-forming sequences were
purchased from Integrated DNA Technologies with standard desalting. In the following, DNA
concentration is expressed in oligonucleotides. All solutions were prepared in ultrapure water
delivered by Millipore MilliQ system. Solutions of ca. 0.9 mM of Tel21, Tel22 and 26CEB were
prepared in 10 mM sodium phosphate buffer (NaH2PO4:Na;HPO4, Sigma Aldrich) at pH 7 with
0.135 molL! or 0.065 molL! NaCl (Sigma-Aldrich), corresponding to a total Na* concentration
150 mM and 80 mM, respectively. Solutions of 0.9 mM of TBA were prepared in 10 mM
potassium phosphate buffer (KH2PO4:K,HPO4, Sigma Aldrich) with 135 mM of KCI (Sigma-
Aldrich), corresponding to a total K™ concentration of 150 mM. It is noteworthy that the pK, of
sodium and potassium phosphate buffers is weakly temperature dependent (ca. 0.025/°C).¢
Before use, the G4 stock solution was heated up to 90°C during 5 min and slowly cooled down at
a rate of 1°C/min. The G4 formation and dissociation were checked by heating/cooling
experiments by recording the absorption spectra of diluted DNA solutions of ca. 5 uM
concentration, at a rate of 1°C/min, on a double-beam CARY 100 Biomelt (Agilent) in 1-cm
optical path cells. Melting curves recorded by heating and cooling of the G4s were found to be
superimposable providing evidence of equilibrium measurements and the absence of higher
order G4 structures (dimers) in solutions (see Figure S1).

Synchrotron radiation CD (SRCD) spectra of the studied sequences at a concentration of

ca. 0.9 mM in oligonucleotides were recorded at SOLEIL synchrotron (DISCO line) in 30um or



50 um optical path CaF; cells in sodium or potassium phosphate buffer with NaF or KF to avoid
the strong absorption of CI- below 200 nm. Typically, the spectra were averaged over 3 scans at
the speed of 20 nm/min and measured every 3 or 5°C for increasing temperatures. Melting
temperatures T determined with SRCD were found to be similar to those determined by UV
melting, showing the weak effect of the concentration on the folding processes of these
sequences in the range between 0.9 mM and 5 uM.

CW laser T-jump. T-jump was achieved by the direct heating up of water with a 1.5 pm
radiation, which is absorbed by the v» + v3 overtone vibration resulting from the combination of
the bending and the asymmetric stretching vibration modes of the water molecules. In standard
experiments, powerful nanosecond lasers are generally used for the solvent excitation, which
yielded a fast temperature rise that starts to decrease after ca. 1 ms due to the heat dissipation.?’-
28 To extend the observation time window up to the seconds, CW infrared (IR) excitation sources
have been used in combination with single-molecule spectroscopy, microfluidic and very
recently with 2D IR spectroscopy.?> 242’ In a similar way, we implemented a 5W CW laser diode
emitting at 1.5 um for the sample excitation in our T-jump set-up.?* The IR beam was focused
onto a 150*140 pm? spot in a 100 pm optical-path sample cell to ensure the homogeneous
heating and cooling of the sample by keeping a weak absorption of the solvent. This requires
performing T-jump measurements with a concentration of ca. 0.9 mM in oligonucleotides. The
switching of the IR laser was provided by a mechanical shutter with open and closing times of
ca. <lms. Experiments were carried on cycles of a duration of 10 s during which the IR laser was
repeatedly switched on after 1 s during 4 s and then switched off for a duration of 5 s.

Measurements of the absorption and the CD changes of the sample were performed by using of

the third-harmonic of a quasi-CW tunable Titanium-Sapphire oscillator (Millenia+Tsunami



Spectra-Physics) in a two-stage BBO frequency converter as the probe. Depending on the
sample, the probe wavelength was tuned to 293 or 266 nm and focused onto a 50 uM diameter
spot in the sample cell. The probe circular polarization was modulated at 50 kHz with a
photoelastic modulator (Hinds Instruments) before to be sent onto the sample. The transmitted
beam was then collected with a rapid photomultiplier tube and demodulated by a lock-in
amplifier (Standford Research Systems SR830). With this set-up, the CD and the absorption
changes of the samples could be measured simultaneously with a 500 MHz oscilloscope
(Tektronix TDS 3052B). All the time-resolved measurements were achieved with a time
resolution of 1 ms corresponding to the minimum integration time on the lock-in amplifier
necessary for obtaining measurable CD signals. Measurements were averaged over 256
acquisitions to reach a precision of ca. 10~ for the CD measurements. Measurements were
performed for different initial temperatures (Tini) corresponding to the sample temperature before
the IR irradiation, i.e. between 0 and 1 s. In the following, the differential absorbance, AA(t), is
the difference in the sample absorbance measured before and after the T-jump:

AA(D = A(D — A (M
with A(t) the sample absorbance after the T-jump and Ao the sample absorbance measured before
the T-jump. The measured CD signals are the difference in the absorbance of the left- and the
right-circularly polarized probe:

CD(t) = AL(D) — Ar(D) 2
with AL and Ar the sample absorbance for the left and the right circular polarization of the
probe, respectively. The AA and the CD changes as function of the time are given in optical

density (OD).



Heating and cooling time scales of aqueous solutions. Measurements of heating and cooling
rates of aqueous solutions in situ were achieved with a precision of + 1°C, by using the phenol
red pH indicator in 100 mM tris buffer (pH 7.4), as described in Supporting Information. In order
to obtain rapid heating and cooling rates, | mm thick CaF; cell windows were used, the thermal
conductivity of which being ca. 7 times greater than those of silica. In those conditions, heating
and cooling were found to be biphasic processes, as illustrated in Figure 1. Sample heating, for a
T-jump of 10°C, exhibits a biexponential rise with a dominant fast component of 14 + 1.3 ms
(83%) and slow one of 1.3 s (17%). Sample cooling is slightly slower and displays a
biexponential decay with the time constants of 30 = 2.2 ms (82%) and 1.7 s (18%), respectively.
Such multiphasic change of the temperature has been already observed under similar
experimental conditions and discussed in details in reference 22. Importantly, as previously
reported, both heating and cooling dynamics are found to be independent of the initial

temperature and the T-jump amplitude (for details see Supporting Information).
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Figure 1: Heating and cooling dynamics measured at 293 nm with the phenol red in 100 mM tris
buffer (pH 7.4), after a T-jump of 29 °C after 1s. Red lines correspond to the biexponential fits of

the heating and cooling phases indicated by the brown and blue arrows, respectively.



Data analysis. The major issue in these experiments was to extract the intrinsic denaturation
and renaturation times of G4 from the experimental data. In this regard, the biphasic heating and
cooling of the sample, which may distort the measured kinetics of DNA, has to be taken into
account in the fitting procedure. This procedure is described in details in Supporting Information.
The basic principle consists in introducing the time dependence of the T-jump in the differential
equations of the variation of the unfolded population between the initial and the final temperature
of the sample. Knowing from the phenol red measurements, the precise dynamics of the
temperature change in situ, it is possible to simulate, from the equilibrium UV and CD melting
curves, the evolution of the DNA absorption and CD changes expected if the thermal
denaturation and renaturation of DNA were faster than the sample temperature change and
followed the dynamics of the temperature change of the solvent. As seen in the following, we
clearly observe slower denaturation and renaturation kinetics for all the studied G4-forming
sequences. Their analysis with a unique relaxation time allowed satisfactory adjustments with an
error of ca. 20%. Note that this simple fitting model is used to quantify and discuss the observed
denaturation and renaturation times and is not intended to provide the precise kinetic model of
G4 folding and unfolding mechanisms. Since T-jump experiments measure the return to the
thermal equilibrium after a perturbation of the sample temperature, those times correspond to a
combination of the G4 unfolding and folding rate constants. The determination of these
elementary rates is however not possible without introducing a precise kinetic model of the

mechanisms underlying the thermal denaturation and renaturation processes of DNA.

Results



Antiparallel topologies. The present investigations focused on the two short human telomeric
sequences, Tel21 and Tel22 in the presence of 150 mM Na* and the 15-mer thrombin binding
aptamer sequence, TBA, in the presence of 150 mM K*. Under these conditions, these sequences
are known to assume antiparallel topologies.?*=3° Tel21 and Tel22 are simple models of human
telomeric G4s whose potential applications are of primary importance in anti-cancerous
strategies.>! On the other hand, TBA is an artificial DNA sequence known to inhibit blood
coagulation due to its ability to specifically bind to thrombin.3?-* Importantly, TBA is among the

shortest intramolecular G4s that therefore is of particular interest for theoretical simulations,

notably for disentangling G4 folding processes.>**°
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Figure 2: Synchrotron radiation CD (SRCD) spectra and extracted melting curves at 293 nm for

(a) Tel21, (b) Tel22 with 150 mM Na* and (c) TBA with 150 mM K*, measured for increasing

temperatures with a step of 5°C.
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Figure 2 illustrates the steady-state SRCD spectra of ca. 0.9 mM of Tel21/Na”*, Tel22/Na" and
TBA/K" measured at SOLEIL synchrotron, for various temperatures. Despite the presence of
several conformations,? the CD spectrum of Tel21/Na* at room temperature display similar
features to that of Tel22/Na* known to adopt one basket-type antiparallel conformation made of
three guanine tetrads connected by 3 TTA loops, showing that antiparallel topology prevails. In
the presence of K*, TBA is known to form a stable chair-like antiparallel conformation made of
two tetrads connected by two lateral TT loops and one lateral TGT loop.*° Like Tel21/Na* and
Tel22/Na*, the SRCD spectra of TBA/K™ display the characteristic spectral signatures of the
antiparallel topologies of G4s with a negative peak and a positive peak centered around 265 nm
and 295 nm, respectively.'® 4! Those signals are representative of the guanine arrangement in the
G4 core, arising from the excitonic coupling of the two low-lying electronic n-n* transitions of
the purines.

As shown in Figure 2, the fits of the SRCD melting curves at 293 nm assuming a two-state
equilibrium (folded <> unfolded) yield melting temperatures (Tm) of 60 £ 2 °C for Tel21/Na*, 58

+ 2 °C for Tel22/Na* and 49 + 2°C for TBA/K". Similar values were obtained by UV melting for

diluted solutions of ca. 5 uM (see Table S1). In order to investigate the effect of the cation
concentration on the G4 denaturation and renaturation dynamics, Tel21 was studied in the
presence of 80 mM Na*. We observed a decrease of ca. 3°C in Tr, with respect to Tel21 with
150 mM Na*, denoting the destabilization of the G4 scaffold. All of these thermodynamic
parameters are comparable to those found in previous studies under similar conditions.!!> 4243
Taking advantage of the spectral signatures of antiparallel G4s, we measured the denaturation

and the renaturation dynamics of Tel21/Na*, Tel22/Na* and TBA/K" by T-jump experiments

combined with time-resolved absorption and CD detections at 293 nm. Figure 3 displays typical
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AA and CD changes measured for Tel21 with 80 mM Na'. After 1 s, when the IR-heating laser
diode is switched on, the amplitude of the AA and the CD signals drops down within a few

100 ms due to the G4 denaturation. After 5 s, when the IR-heating irradiation is stopped, a slow
increase of the AA and the CD signals is observed, resulting from the G4 renaturation back to the
initial state. As shown in Figure S4, the temporal evolution of the AA and the CD signals is
found to be similar, providing evidence that, on this time-scale, these measured signals mainly
reflect the cooperative change of the secondary structure of DNA. The heat-induced decrease in
the G4 absorption is due to the hypochromism at 293 nm characteristic of the unfolding of G4
scaffold (see Figure S1).#> 4 As can be seen in Figure 3, at this wavelength, the relative variation
of the CD resulting from a temperature rise of 20°C is also very strong. It is consistent with that
observed in the equilibrium CD melting curves, indicating the complete return to equilibrium of
DNA during the probed time scale. As shown in Figure 3, we indeed observe the return of the
AA and CD signals to their initial values after the cooling phase, providing further evidence that
the renaturation is complete after 9 s. In addition, preliminary conventional T-jump
measurements performed on telomeric sequences did not reveal any observable change at

293 nm on the time window of a few nanoseconds to the millisecond, indicating that no
cooperative dynamical changes occur in the G4 scaffold, at this shorter time scale.*’ This is in
contrast to the very first T-jump measurements performed on Tel22/Na* with a conventional
setup combined with a absorbance detection at 260 nm which is not specifically characteristic of
the G4 scaffolds that led the observation of noticeable changes in the absorbance of DNA for a
final temperature of 25°C.* Those changes that are observed at a temperature much lower than
the melting temperature of Tel22 most likely result from non-cooperative changes in DNA rather

than the unfolding of the G4 scaffold.
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various Tini indicated in panel (a).
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Figure 4: AA measured at 293 nm, for (a) Tel22 with 150 mM Na* and (b) TBA with 150 mM
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K*, following a T-jump of 10°C after 1 s and a subsequent cooling down to the initial

temperature after 5 s, for various Tini.

Figure 4, displays AA measured for Tel22 with 150 mM Na* and TBA with 150 mM K*.

They display a similar behavior to that of Tel21. The denaturation and the renaturation times

were extracted from the analytical fitting of the experimental data, as described in the
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experimental part. Figure 5 illustrates such analysis for Tel21 with 150 mM Na'. The blue lines
correspond the simulation of the solvent temperature change. As a matter of fact, the measured
kinetics presents a time lag corresponding to the intrinsic G4 dynamics. The red lines illustrate
their fits with a kinetic model of two interconverting species taking into account the
biexponential rates of heating and cooling of the solvent. It is now well established that the
folding mechanism of G4 is much more complex than a two-state model, implying population of
intermediate states or conformational traps attributed to "extreme kinetic partitioning
mechanisms".*’ In the present case, thermal denaturation and renaturation of G4s can be
reasonably fitted with an exponential function. It is worth noting that biexponential fits did not

yield reliable results about the presence of an additional time component.
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Figure 5: (a) AA (black lines) measured at 293 nm, for Tel21 with 150 mM Na*, following a T-
jump of 10°C after 1 s, for Tini = 50 °C, and a subsequent cooling down to the initial temperature
after 5 s, (b) AA observed during 1.5 s after the T-jump and (c) after the cooling down. Blue lines

correspond to the simulation of the solvent temperature change. Red lines correspond to the fits
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of the experimental data with a model of two interconverting species “convoluted” with the
solvent temperature change.

Time components extracted from the analytical fittings of the experimental data associated the
three studied antiparallel topologies for various Tin; are gathered in Table 1. They are of the order
of a few hundred milliseconds, except for Tini above 70°C for the human telomeric sequences
and 60°C for TBA, for which the denaturation times are significantly shorter and the unfolded
population exceeds 90%. Interestingly, for each Tini, distinct denaturation and renaturation rates
are observed. This excludes a simple two-state folding mechanism for which similar denaturation

and renaturation rates equal sum of G4 folding and unfolding rates are expected.

Tini(°C) Tel21 Tel21 Tel22 TBA
m 80mM Na* 150 mM Na* 150 mM Na* 150 mM Na*

TDenat TRenat TDenat TRenat TDenat. TRenat TDenat TRenat
(ms) (ms) (ms) (ms) (ms) (ms) (ms) (ms)

30 267 419 n.m. n.m. 820 1749 128 148
40 204 192 308 897 351 588 125 107
50 167 140 165 170 163 209 75 138
60 80 239 118 192 73 221 38 318
70 10 641 54 297 30 306 n.m. n.m.

Table 1: Thermal denaturation and renaturation times, extracted from the fits of AA at 293nm,

measured for antiparallel G4 topologies, after a T-jump and a cooling down of 10°C, for

different Tini (n.m.: not measurable).

Minisatellite G4 sequence 26 CEB. For the study of the parallel G4 topology, we chose the
well-characterized 26CEB sequence corresponding to a part of the human minisatellite locus
motif, CEB25. In the presence of K*, this 26-mer sequence is known to form a parallel-stranded
G-quadruplex involving a 9-nt central double-chain-reversal loop and two other one-base

propeller loops.>%->! The G4 scaffold is further stabilized by the formation of a Watson-Crick
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base pair between A2 and T18 anchoring the central loop to the top the 5> G-tetrad.>® A parallel
topology has been also inferred in the presence of Na* from CD spectroscopy.®? The use of Na*
instead K* induces a destabilization of the G4 structure making T-jump measurements more
amenable. The measured SRCD spectra for increasing temperatures illustrated on Figure 6 is
indeed found to be similar to that of 26CEB with K*. They display a positive peak at 260 nm and

a negative one at 240 nm characteristic of the parallel G4 topology. The SRCD changes at 260

nm yield Tn=56 £ 2 °C.
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Figure 6: SRCD spectra of 26CEB, with 150 mM Na" measured for increasing temperatures with

a step of 3°C.

In order to capture the thermal-induced changes in the CD of 26CEB, T-jump experiments

were performed at 266 nm. Note that parallel and antiparallel G4 topologies exhibit CD signals

16



of opposite sign in this spectral region, giving the opportunity to probe the formation of possible
intermediates in the two topologies. Figure 7 shows typical CD signals measured for 26CEB
with 150 mM Na", for different initial temperatures, after a T-jump and a subsequent cooling
down of 20°C. It is worth noting the lower signal to noise ratio of these measurements in
comparison with the previous one carried at 293 nm. This effect is due to the higher absorbance
of DNA at 266 nm with respect to 293 nm that drastically decreases the probe intensity. The
measured absorption changes of 26CEB, upon T-jump at 266 nm are given in Figure S5. They
display a prominent instantaneous rise and decay at the delay of 1s and 5s, respectively, arising
from the contribution of non-cooperative events that clearly appear in the equilibrium UV
melting curve of 26CEB at 265 nm as the very strong baselines (see Figure S2) and interfere
with the absorption measurements at this particular wavelength.>* These events may have
different origins such as, for instance, the loss of the base stacking or the change of the heat
capacity, as the temperature increases. As seen in Figure 7, these contributions are much smaller

in the CD signals of CEB26 at 266 nm that we chose to analyze and discuss in the remainder.
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Figure 7: (a) CD changes at 266 nm, measured for 26CEB with 150 mM Na*, following a T-
jump of 20°C after 1 s and a subsequent cooling down to the initial temperature after 5 s,

measured for 5 different Tin (b) CD changes measured for Tini = 40°C. Red lines correspond to
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the fits of the experimental data with a model of two interconverting species “convoluted” with

the dynamics of the solvent temperature change.

As expected from the equilibrium SRCD melting (Figure 6), the CD changes exhibit a slow
decrease after the T-jump at 1 s, followed by a slow increase back to its initial value after Ss,
during the cooling period. Table 2 gathers the denaturation and renaturation time constants
extracted from the exponential fits of the CD changes measured for 26CEB for different Ti,i. The
fits of the AA signals in the time range of a few hundred milliseconds yielded comparable values
providing evidence that the same cooperative processes are probed in both cases, on this time

scale. Like for antiparallel topologies, distinct denaturation and renaturation times are observed

for each Tin;.

Tini(® C) TDenat TRenat

(ms) (ms)

20 715 1041

30 554 1085
40 357 936
50 237 844
60 227 811
70 120 646

Table 2: Thermal denaturation and renaturation times, extracted from the exponential fits of the
CD changes at 266 nm, measured for 26CEB (150 mM Na™), after a T-jump and a cooling down

of 10°C, for different Tin;.

Discussion

We performed a comparative study of the thermally-induced denaturation and renaturation

dynamics for three G4 antiparallel topologies with one parallel topology. All measured kinetics
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were satisfactorily fitted with an exponential function yielding time components ranging from
tens of milliseconds to one second. This behavior differs from the multiphasic cation-induced
folding processes observed by rapid-mixing methods.!%-12-21- 5455 Note that most of these studies
have been performed on human telomeric sequences in K* solutions, known to form an
equilibrium between two hybrid structures which complicates interpretations.'® 1> Single-
molecule FRET approaches also highlighted deviation from a two-state behavior in the folding
of several human telomeric sequences.>¢-%2 However different behaviors have been reported for

identical sequences,>® ¢

pointing the importance of the experimental conditions under which
such experiments are conducted.®! Beyond human telomeric G4 polymorphism, multiphasic
processes have been recently reported for a parallel topology derived from the c-MYC promoter
by fast-mixing methods and attributed to the formation of several intermediates in its cation-
induced folding mechanism.?!> 3 Both ensemble and single molecule approaches have led to a
large variety of folding and unfolding rates for short intramolecular G4 structures spanning
milliseconds to hours, providing evidence of their very complex energy landscapes.*” ¢* In this
context, recent theoretical studies gave support to the idea of “extreme” kinetic partitioning
folding mechanisms characterized by the existence of multiple competing basins in their folding

landscapes.** ¢

The basic feature of such mechanism is the dependence of the folding pathways
on the external conditions, such as the initial folding conditions or the nature of the applied
perturbation. This has been clearly shown in the case of the unfolding processes of RNA hairpins
by using single-molecule force spectroscopy.®-%7 In stark contrast to stop-flow methods that
probe cation-induced folding kinetics from a fully denatured ensemble in absence of cations, T-

jump experiments explore the folding dynamics from a thermal equilibrium of folded and

unfolded states of DNA in the presence of cations. We therefore think that the observed
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differences in the kinetic behavior of G4s stems from the distinct population of unfolded states
that is reached with these two different methods, as previously reported for the study of the
folding of small DNA hairpins by a combination of T-jumping and rapid mixing experiments.'’
In order to get additional information on the driving force controlling the folding processes of
G4s, Figure 8 displays the variation of the denaturation and renaturation rates extracted from the
fitting of our raw experimental data (Tables 1 and 2), as function of the temperature. It is worth
recalling that those rates correspond to the return to equilibrium after a sudden increase or
decrease of the sample temperature and therefore reflect the contributions of the elementary rates
of G4 folding and unfolding. Figure 8 illustrates the distinct dynamic behavior of the
aforementioned G4 denaturation and renaturation processes, ruling out the scenario of a simple
two-state model suggested at first glance by their exponential kinetics. Whereas the denaturation
process of all studied G4s displays an Arrhenius-like behavior, the renaturation rates exhibit a
bell-shaped curve with a maximum rate close to T, except for the parallel 26CEB which shows

an Arrhenius-like behavior.

8t i " Tel22
. o Tel21-150 —ql
E ol A Tel21-80 =
5 + 26CEB 5
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Figure 8: Variation as function of the temperature of (a) the denaturation and (b) the renaturation

rates of Tel21, Tel22 and TBA extracted from time-resolved absorption measurements and
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26CEB extracted from time-resolved CD measurements. Solid lines illustrate the linear and the
parabolic fits of the experimental data.

Table 3 gathers the activation enthalpies extracted from the linear fits of Figure 8 for G4
thermal denaturation. The fits yield activation enthalpies varying between 7 and 19.6 kcal/mol. It
is noteworthy that the TBA denaturation exhibits a significantly lower activation enthalpy than

the human telomeric sequences, which can be explained by its reduced number of G-tetrads.

AH#Denat
keal.mol™

Tel22-150mM Na* Antiparallel 19.6+23
Tel21-150mM Na* Antiparallel 11.3+1.1

Sequence Topology

Tel21-80mM Na* Antiparallel 15.5+6.8
TBA-150mM K* Antiparallel 8.1+24
26CEB-150mM Na* Parallel 7.1+0.7

Table 3. Activation enthalpies for the thermal denaturation process of the studied G4-forming

sequences extracted from the linear fits of Figure 8.

It is clear from this analysis that G4 denaturation rates, which are within a few tens to hundreds
milliseconds, cannot be sought in their activation energies that are actually very moderate but
instead in the roughness of their folding landscapes. Similar conclusions were drawn for DNA
hairpins for which intra-strand interactions, notably stacking interactions in the loops, were
introduced as an efficient roughness of their folding landscapes.’® As a matter of fact,
significantly larger heat capacity changes attributed to the strong competition of intra-strand
stacking with the folding of guanine-rich sequences have been reported for G4s with respect to
DNA duplexes.*

In stark contrast with denaturation, the renaturation rates of the antiparallel topologies are

found to exhibit a bell-shaped behavior with the temperature. Note that a bell-shaped behavior
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has already been reported for cation-induced folding rates of Tel21 with K*.!? In fact, such a
behavior is reminiscent to proteins and oligonucleotides.®-’! As shown in Figure 8, at
temperatures below Tr, the renaturation rates display an Arrhenius-like behavior indicating that
the renaturation of the antiparallel topologies is dominated by enthalpy. Then, as the temperature
increases, the renaturation rates reach a maximum close to T, and then decrease. In other words,
at temperatures above T, the configurational space that has to be explored to refold gets much
broader and the reaction becomes entropy-limited.*’

The most striking difference between the studied antiparallel topologies and the parallel
26CEB is that both the denaturation and renaturation processes of 26CEB exhibit an Arrhenius-
like behavior. In addition, the denaturation and renaturation rates of 26CEB are markedly slower
than those of Tel21 and Tel22 made of DNA strands of similar length. All the studies carried out
to date agree on the fact that the folding rates of parallel topologies are significantly slower than
those of anti-parallel topologies.?!> 3> 7273 It comes out from the present study that the slow
denaturation and renaturation rates of 26CEB are associated to very low activation enthalpies of
7 kcal/mol and 1.3 kcal/mol, respectively. Therefore, the slower thermal denaturation of 26CEB
compared to that of Tel21 and Tel22 is clearly not due to an increase in activation energy. It
could be sought in the presence of the long 9nt central loop, since it has been shown very
recently that parallel topologies with a long unstructured central loop exhibit slower folding
kinetics than those with a short central loop.>> However, an increase in the contribution of
entropy in the renaturation process could be expected in this case. But we observe instead a
decrease in the effect of the entropy in the renaturation process of 26CEB at high temperatures
with respect to that of the telomeric sequences. Therefore, we think that the main difference with

Tel21 and Tel22 may stem from the presence of the 2 short propeller loops in the parallel
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structure conferring a special rigidity to the quadruplex scaffold. This feature could, on one hand,
hamper the motion of the bases and thus slow down the folding/refolding processes and, on the
other hand, strongly limit the configurational space accessible to the unfolded strands,

attenuating the entropic dependence of the renaturation process at high temperatures.

Conclusion

Herein, we performed a comparative study of the dynamical properties of three antiparallel
G4s made of the human telomeric sequences, Tel21 and Tel22 and the thrombin-binding aptamer
sequence, TBA, with that of the parallel G4 formed from the 26-mer G-rich fragment of the
CEB25 motif. In contrast with the previous works on G4s, kinetics measurements were carried
out in the vicinity of the thermal equilibrium, by using a CW optical heating method combined to
time-resolved detection by UV-visible absorption and CD spectroscopy. Such a method allowed
us to investigate for the first time the dynamics of the thermal denaturation and renaturation of
the G4s on the time scale of a few ten milliseconds to seconds. All the measured kinetics were
satisfactorily fitted with an exponential function associated to a time constant varying between a
few ten to a few hundred milliseconds which is more than three order of magnitude slower than
hairpins of similar length.”*73 Despite this “apparent” two state behavior, their dependence with
the temperature reveals complex folding mechanisms that can be explained by the large internal
friction of the guanine-rich sequences due to their extremely rugged energetic landscapes. The
renaturation of the antiparallel topologies is found to exhibit a non-Arrhenius behavior at
temperatures above Ty, indicating an entropy-driven process, while the renaturation of the
26CEB parallel topology is found to be enthalpy-driven with an activation barrier of a few

kcal/mol. This difference could be attributed to the constrained folding landscape of the parallel
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topology stemming from the two short propeller loops, the long central loop likely playing a
limited role on the coiled DNA strand entropy. Future studies by using this new experimental
approach of G4 folding processes will be carried on several CEB25 variants in order to
disentangle the effect of the central loop length on the thermal denaturation and renaturation
dynamics of this parallel topology.
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I

UV and CD melting curves

Figure S1 displays the UV melting curves registered by heating and cooling of the G4s, showing
the absence of hysteresis in the denaturation and renaturation processes of DNA.
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Figure S1: UV melting curves measured at 293 nm for solutions of Tel21, Tel22 and 26CEB with
150 mM Na" and a solution of TBA with 150 mM K". Red and blue curves correspond to measurements
for increasing and decreasing temperatures at a rate of 1°C/min, respectively.
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II. Determination of the melting temperatures

The melting temperature (77,) has been determined at 293 nm or 265 nm from the UV and CD
melting according the procedure described in ref. 1. In this regard, a simple two-state model
assuming an equilibrium between one folded and unfolded state of DNA was used. For UV
melting, the unfolded fraction of oligonucleotides can be calculated from the experimental data
at 293 nm, OD(T), as follow:

N (T) = L}, —oD(T) /LS, — 1% (1)

With L and L};, the baselines associated to the unfolded and folded oligonucleotides,
respectively. The variation of the unfolded fraction of oligonucleotides as a function of
temperature can be expressed as follows:

AH® (1 1

Nu(T) = 1/1+ exp |2 (7 - )] )

Tm

with AH" the enthalpy of the reaction and R, the gas constant. Such analysis is illustrated on
Figure S3. Table S1 gathers the melting temperatures obtained from UV and CD melting.
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Figure S3: (a) UV melting curve measured at a rate of 1°C/min, at 293 nm, for a solution of Tel21 with
150 mM Na'. Red and blue lines correspond to the baselines associated to unfolded and folded
oligonucleotides, respectively. (b) Variation of the unfolded fraction of oligonucleotides, N.(7), as a
function of temperature calculated from the UV melting curve. The green line illustrates the fit of N.(7)
yielding a melting temperature of 63 £+ 1 °C.

Sequences Tm (°C) Twm (°C) Tm (°C)
UV melting SRCD melting CD melting

T-jump
Tel21/150 mM Na* 63+ 1 @293 nm 60 + 2 @293 nm 61+ 1 @293 nm
Tel21/80 mM Na* 57 £ 1@293 nm not measured 57+ 1 @293 nm
Tel22/150 mM Na* 61 £ 1 @293 nm 58 £2 @293 nm 64+ 1 @293 nm
TBA/150 mM K* 51+ 1 @293 nm 49 £2 @293 nm 52+ 1 @293 nm
26CEB/150 mM Na* 50+ 1 @293 nm 56 £ 2 @265 nm 54+ 1 @265 nm

Table S1: Melting temperatures determined from UV melting measurements with a double beam
spectrophotometer, SRCD measurements at Soleil synchrotron and CD measurements on the T-jump
set-up for Tel21, Tel22, TBA and 26CEB.
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III.  In situ measurement of temperature on the T-jump set-up

The crucial point in T-jump experiments was to determine the temperature change of the sample
when it is irradiated by the CW IR diode laser. In this regard, we carried out measurements of
the absorbance changes of the phenol red pH indicator in Tris-HCI buffer (100 mM, pH = 7.4)
with our double-beam spectrophotometer, as function of the temperature. The pH of the Tris
buffer is known to be sensitive to the temperature.? In the range between 15°C and 50°C, the
phenol red absorbance at 293nm exhibits a linear decrease with a slope of -0.0016 + 0.0002 /°C.
With this value, we could determine the temperature change provoked by the IR irradiation on
our T-jump set-up, with a precision of 1°C, which corresponds to a change of 0.0003 in the
phenol red absorbance.

We measured the kinetics of the temperature changes for initial temperatures going from 20 to
70 °C and for incident IR power varying between 0.6 to 1.7 W (i.e. corresponding to T-jump
between 5 and 30°C), at 293 nm. All the kinetics were adjusted with a bi-exponential function
with similar time constants. Typically, for increasing temperatures, in the time range between
1 to 5s, we obtained:

AT(t) = ATy, (1 — AeT1t — (1 — A)eT2t) 3)

with 1/77=14 ms and 1/7>=1300 ms and 4=0.83. For decreasing temperatures, in the time range
between 5 and 10s, the fits yielded:

AT (t) = ATy (Be 1t + (1 — B)e~1'2t) 4)

with 1/77;/=30 ms and 1/77,=1700 ms and B=0.82. AT,,,, is the maximal temperature change
that depends on the incident IR power. Origin of the fast rising and decay component of the
sample temperature have been discussed in details in ref. 3 and could be well reproduced by
simulations accounting for the equilibration between the heat deposition and the thermal
diffusion out of the sample. Note that the thermal conductivity of CaF; being more than 16
times greater than that of water, the thermal diffusion out of the sample arises mainly from the
sample cell windows and is actually barely sensitive to the solvent.

IV. Data analysis

As shown previously, sample heating and cooling are biphasic processes that should be taken
into account in order to extract the intrinsic dynamics of G4s from the experimental data.

1) Intrinsic G4 dynamics: two-state model

We consider first a simple two-state model considering the equilibrium between a folded
and an unfolded state:

S4



with Ny and N,, the population of folded and unfolded G4 DNA strands. Defining a; and a,,
the absorption coefficients of the folded and the unfolded states, the sample absorption reads:
a = Ne(t)as + Ny (t)ay, (5)

When the temperature changes, the fraction of unfolded population changes by AN, (t), the
change of the sample absorption as a function of time is expressed as follow:

Aa(t) = AN, (t) - (ay — af) (6)

with AN, (t) = N, (t) — N, (0) corresponding to the temporal change of the unfolded fraction
of population after the temperature jump. Introducing a unique relaxation rate y = k¢ + ky,, the

dynamical equation governing the evolution of this change reads as:
ANy (£)/dt = —y[ANy(£) = ANy (Trina)] (7)
AN, (t) = ANy (Tfing) - (1 —e77%) (8)
with AN, (Tfinal), the difference in the fraction of the unfolded population before and after the
T-jump, which can be readily obtained from the melting curves.
2) “Deconvolution” of the G4 thermal dynamics

In the above equations, the sample temperature instantaneously reaches its final value, which
is not the case in the present T-jump experiments. To account for the biphasic rise of the sample
temperature (7(2)) to its final value during the denaturation process, the following equation must
be solved:

dAN,(t)/dt = —y[AN,(t) — AN, (T ()] )

In order to fit our experimental data, AN, (T(t)) is replaced by the following biexponential
phenomenological function derived from in situ measurements of the dynamics change of the
sample temperature upon the T-jump (eq. 3). The analytical solution of eq. 9 can be therefore
expressed as follow:

_ _ 1- _ _
AN, (t) = ANu(Tfinal) [1 + % (Te "t +ye i) + y_—:z (e "t + ye th)] (10)

Although eq. 10 looks quite complicated, it only depends on two fitting parameters, y and
AN, (Tfinal). p is a fixed fitting parameter corresponding to the fraction of unfolded species at

the initial temperature, determined from the melting curves measured on the T-jump set-up. A
similar treatment can be done for the renaturation process. Fits of the absorption and CD
changes, after T-jump, were performed with the two following equations:

AA(Y) = Aa x AN, () (11)
ACD(t) = CD(0) + Acd x AN, (t) (12)

with Aa and Acd, the amplitudes of the absorption and the CD changes after the T-jump. CD (0)
is the value of the CD signal before the T-jump for t<Is.
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3) Instantaneous rise and decay in the absorption and the CD signals after T-jump
and cooling down

As it is clearly visible in Figure 6, prominent instantaneous rise and decay are observed in
the absorption of 26CEB after T-jump and cooling down. Such effects in T-jump measurements
are known to arise from non-cooperative events that also appear as the baselines in the UV
melting curves of G4s. As shown in Figure S1, these non-cooperative effects are particularly
strong for 26CEB at 265 nm but also visible in a lesser extend for the other sequences at 293 nm.
To take into account of these very fast changes in the absorption and the CD signals, after T-
jump and cooling down, we added an additional term in the fits evolving proportionally to the
sample temperature change.

4) Precision of the fitting parameters

For the thermal denaturation, all fits were performed with three parameters corresponding to
the denaturation rate of G4, y, the difference in the fraction of the unfolded population before
and after the T-jump: AN,, (Tfinal) and the amplitude of the changes of the absorption and CD
signals after the T-jump, a and cd. A similar analysis was also carried out for the G4 thermal
renaturation. The two amplitude parameters, AN, (Tfinal), Aa or Acd, are not completely
independent and impair the precision of the fits. However, we estimate that the precision of the
parameter y extracted from the fits is within 20%. Furthermore, all fits being made in the same
conditions, the relative values of y can be more precisely compared and discussed (see Figure 7
in the main text).

V. Additional T-jump measurements

1) Antiparallel topologies

Figure S4 compares the absorption and the CD changes averaged over a long acquisition time.
The kinetics are found to be identical within our experimental accuracy.
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Figure S4: Comparison of the absorption and the CD changes measured for Tel21 with 80 mM Na’,
following a T-jump of 10°C (initial temperature = 40°C) after 1 s and a cooling down after 5 s.

Figure S5 represents the raw experimental curves obtained for Tel21 (a) 80 mM and (b)
150 mM Na’, together with the expected instantaneous response and the exponential fit (see
main text). Lower and higher temperatures have also been measured with visible absorption
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changes, but most often the signals were too weak to yield meaningful adjustments. The
extracted unfolding times are given in Table I in the main text.
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Figure S5: Absorption changes measured for Tel21 with (a) 150 mM and (b) 80 mM Na", following a
T-jump of 10°C after 1 s and a cooling down after 5 s, for various initial temperatures indicated in each
panel. Blue lines correspond to the simulation of the solvent temperature change. Red lines correspond
to the fits of the experimental data with a model of two interconverting species “convoluted” with the
dynamics of the solvent temperature change.
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2) Parallel topology 26CEB

Figure S6 displays typical absorption changes measured at 266 nm for 26CEB with 150 mM
Na*, for an initial temperature of 40°C, after a T-jump and subsequent cooling down of 10°C.
The most salient difference with the measurements of the antiparallel topologies performed at
at 293 nm is the presence of the prominent instantaneous rise and decay, after T-jump at 1 s and
cooling down at 5 s, respectively. These fast changes that follow the temperature rise and decay
of the sample are due to non-cooperative events that also appear in the equilibrium UV melting
curves as the strong baselines at this specific wavelength in Figure S2. Denaturation and
renaturation times extracted from the analytical fits of the absorption changes of 26CEB, for
different initial temperatures, are given in Table S2. The fits of the absorption and the CD
changes in the time range of a few hundred milliseconds yielded comparable values providing
evidence that the same cooperative processes are probed in both cases.
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Figure S6: Absorption changes (black lines) at 260nm, measured for 26CEB in the presence of 150 mM

Na" at 40°C, after a T-jump of 10°C after 1 s and subsequent cooling down to the initial temperature

after 5 s. Red lines correspond to the fits of the experimental data with a model of two interconverting

species “convoluted” with the dynamics of the solvent temperature change.

T(OC) TDenat (ms) TRenat (ms)
Abs CD Abs CD
20 n.m. 715 1586 1041
30 682 554 1260 1085
40 368 357 1039 936
50 186 237 741 844
60 n.m. 227 687 811
70 n.m. 120 n.m. 646

Table S2: Thermal denaturation and renaturation times (Tpenat and Trenat) €xtracted from the fits of the
absorption and the CD changes at 260 nm, measured for 26CEB (150 mM Na"), after a T-jump and a
cooling down of 10°C, for different initial temperatures (n.m.: not measurable).
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