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Role of fast dynamics in the complexation of
G-quadruplexes with small molecules†

Luca Bertini,a Valeria Libera,ab Francesca Ripanti, a Tilo Seydel, c

Marco Paolantoni, d Andrea Orecchini,a Caterina Petrillo,a Lucia Comez *b and
Alessandro Paciaroni *a

G-quadruplexes (G4s) formed by the human telomeric sequence AG3 (TTAG3)3 (Tel22) play a key role in

cancer and aging. We combined elastic incoherent neutron scattering (EINS) and quasielastic incoherent

neutron scattering (QENS) to characterize the internal dynamics of Tel22 G4s and to assess how it is

affected by complexation with two standard ligands, Berberine and BRACO19. We show that the

interaction with the two ligands induces an increase of the overall mobility of Tel22 as quantified by the

mean squared displacements (MSD) of hydrogen atoms. At the same time, the complexes display a

lower stiffness than G4 alone. Two different types of motion characterize the G4 nanosecond timescale

dynamics. Upon complexation, an increasing fraction of G4 atomic groups participate in this fast

dynamics, along with an increase in the relevant characteristic length scales. We suggest that the

entropic contribution to the conformational free energy of these motions might be crucial for the

complexation mechanisms.

1 Introduction

G4s are higher-order four-stranded DNA and RNA structures,
resulting from the folding of guanine-rich sequences. These
structures consist of the stacking of planar arrangements of
four guanine bases linked via Hoogsteen hydrogen bonds,
called G-tetrads, on top of each other.1–4 The sequence bases
that are not involved in the tetrad formation are folded into
loops. The presence of positive ions between the tetrads is
essential to achieve stabilization.

A prominent feature of G4s is their structural polymorph-
ism, giving rise to a variety of topologies that can be assumed
depending on several factors, like the diverse possible combi-
nations of guanine run directions, variations in loop size and
sequence, and the dependence on the type of ion that stabilizes
the G4 structure.5,6 In addition, also the arrangement of the
water network surrounding G4s may have a significant
impact on their conformational properties.7 Because of their

polymorphism, G4s display an elusive and transient character,
which is also the main reason why they were discovered in vivo
only very recently.8 A schematic representation of different
architectures for intramolecular G4s is shown in Fig. 1.

The human telomere, the terminal part of chromosomes, is
a key paradigmatic case where G4s play an important role for
cancer and aging, thus making these structures promising
targets for therapeutic purposes.9,10 In non-germ cells, the
telomeric DNA consists of the repeated d(TTAGGG)n motif
and ranges from 5 to 25 kb in length with a single-stranded
overhang of a few hundred bases.11–13 The G4 structures
formed in this single-stranded overhang have been proposed
to inhibit the reverse-transcriptase enzyme telomerase,14 which
is up-regulated in over 85% of cancer cells.15 Furthermore,
small molecules interacting with G4s have been recognized to
display anticancer activity by stabilizing G4 forming sequences
found in many oncogene-related promoter regions.16,17

Fig. 1 Cartoon illustration of typical intramolecular telomeric G4
structures.
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On these grounds, the development of small ligands that
can stabilize G4 structures is a promising strategy to find new
anticancer drugs and, to this aim, a thorough understanding of
the G4–ligand interactions is required to properly modulate the
G4 conformational and stability properties. Within this context,
a considerable body of research has been carried out to
investigate the structural properties of different G4-forming
DNA sequences18–21 and how they are affected by small
ligands.1,22–25 However, little is known about the dynamical
features of G4s, an aspect that should play a relevant role given
their transient nature. In the case of proteins and duplex DNA,
the sub-nano- and nanosecond dynamics has been already
linked to both structural and functional aspects.26 In particular,
it has been shown that these fast motions are needed as
precursors to trigger slower conformational changes occurring
in the microsecond timescale and are also fundamental in the
early stage of ligand recognition.27,28 Analogously, we expected
a similar picture also in the case of G4s. We thus investigated
the sub-nanosecond dynamics of a prototypical G4-forming
sequence, the human telomeric repeat AG3 (TTAG3)3 (Tel22),
by incoherent neutron scattering (INS), supported by Fourier-
transform infrared spectroscopy (FTIR) to monitor G4 for-
mation. The Tel22 structural fluctuations were also studied in
the presence of two small molecules that are known to interact
with G4s, to better understand the relationship between fast
dynamics and ligand binding. To this purpose, we selected two
standard G4 ligands: Berberine, a natural quaternary ammo-
nium salt, from the group of benzylisoquinoline alkaloids,
which has been shown to stabilize G4 structures,29 and
BRACO19, a trisubstituted acridine G4-interacting compound
that appears to inhibit telomerase activity.30 The systems were
investigated in the powder state in the presence of deuterated
solvent, so as to single out the internal dynamics of the
biomolecule, with the possible smaller contribution from the
ligand.

In order to fulfill their therapeutic task, ligands have to
establish stable molecular bonds with the G4, so we would
expect the overall mobility of Tel22 to decrease upon complexa-
tion. However, our INS results show that in the investigated
timescale mobility increases upon complexation with both the
selected ligands and that thermal stiffness decreases. We
propose that this change in the fast dynamics contributes to
the complexation free energy through an increase in the con-
formational entropy.

2 Materials and methods
2.1 Sample preparation

Lyophilized DNA oligonucleotide Tel22 sequence was pur-
chased from Eurogentec (Seraing, Belgium). The lyophilized
powder was dissolved in a 50 mM phosphate buffer at pH 7,
0.3 mM EDTA, and 150 mM KCl. The sample was lyophilized
again, subsequently dissolved in D2O at a concentration of
about 50 mg ml�1, and left at room temperature for 1 day to
substitute all the exchangeable hydrogen atoms with deuterium

ones. This diluted solution was then freeze-dried and further
dehydrated under vacuum in the presence of P2O5 to obtain the
lowest possible hydration level. The dried powder was
subsequently hydrated with D2 O, until a hydration level 0.5 g
D2O g�1 dried Tel22 was achieved. In analogy with double
stranded DNA, where at least a hydration of 0.6 g D2O g�1

dried DNA corresponds to water molecules strongly coordi-
nated by phosphate groups, we expect that at the present water
content there is no free solvent. In the elastic intensities of the
measured samples no Bragg peaks were observed at low
temperature.

Berberine and BRACO19 ligands were purchased from
Merck KGaA (Missouri, USA); the oligonucleotide sample in
phosphate buffer was complexed with the ligands in 1 : 2
[DNA] : [ligand] stoichiometric molar ratio. Samples were left
for two hours at room temperature in order to reach complexa-
tion. Finally, the same aforementioned procedure was followed
to obtain hydrated powder samples with a water content of
0.5 g D2O g�1 dried Tel22. To perform FTIR measurements,
samples were completely dehydrated.

2.2 Incoherent neutron scattering experiment

In INS experiments, the fast biomolecular motions are studied
by measuring the dynamic structure factor S(Q,E), which is
proportional to the probability of an incident neutron being
scattered with an energy transfer E and a momentum transfer
h�Q.31,32 The total scattering cross-section is dominated by the
incoherent contribution of hydrogen atoms (sinc = 79.90 b
compared to scoh = 1.76 b), which is by far larger than that of
any other element and in particular of deuterium.31,32 As a
consequence, in D2O hydrated samples, the detected signal is
mainly due to non-exchangeable hydrogen atoms of the bio-
molecule. Since these atoms are abundant and almost uni-
formly distributed throughout biomolecules, their dynamics is
representative of the motions arising from larger groups of
atoms to which they are bound. In the case of complexes, we
calculated the maximum incoherent contribution from
BRACO19 and Berberine to the total signal to be 22% and
11% respectively, also accounting for the exchanged hydrogen
atoms. By including also the coherent contribution to the
signal, we found the total contribution to be equal to 19%
and 10%, respectively. Then, we are confident that the signal of
the ligand can be reasonably neglected compared to that
of Tel22.

In the present investigation, INS experiments were per-
formed on the cold neutron back-scattering spectrometer
IN16b at the Institut Laue-Langevin (ILL),33,34 with an energy
resolution of E 0.75 meV FWHM (as estimated from the fit of
the Vanadium standard in the range �1 meV to 1 meV), an
energy-range of |E| r 31 meV, and a wavevector coverage of
0.19 Å�1 r Q r 1.9 Å�1. Si(1,1,1) crystals were used as
monochromator and analyzers. Quasielastic scans were carried
out on the uncomplexed Tel22 sample (T = 200 K, 219 K, 238 K,
257 K, 277 K, 294 K) and in the presence of either Berberine
(T = 201 K, 240 K, 280 K) and BRACO19 (T = 200 K, 219 K, 239 K,
258 K, 280 K, 296 K) ligands. Elastic scans were performed for
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the uncomplexed Tel22 sample from 205 K to 295 K, and from
205 K to 280 K in the case of Tel22 with both complexes. Each
sample, consisting of 100 mg of hydrogenated sample, was
filled in sealed Al cans and kept in a cryofurnace during the
acquisition. The initial reduction of the data was carried out
using the Mantid Software.35

The samples were measured in the hydrated powder state.
While the formation of G4 structures for human telomeric
sequences in solution has been demonstrated,36 no evidence
has been reported so far for their formation in the hydrated
powder state, to the best of our knowledge. Hence, we per-
formed ATR-FTIR measurements and confirmed the presence
of G4 structures in our samples. Results of ATR-FTIR measure-
ments are reported and discussed in the ESI.†

2.3 Theoretical models: EINS

EINS spectra carry important information on the dynamics of
the investigated system, which is enclosed in the elastic scatter-
ing function S(

-

Q,o = 0). For a system consisting of N hydrogen
atoms, each one following its own dynamics, this quantity can
be related to the individual mean squared displacements hu2ii
using the Gaussian approximation:

SðQ;o ¼ 0Þ ¼ 1

N

XN
i¼1

e�
1
6

u2h iiQ2

(1)

which is valid for hu2iiQ2 o 2.37,38 Generally speaking, a sum of
Gaussian functions is not itself a Gaussian function; in the
Q - 0 limit, however, it is possible to write eqn (1) as:

SðQ;o ¼ 0Þ ¼ e�
1
6

u2h iQ2

(2)

where hu2i is the mean squared displacement (MSD) averaged
over all hydrogen atoms. We remark that eqn (2) is the exact
solution obtained in the case of perfect dynamical homogeneity
within the system, i.e. all hydrogen atoms have the same hu2ii. It
follows that, in cases where dynamical heterogeneity is not
negligible, deviations from the Gaussian behavior can be
observed in the elastic scattering function. These deviations
can be accounted for by introducing a second order correction
to eqn (2) by means of a cumulant expansion,39,40 which is a
good approximation of the model proposed by Zeller et al.:41

SðQ;o ¼ 0Þ ¼ e�
1
6

u2h iQ2

1þQ4

72
s2

� �
(3)

where hu2i is the average of the hu2ii distribution, while s2 is the
variance of the individual MSD.

In this framework, the actual equation used to fit the elastic
scattering data is:

SðQ;o ¼ 0Þ ¼ I0e
�1
6

u2h iQ2

1þ bQ4
� �

(4)

where I0 is the experimental value of the scattering function at
Q = 0, which was left as a free parameter in order to account for
all the effects that lead to deviations from the unitary value
predicted by theoretical models.41 Hence, MSD were extracted

from the data following a two-step procedure: a first Gaussian
fit was performed in the 0.30 Å�1 o Q o 1.00 Å�1 range in
order to initialize the I0 and hu2i parameters for a subsequent
quartic fit using eqn (4) in the 0.30 Å�1 o Q o 1.75 Å�1 range
(see Fig. S8 of ESI†). The measured elastic intensity was normal-
ized with respect to the elastic intensity at the lowest tempera-
ture for all the samples, i.e. 200 K. As a consequence, the
derived MSD are relative to those at the lowest measured
temperature. It is worth of note that the quasielastic signal at
this temperature is negligible, as can be seen in Fig. S6 of the
ESI,† where the spectra from the samples and the Vanadium
standard are compared.

Within the framework of the conformational energy land-
scape, the thermal stiffness of the system can be assessed in a
more quantitative way from the mean squared fluctuations
(MSF) hr2i from the equilibrium position, which are half of the
MSD.37 Scattering hydrogen atoms can be thought of as ran-
dom walkers jumping among the available conformational
substates in a confined potential. At lower temperatures the
random walkers can explore a limited region of the energy
landscape, contributing to the total MSF mainly with harmonic
motions within the conformational substates; an onset of
anharmonic motions at higher temperatures is observed as
more conformational substates become available to the ran-
dom walkers. If the confining potential is harmonic, we can
write:26

r2
� �

¼ 3
kBT

kf
(5)

where kB is the Boltzmann constant and the parameter kf,
which is associated to the curvature of the confining potential,
is representative of the conformational stiffness of the system.

In the spirit of the hypothesis where the unfolding of
biomolecules occurs just in correspondence to the melting of
their solid-like core, we exploited the so-called Lindemann
criterion42,43 to provide a tentative estimate of the conforma-
tional stiffness of the measured systems. This criterion, when
applied to proteins, states that unfolding occurs in correspon-
dence with the root of the MSF exceeding a universal fraction of
the average characteristic distance L between non-bonded near-
neighbor residues:42

ffiffiffiffiffiffiffiffiffiffiffiffiffi
r2h iunf

q
¼ 0:17L (6)

where hr2iunf is the MSF corresponding to the unfolding of the
biomolecule.42,43 Here, we suppose that the same scheme and
the same universal fraction in eqn (6) (i.e. 0.17) can be applied
also for G4s, due to their compact biomolecular structure. The
only difference with respect to proteins is that, for G4s, we
suppose that the characteristic reference distance is the gap
between consecutive guanine bases Lt. This distance has been
estimated according to the crystal structure of the human
telomeric parallel G4.44 We can then write:

ffiffiffiffiffiffiffiffiffiffiffiffiffi
r2h iunf

q
¼ 0:17Lt (7)
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Once hr2iunf has been calculated, we estimated the force
needed to mechanically unfold the G4 structures through the
equation:

Funf ¼ kf

ffiffiffiffiffiffiffiffiffiffiffiffiffi
r2h iunf

q
(8)

2.4 Theoretical models: QENS

In analyzing QENS spectra, we were interested in quantifying
the quasielastic broadening of the elastic peak, which contains
the physical information on the diffusive motions and on the
internal dynamics of atomic groups within the biomolecule. In
our spectra we were able to distinguish a wide and a narrow
broadening representative of a fast and a slow dynamics,
respectively. Consequently, we developed a simple theoretical
model to describe these two different dynamics inspired by the
two-site jump model already used by Bee32 for both dynamical
regimes. Within this model, the dynamic structure factor can
be written as:

S(Q,o) =A0(Q)d(o) + A1(Q)L(o,G) (9)

where d(o) corresponds to the elastic peak, L(o,G) is a Lorent-
zian function with broadening G, and:

A0ðQÞ ¼ 1� 2p1p2 1� sinðQdÞ
Qd

� �
(10)

A1ðQÞ ¼ 2p1p2 1� sinðQdÞ
Qd

� �
(11)

are the elastic (EISF) and quasielastic (QISF) incoherent struc-
ture factors. p1 and p2 are the population of scatterers in the
first and second site, respectively (with the obvious constraint
that p1 + p2 = 1), and d is the distance between the sites.

Our model combines the two regimes by means of an energy
surface consisting of two non equivalent wells (1 and 2), the
second one having its own substructure of two equivalent wells
(3 and 4), as schematically shown in Fig. 2.

The slow dynamics corresponds to jumps among the two
non equivalent wells 1 and 2, while the fast dynamics only
involves the scatterers in well 2 jumping among the subwells 3
and 4. We remark that the complex dynamical features of
biomolecules, mainly proteins, are often interpreted by intro-
ducing a multidimensional energy landscape, consisting of a
large number of local minima.28,45 Here, the energy barriers
between the minima define the characteristic timescales of the
different dynamical processes, while at equilibrium conditions
the relative populations of the minima are governed by basic
thermodynamics. The model we propose in this work is a
simplified unidimensional version of the aforementioned
energy landscape, where we account for the timescales of just
two dynamical processes.

Assuming that a fraction f of the scatterers participates to
the fast dynamics (and hence a fraction 1 � f participates to the
slow one), we can write the theoretical structure factor as:

Sth(Q,o) = (1 � f )S1(Q,o) + fS2(Q,o) (12)

where both S1(Q,o) and S2(Q,o) are modelled by eqn (9) with
the corresponding parameters. In the case of fast dynamics, the
two sites were chosen to be equivalent (p1 = p2 = 0.5): this
assumption proved to be in good agreement with the data and,
more importantly, allowed to reduce the number of indepen-
dent parameters to fit the data.

Considering the experimental resolution described by the
Gaussian response g(o) derived from Vanadium standard spec-
tra, the structure factor can be written as:

S(Q,o) = A(Q)g(o) + B(Q)V1(o,G1) + C(Q)V2(o,G2)
(13)

where V1 and V2 are Voigt functions. The corresponding coeffi-
cients A(Q), B(Q), and C(Q) contain information on the geome-
try of the motion with the constraint A(Q) + B(Q) + C(Q) = 1. They
can be expressed as a function of f, EISF, and QISF:

A(Q) = (1 � f )A01(Q) + fA02(Q) (14)

B(Q) = (1 � f )A11(Q) (15)

C(Q) = f A12(Q) (16)

where A01(Q) and A11(Q) are given by eqn (10) and (11), while A02(Q)
and A12(Q) are given by the same equations with p1 = p2 = 0.5.

3 Results and discussion
3.1 EINS measurements

The MSF calculated through a Gaussian fit of the elastic
intensity of Tel22, Tel22–Berberine, and Tel22–BRACO19 com-
pounds are reported in Fig. 3 as a function of temperature
along with the best fits using eqn (5).

Quite interestingly, the MSF of Tel22 show a dynamical
transition at about 235 K, i.e. an increase of mobility above
the low-temperature trend. This phenomenon has been already
observed in hydrated proteins, where it has been related to the

Fig. 2 Graphical representation of the free energy in the theoretical
model used for the analysis of the QENS data: d1 is the distance between
wells 1 and 2, while d2 is the distance between wells 3 and 4; DG and DG‡

are, respectively, the free energy difference and free energy barrier
between wells 1 and 2.
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onset of anharmonic motions and to the activation of biological
functionality.46 This dynamical transition seems to be shifted
by about 10 K toward lower temperatures when Tel22 G4 is
complexed with ligands. In Fig. S7 of ESI† we show the
integrated elastic intensity as a function of temperature, which
provides a model-independent evidence of the different
dynamics of Tel22 in the complexed and uncomplexed states.
As the coupling of fast biomolecular motions with solvent is
well established,26 we speculate that the enhanced mobility of
Tel22 is due to a different arrangement of the primary hydra-
tion shell in the presence of ligands. This finding may at first
look counterintuitive, as both Berberine and BRACO19 are
known to induce a stabilizing effect on G4.47,48 Besides, in
some cases, the dynamics of biomolecules is known to be
partially suppressed upon ligand binding, as it happens for
aged Soman–hAChe complex.49 On the other hand, ligands may
alter the arrangement of the water molecules around the
biomolecular surface and increase their mobility, which in turn
leads to a higher flexibility of biomolecules.49–51

We stress that, since in our experiments the solvent compo-
nent was deuterated, the measured MSF refer only to the
biomolecule or biomolecule-ligand hydrogen atoms. Therefore,
these measurements only show how hydration water dynamics
is reflected on the biomolecule dynamics, and not the water
dynamics itself. The larger MSF values for complexes suggest
that their conformational entropy is higher than that of Tel22
alone, thus supporting the picture where hydration water plays
a crucial role in binding processes by means of the so-called
enthalpy-entropy compensation phenomenon.52

As discussed above, from eqn (5) we obtained the force
constants for each sample, as reported in Table 1. Tel22–
Berberine and Tel22–BRACO19 complexes have force constants
of kf = 0.26 N m�1 and kf = 0.29 N m�1, respectively, which are
lower than that of Tel22 alone (kf = 0.37 N m�1), showing that
complexation causes a slight decrease in stiffness. From these
values, we estimated the resulting unfolding forces Fu by

applying the Lindemann criterion (eqn (7) and (8)), as shown
in Table 1. Quite interestingly, they are of the same order of
magnitude of the unfolding forces determined from single-
molecule pulling experiments,53,54 thus suggesting that the
biomolecule hypersurface potential energy determines both
the equilibrium G4 fast dynamics and the out-of-equilibrium
mechanical unfolding experiments.

3.2 QENS measurements

QENS data were analyzed using the model shown in Fig. 2. All
the fits were performed in the whole available energy range, i.e.
from �30 meV to 30 meV. In Fig. S2 of the ESI† a representative
example of this fit is shown along with a more detailed
discussion of the whole fitting procedure. In Fig. 4 we report
the measured QENS spectra (from �10 meV to 10 meV) of Tel22
alone, Tel22–Berberine, and Tel22–BRACO19 compounds
acquired at T = 200 K, T = 240 K, and T = 280 K.

In fitting the QENS spectra we were able to distinguish
between a slow and a fast dynamical regime. This decomposi-
tion of the QENS signal into two terms is consistent with the
findings from other biomolecules, such as proteins. Indeed, the
fast protein dynamics has been already described in the past by
means of two a-like and b-like relaxation processes.26

The comparison of the spectra of the three samples at a fixed
temperature (T = 280 K) is reported in Fig. 5 along with the best
fit using eqn (13): the narrow quasielastic broadening G1 clearly
increases upon complexation, thus confirming the behavior
observed from EINS data on the increasing mobility of Tel22–
ligand complexes. On the other hand, we found a wide Lor-
entzian broadening G2 = 20 meV common to all the three
samples, which results to be independent on Q and T. There-
fore, we fitted the spectra using eqn (13) with A, B, C, and G1 as
independent parameters, while keeping G2 fixed to the value of
20 meV. In the 0.70–1.75 Å�1 Q range the slow dynamics
broadening turns out to be constant, while for lower and higher
values the quasielastic intensity was too small to provide
reliable G1 values. An example of Q dependence of G1 at a fixed
temperature is reported in Fig. S3 of the ESI.† The constant
trend is consistent with confined random jump-like motions.
The trend of the calculated G1 values as a function of tempera-
ture is shown in Fig. 6.

Fig. 3 MSF as a function of temperature for Tel22 alone (black), Tel22–
Berberine (blue), and Tel22–BRACO19 (red) complexes, along with the
best fits to data (solid lines).

Table 1 Force constants as extracted from the best fit to the data and
unfolding forces resulting from the application of the Lindemann criterion

Tel22 Tel22–Berberine Tel22–BRACO19

kf (N m�1) 0.37 � 0.02 0.26 � 0.03 0.29 � 0.02
Fu (pN) 41 � 3 29 � 2 32 � 2

Table 2 Distance between the wells 1 and 2 (d1) and distance between
the wells 3 and 4 (d2) extracted by fitting the data for all the samples

Tel22 Tel22–Berberine Tel22–BRACO19

d1 (Å) 5.2 � 0.2 6.5 � 0.3 6.3 � 0.2
d2 (Å) 2.1 � 0.3 1.6 � 0.4 2.4 � 0.2

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

/1
4/

20
26

 9
:1

0:
31

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp03602a


This journal is © the Owner Societies 2022 Phys. Chem. Chem. Phys., 2022, 24, 29232–29240 |  29237

This thermal behavior can be exploited to calculate the free
energy barrier DG‡ = DH‡ � TDS‡ between the ground and the
excited states, represented in Fig. 2, by using the Eyring equation:45

G1 ¼
kBT

h
exp �DG

z

kBT

� �
(17)

with kB Boltzmann constant and h Planck constant. The fitting
results are reported in Table 3, where it is shown that the DH‡

and DS‡ values are quite similar for all the samples. This
suggests that the interaction with Berberine and BRACO19 does
not appreciably affect the characteristic times of the fast G4
dynamics in the whole observed temperature range. As a con-
sequence, the dynamic differences occurring upon complexa-
tion have to be ascribed to either a different number of G4
atomic groups participating in the nanosecond timescale
motions or to a change of the geometry of such motions.

Actually, by fitting the QENS spectra through the model
described by eqn (13)–(16) (see Section 2 of ESI† for details), we
easily obtained the populations p01 and p2

0 corresponding to the
ground and excited states of wells 1 and 2, i.e. we could quantify
the fraction of moving G4 atomic groups, and the characteristic
distances d1 and d2 corresponding to the two-regime dynamics.
The p02

	
p01 ratio can be expressed as a function of the free energy

Fig. 4 QENS spectra from �10 meV to 10 meV for Tel22 alone (a), Tel22–
Berberine (b), and Tel22–BRACO19 (c) for three selected temperatures:
200 K (black), 240 K (cyan), and 280 K (purple) along with fits of the data
(solid lines). Data were normalized to the elastic peak of the Vanadium
standard used for the resolution estimate and subtracted by the empty cell.

Fig. 5 QENS spectra at T = 280 K from �10 meV to 10 meV for Tel22 alone
(black), Tel22–Berberine (blue), and Tel22–BRACO19 (red) complexes,
along with the best fits to data (solid lines).

Fig. 6 Logarithm of the Lorentzian broadening G1 as a function of the
inverse temperature for Tel22 alone (black), Tel22–Berberine (blue),
and Tel22–BRACO19 (red) complexes, along with the best fits to data
(solid lines).
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difference DG between the wells 1 and 2:38

p02
p01
¼ exp � DG

kBT

� �
¼ exp

DS
kB
� DH
kBT

� �
(18)

where DS and DH are the entropy and enthalpy differences
between the two wells, respectively. This fit is reported in Fig. 7
and the corresponding parameters are shown in Table 3.

As for the distances between the wells, which are reported in
Table 2, d2 does not significantly change upon complexation,
which is in line with the behavior of the corresponding Lor-
entzian broadening G2, further confirming the small effect of
the ligand on the fast dynamical regime. On the contrary, the
distance d1 increases upon complexation, possibly contributing
to the higher mobility mentioned before. Finally, both enthalpy
and entropy differences between the two wells are higher in the
presence of the ligands. However, due to their larger entropic
term, the complexes are characterized by a lower free energy
difference, which explains their increased mobility.

We remark that, thanks to the analysis of the QENS spectra,
we may attribute the increase of complex mobility to two main
factors: a larger spatial extent explored during the fast
motions of the G4 atomic groups and an increased number
of such moving groups. Both these factors contribute to the
increase of the conformational entropy of the complexes.
We may speculate that, due to the importance of the stacking
bewteen Berberine/BRACO19 and Tel22 extremal tetrad for
complexation,47,55 hydrophobic interactions may play an
indirect role for the change in the hydration water network
structure and the increase of the entropic component of the
binding free energy.

4 Conclusions

In the present work we investigated the dynamical properties of
the Tel22 G4 structure and the effect of complexation of the two
standard ligands, Berberine and BRACO19, by combining
QENS and EINS experiments. EINS measurements showed that
the average MSD of the biomolecule hydrogen atoms, and
hence the overall Tel22 mobility, increases upon complexation.
At the same time a decrease in stiffness is observed. QENS data
allowed us to understand the microscopic determinants at the
origin of these dynamical changes. Particularly, we showed that
a slow and a fast dynamical regimes contribute to the nanose-
cond dynamics. The former mainly contributes to the enhance-
ment of the complex mobility, through the increase of both the
fraction of moving Tel22 atomic groups and the spatial extent
they can explore. We ascribed such an enhancement of fast
dynamics to a larger conformational entropy of the complexes,
which may play a significant role in the Tel22–ligand inter-
action. On the mechanistic point of view, we suggest that the
binding of Tel22 to the ligands drives a substantial rearrange-
ment of the hydration water network surrounding the biomo-
lecule. This rearrangement, in turn, would lead to the
aforementioned dynamical changes in G4–ligand complexes.

Author contributions

Luca Bertini: investigation, data curation, writing – original
draft; Valeria Libera: investigation, writing – review & editing;
Francesca Ripanti: writing – review & editing; Tilo Seydel:
investigation, writing – review & editing; Marco Paolantoni:
investigation, visualization, writing – review & editing; Andrea
Orecchini: writing – review & editing; Caterina Petrillo: writing –
review & editing; Lucia Comez: investigation, visualization,
writing – review & editing; Alessandro Paciaroni: investigation,
supervision, writing – review & editing.

Conflicts of interest

There are no conflicts to declare.

Table 3 Enthalpy and entropy barriers DH‡ and DS‡ between the wells 1
and 2 extracted by fitting G1 using eqn (17); enthalpy and entropy differ-
ence (DH and DS, respectively) between the wells 1 and 2 extracted by
fitting the data using eqn (18)

Tel22 Tel22–Berberine Tel22–BRACO19

DH‡ (kJ mol�1) 5.3 � 0.4 5.3 � 0.1 5.9 � 0.6
DS‡ (J mol�1 K�1) �224 � 1 �223.0 � 0.3 �221 � 2
DH (kJ mol�1) 16 � 1 18.9 � 0.7 17.7 � 0.7
DS (J mol�1 K�1) 48 � 6 64 � 3 58 � 3

Fig. 7 Logarithm of the p02
	
p01 ratio as a function of the inverse tempera-

ture for for Tel22 alone (black), Tel22–Berberine (blue), and Tel22–
BRACO19 (red) complexes, along with the best fits to data (solid lines).
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