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A B S T R A C T

G-quadruplexes are tetrahelical structures. They are important targets for anti-cancer drugs, since they are situ-
ated at crucial positions within the genome. We studied the volumetric properties of the unfolding of three G-
quadruplexes in the presence of potassium ion. The unfolding volume changes were determined using high-
pressure fluorescence spectroscopy. The c-MYC, KIT, and VEGF sequences unfold with the transition volume of
-17, -6 and -18 cm3/mol, respectively. The small magnitude of the unfolding volume of KIT could be explained by
its unique structure and the lower amount of void volume. Since the cell interior is highly crowded, the available
volume is restricted. Therefore the volumetric changes during the conformational transformations gain biological
importance.
1. Introduction

1.1. G-quadruplexes

G-quadruplexes are noncanonical 3D structures that can be formed by
short G-rich DNA sequences with a noncanonical 3D structure [1]. They
came into the focus of the scientific research when their appearance in
the telomere region was first reported. Their telomerase inhibition ac-
tivity made them a plausible target in cancer research. G-quadruplexes
also play an important role in the regulation of several genes, including
oncogenes, which underlines their importance in the oncogenesis [2].
G-quadruplex (GQ) forming sequences were also found in several pro-
moter regions, including several important proto-oncogenes like c-MYC,
VEGF, HIF-1α, Ret, Bcl-2, c-Kit, and KRAS [3].

Moreover, some GQ-forming aptamers can be used as sensors. The
fluorescent labeling of such aptamers allows the detection of different
ions or molecules. An example for that is the thrombin-binding aptamer
(TBA) [4, 5], which was originally developed for therapeutic applica-
tions. Several variants of TBAwere later developed to increase its binding
affinity.

GQs can be formed if the DNA sequence contains several repeats of
guanine bases. The GQ structure is stabilized by the G-tetrads, which are
formed by hydrogen bonding interaction of four co-planar guanine res-
idues. Typically, two or three of these G-quartets are on top of each other
-univ.hu (L. Smeller).
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(Figure 1). As it can be seen in Figure 1, a stabilizing metal ion in the
center of the quartet is necessary. Potassium and sodium ions are suitable
for stabilizing the 3D structure, the stabilizing effect of Kþ is stronger. Liþ

is too small for stabilization [6, 7, 8]. The Naþ ion is sitting in the plane of
the quartets, while the bigger Kþ ion is situated between the guanine
plates, and its coordination binding to eight oxygen atoms stabilizes the
whole GQ [9].
1.2. Volumetric effects

The volumetric effects associated to the structural transitions of bio-
logical macromolecules are often neglected. The interior of the cell is a
highly crowded solution of a series of different macromolecules. The total
concentration of such molecules can easily reach 30–40%. This means
that the solution is practically divided into small sub-compartments,
where the available free volume is small [10]. This underlines the
importance of the volume occupied by the macromolecules in a different
conformational state. This volume effect has been well studied for pro-
teins [11, 12, 13, 14], but the number of studies on DNA molecules is
quite limited [15, 16]. The reason could be the pressure insensitivity of
the DNA due to the fact that the double-helical DNA shows little to no
volume effect during unwinding.

Volume effects can be ideally studied using high pressure [17, 18, 19,
20, 21, 22, 23]. Although pressurization is technically more complicated
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Figure 1. The structure of a G-quartet (a) and of a G-quadruplex (b).

Table 1. Sequence of the oligos used in this study.

Oligo name Sequence (50-30) Number of bases

c-MYC TGA GGG TGG GTA GGG TGG GTA A 22

KIT AGG GAG GGC GCT GGG AGG AGG G 22

VEGF TTG GGG CGG GCC GGG GGC GGG GTT 24
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than heating, pressure is an equally important thermodynamic parameter
as temperature. The mentioned technical difficulty may explain why this
technique is available only in a limited number of laboratories. We used a
custom-designed high pressure cell, using a diamond window. This
allowed us to reach 6 kbar, while maintaining a sample size of a few
microliters. If a conformational change (e.g. GQ unfolding) is accompa-
nied by a volume change, pressure will shift the transition. Pressure tries
to shift the equilibrium, favoring the state with lower volume.

The definition of volume of molecules is also worthwhile to discuss.
There are different volume definitions, but experimentally, we can
determine the molar volume νi of a solute molecule. It is defined as the
volume change of the solution by the addition of a small amount of the
solute over the number of moles of added solute, keeping everything else
constant [19].

vi ¼
�
dV
dni

�����
nj ;p;T

(1)

This definition reflects the fact that we measure experimentally the
volume of the whole system (solvent þ solution), and the changes in the
solvent density induced by the solute are also involved in this volume
definition. An example for this is the hydration layer around the solute
molecule. The increased density and consequently the reduced volume of
this solvent layer appears as a negative contribution to the volume of the
solute molecule. In the case of proteins, this hydration layer increases
upon unfolding [24, 25, 26], while in the case of GQs, the hydration shell
of the released ions may also play a role [27].

1.3. GQs as promising targets for cancer treatment

As GQs turned out as promising targets for cancer treatments, several
ligands were investigated in order to stabilize the GQ structure [28, 29,
30]. Porphyrins with several substitutions were tested. Some of them,
like TMPyP4, were efficient in stabilizing the structure [31].

In this study, we made a systematic study of several G-quadruplexes
present in different positions within the human genome.

C-MYC is an important oncoprotein, its overexpression was observed
in several human cancers like breast, cervix, colon, and small-cell lung
cancers [3]. The quadruplex-forming sequence occurs in the proximal
region of the c-MYC promoter, and has a major role in the control of the
transcriptional activity. The sequence in our study is a slightly modified
version of this one, which was also used in an earlier NMR study [32].

The c-KIT proto-oncogene codes a receptor tyrosine-kinase. Its over-
expression promotes the proliferation of the cells, and can be found in
several malignant cancer cells. Two potentially GQ-forming elements
2

were identified in its central promoter region: KIT1 and KIT2. The KIT1
sequence (called thereafter simply as KIT) was studied here.

Vascular endothelial growth factor is very important for the starving
tumor cells, since this promotes the growth of new blood vessels [33].
The sequence, which can potentially form GQ structure, can be found in
the promoter region in the human VEGF gene. Since this is also a binding
site for transcriptional factors, the stabilization of GQ form is a promising
target for anticancer drugs.

In order to stabilize the GQs, we must know their structure and
behavior in various environments. We have to know what kind of factors
can influence their structure. It is important to characterize the effect of
different environmental parameters (pH, temperature and pressure) and
the presence of various ions on the structure and stability of GQs.

Our technical approach was to use fluorescence spectroscopy. We
used F€orster Resonance Energy Transfer (FRET) to follow the folding-
unfolding of the GQ structure. For these experiments, the DNA oligos
were labeled by two fluorophores at the ends. We used FAM and TAMRA
as a FRET pair. All the experiments were performed in the presence of Kþ,
which corresponds to the physiological case.

2. Materials and methods

The sequences of the oligos we used are listed in Table 1.
All the oligos were labeled by a FRET pair of FAM and TAMRA. The

labeled oligos were purchased from Sigma-Aldrich Kft (Hungary) and
from IDT (NY, USA). All other chemicals were purchased from Sigma-
Aldrich.

The oligos were obtained from the manufacturers in lyophilized form.
First they were dissolved in MilliQ water in a concentration of 100 μM,
according to the suggestion of IDT. This stock solution was kept frozen,
and diluted with an appropriate buffer during sample preparation. The
final concentration of the oligos was 2 μM in K-phosphate buffer (100
mM pH 7.4) for the atmospheric pressure experiments. TRIS buffer (100
mM, pH 7.4) was used for the pressure experiments as it has low pressure
dependence, although the GQs are not very pH-sensitive. Both solutions
contained 0.1 mM EDTA. The diamond cell used in the pressure



Table 2. Stability parameters of the oligos studied.

Parameter c-MYC KIT VEGF unit

Tm at p ¼ 1bar 83.4 � 1.3 58.5 � 0.4 78.8 � 1.1 �C

ΔH 129 � 14 119 � 15 146 � 36 kJ/mol

dT/dp -4.66 � 0.35 -1.73 � 0.11 -4,35 � 0.27 �C/kbar

ΔV -16.9 � 1.8 -6.2 � 0.9 -18.1 � 4.6 cm3/mol
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experiments had small volume (ca. 0.2 μl), therefore the oligos were used
in slightly higher concentration (10 μM).

No annealing procedure was used in our experiments, because the
presence of the fluorescence energy transfer confirmed the folded oligo
state. Our control experiments show that the energy transfer even
decreased after a heat cycle, indicating an incorrect refolding.

Fluorescent spectra were measured with a Fluorolog-FL3 fluorimeter
(Horiba Jobin Yvon, France). A custom-made reflection mode diamond
cell was adopted into the sample holder. The pressure was measured by
recording the ruby fluorescence [19, 34]. A small ruby chip was placed
into the pressure cell, and it was excited by a green HeNe laser (Coherent,
USA). The emitted light was detected by a CCD camera (Andor, UK)
attached to a THR1000 monochromator (Jobin Yvon). The temperature
was measured in all the experimental setups by a thermocouple con-
nected directly to the high pressure cell. An HH802U thermometer and
the corresponding software from Omega were used to record the tem-
peratures every 30 s (Omega, USA).

The transition temperature was determined by fitting the temperature
dependence of spectral parameters by the following sigmoidal function
[35]:

yðTÞ¼ aþ bT þ Δaþ ΔbT

1þ exp
�

ΔH
R

�
1
T � 1

Tm

��: (2)

Here, y is the physical parameter to be fitted (e.g. fluorescence in-
tensity, or ratio of fluorescence intensities at two different wavelengths),
a and b are the parameters describing the linear dependence of y(T)
below the transition, T is the thermodynamic temperature, Δa and Δb are
the changes of a and b during the transition,ΔH is the enthalpy change, R
is the universal gas constant, and Tm is the transition midpoint.

The Clausius-Clapeyron equation was used to calculate the volume
changes taking place during the pressure experiments:

ΔV ¼ΔH
Tm

dTm

dp
(3)

where ΔH is the enthalpy change at the transition, Tm is the transition
temperature, dTm/dp is the shift of Tm caused by the pressure.

3. Results and discussion

Figure 2a shows the fluorescence spectra of c-MYC measured at at-
mospheric pressure as function of temperature. At room temperature, the
spectrum is dominated by the acceptor peak at around 580 nm, while the
intensity of the donor fluorescence at 515 nm increases with the tem-
perature. This means the loss of the energy transfer with increasing
temperature. The reason behind the energy transfer decrease is the
increasing donor-acceptor distance during the unfolding of the GQ
structure. At higher temperatures, the DNA oligo forms a random chain,
Figure 2. Fluorescence spectra of c-MYC (a)
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where the end-to end distance is well above the F€orster distance. The
F€orster distance of the used FAM-TAMRA pair is 5.5 nm, while the
contour length of the oligo consisting of 22 bases is above 7 nm. The
temperature dependence of the donor fluorescence intensity can be seen
in Figure 2b. A sigmoidal fit of Eq. (2) supposing a two-state transition
describes the data quite well. This fit gives a transition temperature of
84.1 �C. Similar series of experiments were performed for KIT and VEGF
oligos. The transition temperatures are listed in Table 2. As can be seen,
the most stable oligo is the c-MYC, which has a parallel structure [32].
This quadruplex is stabilized by stacking interactions with an adenine
base on the top and a TA pair at the bottom. Additionally, further sta-
bilization is gained from the two hydrogen bonds between the TA base
pairs.

Figure 3 shows the donor fluorescence intensity of c-MYC as function
of the temperature at 2 and 5 kbar. A clear destabilization can be
observed under high pressure. This clearly indicates that the volume
change during the unfolding process is negative. Since the folded
conformation has higher volume, pressure shifts the folded GQ <->
unfolded ssDNA oligo equilibrium into the direction of unfolded state. The
volume difference can also be obtained by plotting the pressure depen-
dence of the transition temperature. Figure 4 shows the pressure
dependence of the unfolding temperatures of the studied oligos.

Table 2 contains the calculated parameters from the phase diagram
curves. The Tm values are calculated from the value of the fitted lines at p
¼ 1bar. The ΔV values were calculated from the slope of the fitted line
using the well-known Clausius-Clapeyron equation.

The quadruplexes are stabilized by hydrogen bonds, eight of them in
each plane. All the GQs studied here contain three planes, which means
that 24 hydrogen bonds stabilize the GQ structure. The obtained ΔH
values are in the range of 120–150 kJ/mol, which means 10–12 kJ/(mol
guanine base). Naturally, the stability of the GQ form is based not only on
the hydrogen bonds, the central stabilizing metal ion and the stacking
interaction between the quartets can also considerably contribute to its
stability. Additionally, in some cases, the stacking of further bases at the
ends can stabilize the structure, or even Watson-Crick base pairs can
appear at the ends, like in the case of c-MYC.

Earlier pressure studies were performed on the 2 stage TBA and Htel.
To our knowledge, there are no studies on other GQs. Macgregor's lab
investigated the Htel oligomer (d[A(GGGTTA)3GGG]). The stabilizing
and fit of donor intensity by Eq. (2) (b).



Figure 3. Donor fluorescence intensity of c-MYC vs. temperature at 2 kbar (a) and 5 kbar (b) pressures.

Figure 4. Pressure dependence of the unfolding temperature for oligos: c-MYC (a), KIT (b) VEGF (c).
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central cation was Naþ, which is known to have less stabilizing ability
compared to Kþ. Their results for the ΔV were between -66 and -56 cm3/
mol depending slightly on the NaCl concentration [36]. This experi-
mental volume change was the result of the delicate balance of volume
changes with different signs. A positive thermal volume change was
compensated by negative contributions of change in molecular volume,
interaction volume, and the volume change caused by the re-hydration of
the sodium ion.

A later study, which included several loop mutants of Htel, resulted in
slightly smaller molar volume changes with both sodium and potassium
ions upon unfolding of the GQ [37]. Potassium-stabilized GQs had
smaller volume, which corresponds well with the higher stability of the
Kþ containing GQs. -12 cm3/mol out of the -43 cm3/mol volume change
was associated to the re-solvation of the potassium ions [37].

Sugimoto's group also investigated Htel with both Naþ and Kþ ions,
and the effect of PEG as molecular crowder. Their results show a marked
pressure dependence of the transition temperature. This effect was low-
ered upon the effect of the crowding. Their dT/dp was -14.8 �C/kbar and
-15.3 �C/kbar for the Naþ and Kþ stabilized oligomers respectively [38].
This pressure sensitivity was reduced by more than three-fold in the
presence of 40% PEG. The highest unfolding volumes found in these
4

experiments were -83 and -92 cm3/mol. A similar strong destabilizing
rate (-8.4 �C/kbar) was found in the case of TBA, which has only two
G-quartets [39]. The volume change was calculated as -55 cm3/mol for
TBA without crowding agents.

As we can see, the folding parameters found in our experiments were
in the same region as the ones for Htel if we consider the temperature
stability, but in case of volumetric aspects, we find marked differences.
The unfolding volumes in our experiments were ca. -18 cm3/mol, except
for KIT, which only had one-third of this volume. -18 cm3/mol is the
volume of one water molecule, or it is equal to the hydration volume
change associated to three of the Kþ ions [40]. Since the ionic radius of a
Kþ ion does not allow it to fit between the guanine bases [6], the three
stage GQs contain only two Kþ ions, which are situated between the
quartets. This way, the unfolding volume change cannot be explained
solely by the re-hydration of the central ions.

Our earlier study on Htel showed amarked concentration dependence
of the pressure sensitivity. In the concentration range comparable to the
present study, -19 cm3/mol was found [15]. These were also FRET-based
experiments. The present volumetric parameters fit well to the ones ob-
tained on Htel by FRET.
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Figure 5. Schematic representation of the 3D structures of the studied oligos. The schemes were drawn after the following PDB structures: c-MYC 1XAV [32] (a); KIT
2O3M [41] (b) and VEGF 2M27 [42] (c).

O.R. Moln�ar et al. Heliyon 6 (2020) e05702
The fact that the experimentally determined volumetric parameters of
GQs are diverging underlines the delicate balance of opposite volumetric
contributions, which govern the stability of these structural forms. One
could argue that the presence of the chromophores could influence the
obtained results. We consider this, however, quite unlikely. The unfold-
ing volume change could only be influenced by the fluorophores if they
interact with the GQ. Such an interaction would influence the unfolding
temperature already at atmospheric pressure, by stabilizing the labeled
molecule. This was, however, not observed in case of any of GQs studied
here.

The reason for the diversity of the ΔV values needs to be revealed by
further careful experiments. At the present state, we can only draw
attention to the importance of the difference in the experimental con-
ditions. Although GQs are quite pH insensitive, the pH values of some
buffers used in the literature (e.g. phosphate buffer) are very pressure-
dependent. On the other hand, the effect of the concentration of cat-
ions on the volume was not studied extensively either. In our earlier
study on TBA, we found the stabilizing effect of increasing KCl concen-
tration to be even well above the Kd of KCl (unpublished results). It has to
be mentioned that the used experimental methods were diverging as
well. Different experimental methods report about different details of the
molecular changes. CD and UV absorption is sensitive to the mutual
arrangement of the bases, while FRET is sensitive to the distance between
the two ends of the oligo. The unfolding of a GQ structure can happen
stepwise, which means that different experimental methods could report
on certain steps of this process. This could be the reason behind the
differences in the measured experimental values. Since FRET measures
the unfolding of the whole GQ, we believe that our values characterize
the complete unfolding process.

The exceptionally small magnitude of the unfolding volume of KIT
can be explained by its unique structure. Figure 5 shows the 3D structures
of the studied oligos schematically. They are based on the following PDB
structures: 1XAV [32] (for c-MYC), 2M27 [42] (for VEGF) and 2O3M
[41] (for KIT). The KIT structure is clearly a unique one, which contains
four loops, while usually three of them are present in most of the GQs
[41].

It was shown earlier that the high concentration of oligos can also
change the volumetric aspects of the unfolding. This could be explained
by the concentration-dependent shift of the competing conformations
[15, 43], or by the possible intermolecular interactions and a consequent
stacking of the GQs [44, 45].
5

Observing the 3D structures deposited in the PDB database, we can
see that both c-MYC and VEGF exhibit a parallel structure with three
loops, while KIT has several unique features. Besides the two single-
residue chain reversal loops, there is a two-residue group and a five-
residue stem-loop in the structure [41]. Interestingly, an isolated
guanine is also involved in the formation of one of the G-tetrads,
although the sequence contains four GGG tracts. This unique sequence,
i.e. the presence of the extra loop might account for the small unfolding
volume.

We also calculated the volume of the three GQ structures using the
first three structures deposited in the PDB files [46]. It turned out that KIT
contains considerably less cavities, which can also explain the lower
transition volume. Cavities are present only in the folded GQ, in the
unfolded case, the random coil does not enclose any void volume.
Consequently, lower void volume can also contribute to the explanation
of the lower unfolding volume of KIT GQ.

4. Conclusions

Unfolding volume changes of three GQ forming DNA sequences from
different oncogene promoters were measured, using high pressure FRET.
The volume of the GQ containing systemwill be reduced by 17, 6, and 18
cm3/mol in the unfolding of the GQ of c-MYC, KIT, and VEGF sequences.
The exceptionally small volume change of the KIT sequence can be
explained by its unique structure and smaller cavity volume. Volumetric
parameters are important in the crowded environment of the cell, since
the available volume is considerably restricted compared to a dilute so-
lution. The determined parameters can be used as reference values in
studies characterizing the GQ-drug interactions.
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