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BindingofTetrapentylammoniumtoac-MYCG-quadruplex
Depicted throughNMRandVolumetricAssessment
Xuan Li,[a] Mirko Cevec,[b] David N. Dubins,[a] Janez Plavec,*[b] and Tigran V. Chalikian*[a]

We recently have demonstrated that, their structural sim-
plicity notwithstanding, tetraalkylammonium (TAA+) ions, i.e.,
[H(CH2)n]4N+, strongly stabilize the parallel c-MYC G-quadruplex
while not affecting the thermal stabilities of the antiparallel
human telomeric G-quadruplex or duplex DNA. In the present
work, we expand on our discovered paradigm of topology-
selective G-quadruplex recognition by performing NMR spectro-
scopic and volumetric characterization of the complex between
tetrapentylammonium (TPeA+) and the c-MYC G-quadruplex.
The binding of TAA+ to the c-MYC G-quadruplex is optically
silent, which necessitates the use of nonoptical observables,
such as density and sound velocity. Our NMR results revealed
that TPeA+ forms a stable complex with the c-MYC G-quadruplex

in which the ligand is positioned above the G9-G13-G18-G22
quartet and is surrounded by the 3′-(T23-A24-A25) flanking
region. We used our densimetric and ultrasonic velocimetric
results to calculate changes in volume, �V, and adiabatic com-
pressibility, �KS, accompanying the binding of TPeA+ to the
c-MYC G-quadruplex. We rationalized these volumetric proper-
ties to determine binding-induced changes in hydration of the
associating molecules and the internal dynamics of the host
G-quadruplex. In general, the structural and physico-chemical
insights emerging from this work lay the foundation for further
studies of TAA+-based compounds as a possible starting point
for designing topology-sensitive G-quadruplex-binding agents.

1. Introduction

G-quadruplexes are tetrahelical, noncanonical secondary struc-
tures that are formed by single-stranded stretches of DNA rich in
guanine.[1–5] The building block of a G-quadruplex is a G-quartet,
a planar structure in which four guanine bases interlink in a
circular manner via Hoogsteen hydrogen bonds.[2,4,6] A typical G-
quadruplex involves two or more G-quartets which stack upon
each other, thereby producing a central cavity lined with four
guanine O6 oxygen atoms.[2] G-quadruplexes are stabilized addi-
tionally by cations of the appropriate radius, usually Na+ or K+,
which are coordinated to the O6 atoms in the central cavity.[2,6–11]

There are hundreds of thousands of G-quadruplex-forming
sequences in the genome, and these sequences are overrep-
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resented in regions of critical importance and biological con-
trol such as the promoter regions of many oncogenes.[1,12–14]

Growing evidence suggests that G-quadruplexes participate
in the regulation of genomic events such as gene transcrip-
tion and translation, DNA replication, telomere homeostasis,
etc.[3,13–16] In this respect, we have proposed that G-quadruplex-
based regulation of genomic events is under thermodynamic
control.[17–20] Given the regulatory role of G-quadruplexes, drug-
induced stabilization of these noncanonical structures has been
considered as one plausible way to control their participa-
tion in genomic events.[1,21–24] To this end, a large number of
G-quadruplex-selective ligands have been designed and inves-
tigated in vitro and in vivo.[1,22,25–27] Such ligands are, generally,
positively charged aromatic compounds targeting G-quartet as
their main recognition element.[21,27–29]

G-quadruplexes differ in topology, which is determined
by the relative orientation of G-tracks (parallel, antiparallel,
hybrid); a recurrent challenge of development of G-quadruplex-
selective drugs is to endow them with the ability to discrim-
inate between different topologies.[2,30,31] Tetraalkylammonium
(TAA+) salts, which are used widely as buffer components,
have never been assumed to have direct interactions with G-
quadruplexes. Contrary to this generally accepted view, however,
we have demonstrated that, despite their simplicity, TAA+ salts
do interact directly with G-quadruplexes in a topology-selective
manner.[32] Specifically, we have explored the effect of a series
of TAA+ ions, i.e., [H(CH2)n]4N+, on the thermal stabilities of
the parallel c-MYC G-quadruplex (formed by the modified c-
MYC sequence MYC22-G14T/G23T with two G-to-T mutations),
the basket-type antiparallel human telomeric G-quadruplex, and
duplex DNA.[32] We found that TAA+ ions strongly stabilize
the c-MYC G-quadruplex while not affecting the stabilities of
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Figure 1. The imino spectral region of 1D 1H NMR spectra of the c-MYC G-quadruplex at different concentrations of TPeACl. The spectrum was recorded in
90% H2O, 10% D2O, 20 mM KCl and 10 mM cesium phosphate buffer (pH 7.0) at 25 °C on a 600 MHz NMR spectrometer.

the human telomeric G-quadruplex or duplex DNA.[32] Analy-
sis of the TAA+-induced changes in melting temperature, TM,
has suggested that TAA+ ions selectively bind to the c-MYC G-
quadruplex with a one-to-one binding stoichiometry.[32] The sta-
bilizing effect of TAA+ ions on the c-MYC G-quadruplex, as char-
acterized by the shift in the melting temperature, TM, of the host
structure, increases with the number of ─CH2─ groups in the
side chains with the greatest shift in TM observed for solutions
containing tetrapentylammonium (TPeA+), i.e., [H(CH2)5]4N+.[32]

The markedly steep increase in the thermal stability of the c-MYC
G-quadruplex with an increase in the concentration of TPeA+

is consistent with complex formation and an estimated bind-
ing constant of (2.2 ± 0.5) × 105 M−1 at a TM of 61.9 ± 0.5
°C.[32] This relatively tight binding coupled with a discrimina-
tory power of TAA+ ions with respect to G-quadruplex topology
is remarkable considering their simple structure and the lack

of aromatic groups, a property shared by all other classes of
G-quadruplex-selective drugs.[21,24,31,33,34]

In this work, we continue this line of our studies by employ-
ing NMR spectroscopic, densimetric, and ultrasonic velocimetric
measurements to characterize structurally and volumetrically the
conjectured complex of TPeA+ with the c-MYC G-quadruplex.
NMR measurements reveal the structural features of the com-
plex, while volumetric measurements shed light on changes in
hydration and intrinsic dynamics of the G-quadruplex accom-
panying its complexation with TPeA+.[35–42] Our NMR results
suggest that TPeA+ and c-MYC G-quadruplex indeed form a
stable, one-to-one stoichiometric complex in which the ligand
binds externally. These observations are in agreement with the
predicted stoichiometry and the mode of binding, which were
based on the analysis of the UV melting profiles and the exam-
ination of the CD spectra of the G-quadruplex in the absence
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Figure 2. Two spectral regions of 2D NOESY NMR spectrum (mixing time =
200 ms) of 0.2 mM c-MYC G-quadruplex in the presence of 1.0 mM TPeACl
(5:1 ligand-to-DNA ratio). The spectrum was recorded in 90% H2O, 10% D2O,
20 mM KCl and 10 mM cesium phosphate buffer (pH 7.0) at 25 °C on a
600 MHz NMR spectrometer.

Figure 3. Changes in the relative molar sound velocity increment, �[U], of
the c-MYC G-quadruplex plotted against the ligand-to-DNA, r. The
concentration of the DNA was ∼120 μM. The experimental points are fitted
with Equation (1) (sold line).

and presence of TPeA+.[32] In retrospect, this is an interesting
development when a ligand-macromolecule complexation had
been initially deduced from thermodynamic studies before its
existence was subsequently verified structurally.

2. Results

2.1. NMR

1D 1H NMR spectra of the TPeA+-c-MYC G-quadruplex complex
were recorded at different ligand-to-DNA ratios (Figure S1). The
1H NMR spectra revealed 12 imino proton peaks corresponding
to guanines involved in the three G-quartet planes of the c-
MYC G-quadruplex, similar to those previously published for the
MYC22-G14T/G23T G-quadruplex by Ambrus et al.[43] An increase
in the concentration of TPeA+ causes substantial changes in sig-

Figure 4. Changes in the partial molar volume, �V, of the c-MYC
G-quadruplex plotted against the ligand-to-DNA ratio, r. The concentration
of the DNA was ∼120 μM. The experimental points are fitted with
Equation (1) (sold line).

nal intensity and chemical shift in the following regions: (i) the
imino spectral region of the 1D 1H NMR spectrum, for the chem-
ical shifts of G9H1 and G13H1 (Figure 1); (ii) the aromatic spectral
region of the 1D 1H NMR spectrum, for the chemical shifts of
G22H8, T23H6, A24H2, A24H8, A25H2, and A25H8 (Figure S2); and
(iii) the methyl spectral region of the 1D 1H NMR spectrum, for
the chemical shift of T23Me (Figure S3).

We performed 2D NMR measurements in 0.2 mM c-MYC G-
quadruplex in the presence of 1.0 mM TPeA+ ions (at a 5:1
ligand-to-DNA ratio) (Figures S4–S6). In the 2D NOESY NMR
spectrum (with mixing time of 200 ms), there are several cross-
peaks between TPeA+ and imino protons of the G-quadruplex
(Figure 2). Inspection of the 2D NOESY NMR spectrum of
the TPeA+-c-MYC G-quadruplex complex presented in Figure 2
(upper box) reveals that the CH2 groups of the TPeA+ ion at
positions 2 and 3 both have cross-peaks with G22H1. Further
inspection of Figure 2 (lower box) reveals that the CH2 group of
the TPeA+ ion at position 1 has cross-peaks with G9H1, G13H1,
G18H1, and G22H1. The 1H DOSY spectrum presented in Figure
S7 is consistent with the G-quadruplex being monomeric; in
other words, no oligomerization occurs under our experimental
conditions.

2.2. Ultrasonic Velocimetric and Densimetric Binding Profiles

Figure 3 shows the dependence of the relative molar sound
velocity increment, �[U], of the c-MYC G-quadruplex on the
TPeA+-to-DNA ratio, r. Figure 4 shows a similar dependence
for the partial molar volume, �V , of the G-quadruplex. Exper-
imental points in Figures 3, 4 were fitted with a function
describing a one-to-one stoichiometric binding of ligand to
macromolecule[44]:

X = X0 + α�X (1)
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Table 1. Solvent accessible surface areas, SA, and intrinsic volumes, VM,
of the TPeA+-c-MYC G-quadruplex complex, free G-quadruplex, and free
ligand and the binding-induced changes in SA and VM.

SA, Å2 VM, Å3 �SA, Å2 �VM, Å3

Complex 4723 6295 −686 198

c-MYC 4776 5776

TPeA+ 633 321

where X is an observable sensitive to the binding, such as rel-
ative molar sound velocity increment, [U], and partial molal
volume, V ◦; X0 is the initial value of X at r = 0; �X is
the asymptotic change in X at r → ∞; α = 0.5(r + 1) + 1

Y +√
0.25(r − 1)2 + r+1

Y + 1
Y2 is the fractional population of ligated

macromolecule; Y = 2Kb[DNA]T ; Kb is the binding constant; and
[DNA]T is the total concentration of the DNA (macromolecule).

The fitted values of �[U] and Kb are −56 ± 2 cm3mol−1 and
(0.85 ± 0.35) × 105 M−1, respectively. A binding constant, Kb, of
(0.85 ± 0.35) × 105 M−1 determined at 25 °C is in reasonable
agreement with (2.2 ± 0.5) × 105 M−1, the value of Kb determined
at 61.9 ± 0.5 °C from the ligand-induced shift in the melting
temperature, TM, of the host structure.[32]

The partial molar volume data shown in Figure 4 were fit-
ted with Equation (1) with the binding constant, Kb, derived
from the ultrasonic velocimetric data in Figure 3. The fitted
value of �V is 11 ± 3 cm3mol−1. The values of �[U] and �V
were combined in Equation (5) to calculate the binding-induced
change in adiabatic compressibility: � KS = 2βS0(�V − �[U]) =
(60 ± 4) × 10−4 cm3mol−1bar−1.

2.3. Changes in Solvent-Accessible Surface Area and Intrinsic
Volume

Table 1 lists the computed values of solvent-accessible sur-
face area, SA, and molecular volume, VM, for the ligand-DNA
complex (C), free ligand (L), and free DNA (DNA). The bind-
ing induced changes in solvent-accessible surface area, � SA =
SA(C) − SA(DNA) − SA(L), and molecular volume, � VM =
VM(C) − VM(DNA) − VM(L), are also shown in Table 1. The values
of �SA and �VM equal −686 Å2 and 198 Å3, respectively.

3. Discussion

3.1. Structure

Figure 5 shows the structure of the TPeA+-c-MYC G-quadruplex
complex. The c-MYC DNA oligonucleotide forms a parallel-
stranded G-quadruplex with three propeller loops and 5′-(T4-
G5-A6) and 3′-(T23-A24-A25) flanking regions. There is a single
binding site consistent with a one-to-one binding stoichiome-
try inferred from the analysis of the UV melting profiles of the
G-quadruplex in the absence and presence of TPeA+[32] and the
ultrasonic velocimetric binding profile shown in Figure 3. In the

Figure 5. Structure of the complex between TPeA+ and the c-MYC
G-quadruplex. Guanine residues are shown in blue, adenine in red,
thymidine in purple, TPeA+ in orange, and the two potassium ions are
displayed as purple spheres.

NOESY spectra (Figures 2, S4, S5), we observe weak cross-peaks
between TPeA+ and the 3′-end G-quartet residues, consistent
with direct interaction at this site. We interpret the continued
chemical shift perturbations observed at ligand excess as aris-
ing from broader changes in the chemical microenvironment of
the G-quadruplex induced by bulk excess TPeACl, rather than
additional specific binding sites. Minor changes in the chem-
ical shifts (�δ < 0.04 ppm) of the imino protons of G8 and
G17 (Figure 1) are not interpreted as reflecting a direct inter-
action with TPeA+ but are attributed to secondary changes
associated with the binding at the 3′-end G-quartet. TPeA+ is
positioned above the G9-G13-G18-G22 quartet of the c-MYC G-
quadruplex and is surrounded by the 3′-(T23-A24-A25) flanking
region. The binding does not cause appreciable changes in the
structure of the G-quadruplex. This NMR result is consistent
with the reported CD-spectral data suggesting that the bind-
ing is external with no changes in the structure of the host
DNA.[32]

A closer look at the structure presented in Figure 5 suggests
that the binding of TPeA+ to the terminal G-quartet (G9-G13-
G18-G22) would be sterically obstructed if a diagonal loop were
present in the host G-quadruplex. This observation may explain
why TAA+ ions fail to bind to the basket-type antiparallel
human telomeric G-quadruplex.[32] It is likely that steric repul-
sion between the diagonal loop of the basket-type antiparallel
G-quadruplex and the side chains of the ligand prevents the
binding.

Chem. Eur. J. 2025, 31, e02670 (4 of 9) © 2025 The Author(s). Chemistry – A European Journal published by Wiley-VCH GmbH
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3.2. Optimum Binding Geometry

We have previously shown that the affinity of the c-MYC G-
quadruplex for TAA+ ions, i.e., [H(CH2)n]4N+, increases when the
number of ─CH2─ groups within the side chains, n, increases
from 1 to 5, while a further increase to 6 leads to a noticeable
decrease in the affinity.[32] The structure of the TPeA+-c-MYC
complex shown in Figure 5 enables one to rationalize this obser-
vation. The affinity of TAA+ ions for the c-MYC G-quadruplex
appears to increase as the area of contact between the alkyl side
chains of the ligand and the target G-quartet increases, which
accompanies an increase in n from 1 to 5—gripping around the
structure like the talons of a bird of prey. TPeA+ covers the
entire extent of the terminal G9-G13-G18-G22 G-quartet. A further
increase in the number of ─CH2─ groups to 6 (in tetrahexylam-
monium) would extend the side chains beyond the limits of the
G-quartet with no increase in contact area. Consequently, TPeA+

exhibits the optimum binding to the c-MYC G-quadruplex.

3.3. Changes in Hydration

Hydration is a major force that dictates and modulates the struc-
tural features and binding properties of nucleic acids.[39,45–50] In
recognition of this fact, considerable efforts have been invested
to elucidate the role of water in the conformational stability
of G-quadruplexes and their complexes.[51–58] Volumetric param-
eters are among the few which are sensitive to the entire
population of waters of solute hydration; as such, they have
been used to characterize hydration and changes in hydration
accompanying folding transitions and binding events of nucleic
acids.[37–39,42,46,59–70] A change in volume accompanying the asso-
ciation of a ligand with a macromolecule is the sum of the
following contributions[71,72]:

�V = �VM + �VT + �VI (2)

where �VM is the change in molecular volume; �VT is the
change in thermal volume; and �VI is the change in interaction
volume.

Thermal volume, VT , is the volume of void space around
the solute.[71,73] It is proportional to the solvent accessible sur-
face area, SA, of the solute with a coefficient of proportionality,
δ, of ∼0.5 Å.[71–73] Thus, �VT = δ�SA. Interaction volume, VI, is
the change in the volume of solvent resulting from solute-
solvent interactions.[71–73] It is related to solute hydration via
VI = nh(Vh − V0 ) or �VI = �nh(Vh − V0 ), where nh is the hydra-
tion number (the number of water molecules influenced by the
solute), and V0 and Vh are the partial molar volumes of bulk water
and water of solute hydration, respectively.[35,72,73]

The computed value of �VM in Equation (2) is 198 Å3 (119
cm3mol−1) (Table 1). The magnitude of �VT can be evaluated
from �SA = −686 Å2 (Table 1); �VT = δ�SA = 0.5×(−686) =
−343 Å3 = −207 cm3mol−1. From Equation (2), a change in the
interaction volume, �VI, associated with the binding of TPeA+ to
the c-MYC G-quadruplex is � VI = �V − �VM − �VT = 11−119
+ 207 = 99 cm3mol−1. The positive sign of �VI is consistent with

an increase in the volume of solvent due to the binding-induced
release of “electrostricted” waters of DNA hydration to the bulk.
Electrostriction signifies a decrease in the partial molar volume
of molecules of water solvating charged solutes under the influ-
ence of strong charge-dipole solute-solvent interactions.[74] The
partial molar volume, Vh, of electrostricted molecules of water
is ∼10% smaller than that of bulk water; (Vh − V0 ) ≈ −1.8
cm3mol−1.[35,39,73]

Given �VI = nh(Vh − V0 ), the number of water molecules
released to the bulk can be calculated using � nh = �VI

Vh − V0
=

99/(−1.8) = −55. Thus, the binding of TPeA+ to the c-MYC G-
quadruplex causes a release of 55 waters of hydration to the bulk
with a concomitant increase in the interaction volume, VI.

3.4. Internal Dynamics

Dynamics is an important component of the stability and
functioning of DNA, in general, and G-quadruplexes, in
particular.[75–77] Compressibility can be used as a global measure
of a change in dynamics accompanying the binding of TPeA+ to
the c-MYC G-quadruplex. The intrinsic coefficient of compress-
ibility, βM, of a macromolecule is related to its dynamics via the
relationship[78,79]:

〈
V 2
M

〉 = kBTVMβM (3)

where 〈V 2
M〉 is the mean-square fluctuations of the intrinsic

volume; kB is Boltzmann’s constant; and T is the temperature.
Information on the binding-induced change in the intrin-

sic coefficient of compressibility, βM, of the c-MYC G-quadruplex
can be gleaned from a change in compressibility, �KS, accom-
panying its association with TPeA+. The value of �KS is the
sum of changes in the hydration, ��Kh, and intrinsic, �KM,
contributions[35–38,73]:

� KS = �KM + ��Kh (4)

In Equation (4), KM = βMVM is the intrinsic compressibil-
ity of the macromolecule. The hydration contribution, �Kh =
nh(Kh − K0 ), is the change in the compressibility of water due
to solute-solvent interactions, and K0 and Kh are the partial molar
adiabatic compressibilities of bulk water and water of solute
hydration, respectively.

The partial molar adiabatic compressibility, Kh, of water
hydrating a charged solute is ∼25% smaller than that of bulk
water, K0; hence (Kh − K0 ) ≈−2 × 10−4 cm3mol−1bar−1.[35,39,73]

With this value and the volume-based estimate of �nh, we eval-
uate ��Kh = �nh(Kh − K0 ) = (−55)×(−2 × 10−4) = 110 × 10−4

cm3mol−1bar−1. The positive sign of ��Kh is consistent with
an increase in the compressibility of solvent resulting from
the release to the bulk of low-compressible waters of DNA
hydration.[35–37,39]

The binding-induced change in the intrinsic compressibil-
ity, KM, of the G-quadruplex can be estimated from Equa-
tion (4) as �KM = �KS − ��Kh = 60 × 10−4 −110 × 10−4 =
−50 × 10−4 cm3mol−1bar−1. Thus, the association with TPeA+
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leads to a decrease in the intrinsic compressibility of the c-
MYC G-quadruplex. This result is in concert with the sign of
changes in intrinsic compressibility observed in previous stud-
ies of ligand binding to proteins and DNA.[44,62,80–82] Rigidification
of the host macromolecule appears to be a common feature of
ligand-macromolecule binding events.

A change in intrinsic compressibility, KM (= βMVM), is given
by �KM = �βMVM + βM�VM. Since the binding of TPeA+ to the
c-MYC G-quadruplex is external with little, if any, alteration
in structure, a change in the intrinsic volume of the DNA,
�VM, should be small (close to 0). Thus, �KM ≈ �βMVM and
�βM = �KM/VM. With the molecular volume, VM, of the c-MYC
G-quadruplex being 5776 Å3 or 3478 cm3mol−1 (Table 1), we cal-
culate �βM = �KM/VM = −50 × 10−4 / 3478 = −1.4 × 10−6 bar−1.

Inspection of Equation (3) reveals that a decrease in βM is
consistent with the binding-induced reduction in the mean-
square fluctuations of the intrinsic volume, 〈V 2

M〉, of the G-
quadruplex. The intrinsic coefficient of compressibility, βM, of a
G-quadruplex has not been determined as of yet. Therefore, it is
not possible to estimate the relative magnitude of the binding-
induced change in 〈V 2

M〉. However, G-quadruplexes are globular
structures with an intramolecular void, in that sense resembling
small globular proteins. The intrinsic coefficient of compressibil-
ity, βM, of a globular protein is on the order of ∼25 × 10−6

bar−1.[83–85] If one suggests that, by analogy, the value of βM of a
G-quadruplex is not much different from that of a globular pro-
tein, our determined value of �βM (−1.4 × 10−6 bar−1) should
be on the order of 5% of βM. Hence, as a plausible estimate,
the binding of TPeA+ to the c-MYC G-quadruplex causes a ∼5%
decrease in dynamics as characterized by volume fluctuations.

The intrinsic compressibility, βM, of a G-quadruplex is likely
to differ from that of a globular protein (25 × 10−6 bar−1). How-
ever, even if the difference is twofold in either direction, the ratio
�βM/βM and, hence, the relative change in dynamic, �〈V 2

M〉/〈V 2
M〉,

still should be within 2–10%. Thus, the association of TPeA+ with
the c-MYC G-quadruplex is accompanied by only a moderate
diminution in dynamics. This observation is consistent with the
external mode of binding of TPeA+ to the c-MYC G-quadruplex
that does not cause significant changes in the structure of the
host.

4. Conclusion

We previously have shown that TAA+ ions, i.e., [H(CH2)n]4N+,
strongly stabilize the parallel c-MYC G-quadruplex while not
influencing the thermal stabilities of the antiparallel human
telomeric G-quadruplex or duplex DNA.[32] Based on these
observations, we proposed that TAA+ ions bind to the c-MYC
G-quadruplex with the strongest binding exhibited by TPeA+,
i.e., [H(CH2)5]4N+.[32] In the present work, we continue our
exploration of this novel paradigm of selective G-quadruplex
recognition by performing NMR spectroscopic and volumetric
characterization of the TPeA+-c-MYC G-quadruplex complex.

Our NMR results revealed that, TPeA+ indeed forms a sta-
ble complex with the c-MYC G-quadruplex in which TPeA+ is

positioned above the terminal G9-G13-G18-G22 quartet and is
surrounded by the 3′-(T23-A24-A25) flanking region. The external
mode of binding and the absence of binding-induced alter-
ations in the structure of the host DNA are in agreement with
the reported CD spectral data.[32] Our densimetric and ultra-
sonic velocimetric measurements revealed that the binding of
TPeA+ to the c-MYC G-quadruplex is accompanied by increases
in volume, �V, and adiabatic compressibility, �KS, of 11 ± 3
cm3mol−1 and (60 ± 4) × 10−4 cm3mol−1bar−1, respectively. The
value of �V was combined with changes in solvent-accessible
surface area and molecular volume computed from structural
data to evaluate the number of water molecules released to the
bulk, �nh. The binding of TPeA+ to the c-MYC G-quadruplex is
accompanied by a release of 55 water molecules. By combining
the values of �KS and �nh, we estimated a ∼5% decrease in
G-quadruplex dynamics as expressed by the mean-square fluctu-
ations of intrinsic volume, 〈V 2

M〉. The observed moderate change
in dynamics is consistent with the external mode of binding and
the absence of structural alterations in the host G-quadruplex.
Taken together, the structural and physico-chemical insights
emerging from this investigation and our previous work[32] lay
the foundation for further studies of TAA+-based compounds as
a possible point of departure for designing topology-sensitive
G-quadruplex-binding agents.

5. Experimental

Materials: The c MYC22-G14T/G23T DNA oligonucleotide d(TGA
GGGTGGGTAGGGTGGGTAA), that was used for NMR and volumetric
measurements, had come from two different sources. The sample
used for NMR studies was synthesized on a K&A Laborgeräte model
H8 DNA/RNA Synthesizer (Schaafheim, Germany) using standard
phosphoramidite solid phase chemistry with DMT-on protection
according to the manufacturer’s protocol. The oligonucleotide was
prepared at natural isotope abundance using products from Cam-
bridge Isotope Laboratories (Tewksbury, MA, USA). Following the
synthesis, the oligonucleotide was deprotected overnight in con-
centrated aqueous ammonia at 55 °C and purified using Glen-Pak
DNA cartridges (Sterling, VA, USA). Samples were dried in vacuo and
redissolved for desalting in 200 mM LiCl in deionized Milli-Q water
using Amicon Ultra-15 centrifugal filters with a cut-off of 3 kDa.

NMR measurements were performed at pH 7.0 in a 10 mM
cesium phosphate buffer with 20 mM potassium chloride (KCl) pre-
pared with 90% H2O and 10% D2O. NMR samples with different
ligand-to-DNA ratios were prepared by adding aliquots of a stock
solution of 35 mM TPeACl to the DNA.

For volumetric measurements, the oligonucleotide was pur-
chased from Integrated DNA Technologies (Coralville, IA, USA). The
DNA was dissolved in 10 mM cesium chloride, dialyzed exhaus-
tively against distilled water in Tube-O-Dialyzers (2000-Da cut-off,
G Biosciences, St. Louis, MO), and lyophilized. The lyophilized DNA
was subsequently dissolved in a 10 mM cesium phosphate buffer
adjusted to pH 7.0 and supplemented with 20 mM KCl. The concen-
trations of the DNA for the NMR and volumetric measurements were
on the order of ∼200 and ∼120 μM, respectively.

KCl, cesium hydroxide monohydrate, phosphoric acid, and
TPeA+ chloride (TPeACl) were purchased from Sigma-Aldrich
Canada (Oakville, ON, Canada), Sigma-Aldrich (St. Louis, MO, USA),
or MedChemExpress (Monmouth Junction, NJ, USA). All reagents
were of the highest commercially available grade and used
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without further purification. The solutions were prepared with
doubly distilled water.

The concentrations of DNA samples were determined spec-
trophotometrically with either a Jasco model V-730 UV-Vis spec-
trophotometer (Easton, MD, USA) or a Cary 3500 UV-Vis spectropho-
tometer (Agilent, Santa Clara, CA, USA) and a molar extinction
coefficient, ε260, of 228700 M−1cm−1 for the unfolded state. The lat-
ter was computed using a nearest-neighbor procedure described by
Owczarzy.[86]

NMR Spectroscopy: NMR data were collected on a 600 MHz Bruker
AVANCE NEO NMR spectrometer (Bruker BioSpin, Ettlingen, Ger-
many) using a 5 mm TCI (proton-optimized triple resonance NMR)
cryoprobe at 25 °C. Excitation-sculpting pulse sequence with gra-
dients was used for water suppression. A relaxation delay of 1.0 s
was used for 1D 1H NMR spectra and 3.0 s for 2D NMR spectra. 2D
NOESY spectra were acquired with a mixing time of 200 ms, while
2D ROESY spectrum was acquired with a mixing time of 80 ms. All
NMR spectra were referenced to DSS. The spectra were processed
and analyzed using Topspin 4 (Bruker BioSpin, Ettlingen, Germany)
and Sparky (UCSF, San Francisco, CA, USA) software.

Structure calculations: AmberTools25 (UCSF, San Francisco, CA,
USA) was used to model the TPeA+-c-MYC G-quadruplex complex.
The 3D structure of c-MYC (PDB ID 1XAV) served as the starting
c-MYC DNA conformation and was parameterized with the bsc1
(OL15) force field for nucleic acids. The ligand was parameterized
with Antechamber using the GAFF2 force field, and partial atomic
charges were assigned by the AM1-BCC method. No additional frc-
mod corrections were required; the ligand MOL2 parameter file is
provided in Supporting Information. The complex was assembled in
tleap and solvated in a cubic TIP3P water box with a 12 Å buffer in
all directions. Potassium counterions were added to neutralize the
system.

NMR-derived distance restraints were applied to preserve the
hydrogen-bonding pattern observed in the 2D NOESY spectrum.
The anti configuration of the G-quartets was determined experi-
mentally from the intensity of the H1’-H8 cross-peaks, and a modest
planarity restraint (20 kcal mol−1Å−2) was applied to the G-quartets.
The distances between TPeA+ and the imino protons of the c-MYC
DNA were restricted to ≤ 5 Å. The complete restraint input file is
provided in Supporting Information.

Energy minimization with restraints was performed in two
stages: 1500 steps of steepest descent followed by 1500 steps of
conjugate gradient. Molecular dynamics simulations with restraints
were then run for 50000 steps (100 ps) under NVT ensemble
conditions at 300 K, controlled by a Langevin thermostat. Electro-
static interactions were treated with the Particle Mesh Ewald (PME)
method under periodic boundary conditions, with a 10 Å cutoff
for nonbonded short-range interactions. The SHAKE algorithm was
applied to constrain bonds involving hydrogen atoms, with a 2 fs
integration time step. The final structures were obtained by an addi-
tional 1000 steps of unrestrained minimization, and a representative
conformation was extracted using cpptraj.

High precision densimetry and ultrasonic velocimetry: The den-
sities of solutions of the c-MYC G-quadruplex in the absence and
presence of TPeACl were measured at 25 °C with a precision
of ± 1.5 × 10−6 g cm−3. All density measurements were conducted
using an Anton Paar model DMA-5000 vibrating tube densimeter
(Graz, Austria). The partial molar volume, V°, of the G-quadruplex
was computed from V ◦ = M

ρ0
− ρ− ρ0

ρ0C
, where ρ and ρ0 are the den-

sities of the DNA solution and the neat solvent, respectively; C is the

molar concentration of the DNA; and M is the molecular weight of
the DNA.

Solution sound velocities were measured at 25 °C with the
resonator method and a differential technique at a frequency of
7.2 MHz.[87–89] The frequency characteristics of the resonator cells
required to determine sound velocity were analyzed with a Hewlett
Packard model E5100A network/spectrum analyzer (Mississauga, ON,
Canada). The relative precision of sound velocity measurements
provided by the ultrasonic resonator used in this work is on the
order ± 1 × 10−4%.[89] The measured acoustic property of a solute
is its relative molar sound velocity increment, [U] = U− U0

U0C
, where U

and U0 are the sound velocities in the DNA solution and the neat
solvent, respectively.

The partial molar adiabatic compressibility, K◦
S, of a solute can

be computed by combining the relative molar sound velocity incre-
ment, [U], and partial molar volume, V ◦, from the relationship[90–92]:

K◦
S = βS0

(
2V ◦ − 2 [U] − M

ρ0

)
(5)

where βS0 is the coefficient of adiabatic compressibility of the
solvent.

In volumetric titration experiments, aliquots of the TPeA+ chlo-
ride (∼10 mM) were added to the initial solution containing the
c-MYC G-quadruplex (∼0.12 mM). Densimetric and acoustic titrations
were performed as previously described in triplicate.[93]

Computation of the Binding-induced Changes in Solvent-
accessible Surface Area, �SA, and Intrinsic Volume, �VM: We
computed the values of �VM and �SA as the difference in VM or SA
between the TPeA+-c-MYC G-quadruplex complex and the sum of
VM or SA of the free ligand and the free DNA. The atomic coordinates
of the complex were taken from our NMR structure. We used it to
calculate the intrinsic volumes, VM, and solvent accessible surface
areas, SA, for the ligand-G-quadruplex complex, free G-quadruplex,
and free ligand.

To calculate solvent-accessible surface areas and molecu-
lar volumes, we employed two programs: MoloVol version 1.2.1
(obtained from https://molovol.com)[94] and ProteinVolume version
1.3 (obtained from https://gmlab.bio.rpi.edu/).[95] To validate and
verify our results, we additionally calculated solvent-accessible
surface areas using FreeSASA version 2.1.2 (obtained from
https://freesasa.github.io/)[96] and VMD version 1.9.4a53 (obtained
from https://www.ks.uiuc.edu/Research/vmd/).[97] In all calculations,
hydrogens atoms were ignored. A spherical probe with a radius
of 1.4 Å was used for all programs except for ProteinVolume.
The latter recommends, as the default, a volume probe radius of
0.080–0.020 Å and a surface probe minimum distance of 0.1 Å.

Supporting Information

1D 1H NMR spectra of c-MYC DNA oligonucleotide at different
concentrations of TPeACl. (a) δH 12.5–4.8 ppm region, (b) δH 4.8–
0.5 ppm region. The spectrum was recorded in 90% H2O, 10%
D2O, 20 mM KCl and 10 mM cesium phosphate buffer (pH 7.0) at
25 °C on a 600 MHz NMR spectrometer (Figure S1); the aromatic
spectral region of 1D 1H NMR spectra of c-MYC DNA oligonu-
cleotide at different TPeACl concentrations. The spectrum was
recorded in 90% H2O, 10% D2O, 20 mM KCl, and 10 mM cesium
phosphate buffer (pH 7.0) at 25 °C on a 600 MHz NMR spec-
trometer (Figure S2); the methyl spectral region of 1D 1H NMR
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spectra of c-MYC DNA oligonucleotide at different TPeACl con-
centrations. The spectrum was recorded in 90% H2O, 10% D2O,
20 mM KCl, and 10 mM cesium phosphate buffer (pH 7.0) at
25 °C on a 600 MHz NMR spectrometer (Figure S3); 2D NOESY
NMR spectrum (mixing time = 200 ms) of 0.2 mM c-MYC DNA
oligonucleotide in the presence of 1.0 mM TPeACl (5:1 ligand-to-
DNA ratio). The spectrum was recorded in 90% H2O, 10% D2O,
20 mM KCl, and 10 mM cesium phosphate buffer (pH 7.0) at
25 °C on a 600 MHz NMR spectrometer (Figure S4); 2D NOESY
NMR spectrum (mixing time = 200 ms) of 0.05 mM c-MYC DNA
oligonucleotide in the presence of 0.25 mM TPeACl (5:1 ligand-
to-DNA ratio). The spectrum was recorded in 90% H2O, 10% D2O,
20 mM KCl, and 10 mM cesium phosphate buffer (pH 7.0) at
25 °C on a 600 MHz NMR spectrometer (Figure S5); 2D ROESY
NMR spectrum (ROESY spin-lock = 80 ms) of 0.2 mM c-MYC DNA
oligonucleotide in the presence of 1.0 mM TPeACl (5:1 ligand-to-
DNA ratio). The spectrum was recorded in 90% H2O, 10% D2O,
20 mM KCl, and 10 mM cesium phosphate buffer (pH 7.0) at 25
°C on a 600 MHz NMR spectrometer (Figure S6); 1H DOSY NMR
spectrum of 0.2 mM c-MYC DNA oligonucleotide in the pres-
ence of 1.0 mM TPeACl (5:1 ligand-to-DNA ratio). The spectrum
was recorded in 90% H2O, 10% D2O, 20 mM KCl, and 10 mM
cesium phosphate buffer (pH 7.0) at 25 °C on a 600 MHz NMR
spectrometer (Figure S7). The restraint input file, “restraints.txt”,
is used in AMBER calculations. The ligand MOL2 parameter file,
“ligand.mol2”, is the input file of TPeA+ ion.
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