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Abstract: The G-quadruplex is one of the non-canonical structures formed by nucleic acids, which
can be formed by guanine-rich sequences. They became the focus of much research when they were
found in several oncogene promoter regions and also in the telomeres. Later on, they were discovered
in viruses as well. Various ligands have been developed in order to stabilize DNA G-quadruplexes,
which were believed to have an anti-cancer or antiviral effect. We investigated three of these ligands,
and whether they can also affect the stability of the G-quadruplex-forming sequences of the RNA
genome of SARS-CoV-2. All three investigated oligonucleotides showed the G-quadruplex form.
We characterized their stability and measured their thermodynamic parameters using the Forster
resonance energy transfer method. The addition of the ligands caused an increase in the unfolding
temperature, but this effect was smaller compared to that found earlier in the case of G-quadruplexes
of the hepatitis B virus, which has a DNA genome.
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1. Introduction

The G-quadruplex (GQ) is one of the non-canonical structures formed by nucleic
acids. GQs can be formed by guanine-rich sequences [1-4]. Four guanines are arranged
in a planar structure stabilized by Hoogsteen-type hydrogen bonds, forming a G-quartet
(Figure 1a). Two or three of such quartets compose a G-quadruplex (Figure 1b). Cations
are also necessary to stabilize the GQ structure. These are either in the middle of the
G-quartet or between them, depending on the cation size. Potassium and sodium are the
most frequent stabilizing ions, although other ions like Rb* and even bivalent ions have
been also reported to stabilize GQs [5-7]. Potassium is the stronger stabilizing ion in case
of most of the oligomers reported in the literature; however, exceptions to this rule have
also been reported [5,8,9]. A GQ can be monomeric, dimeric, or tetrameric, depending on
the number of the nucleic acid strands they are composed of. According to the orientation
of the strands, GQs can adopt parallel, antiparallel, or hybrid structures [10-12]. The loops
can be lateral, diagonal, or propeller-type. The actual conformation of the GQ depends on
several factors, including the type of the cation [13,14], the concentration [15], loop size,
and sequence [16,17]. Even if the conformation of the core of the folded GQ is the same, the
stability can be influenced considerably by the ion type and loop length [5,17,18].

DNA GQs came into the spotlight of cancer research when they were found in the
telomere region, and additionally in several oncogene promoter regions [19]. The pres-
ence of GQs in the telomere region of DNA can inhibit the telomerase enzyme, which
elongates the telomere region in immortal (cancer) cells. In this context, the stabilization
of GQs with special ligands appeared to be an important possibility in fighting against
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cancer [20-23]. Besides the telomere region, GQs have been identified in the promoter re-
gions of known oncogenes or proto-oncogenes, which also appears to be a promising target
of medical research [24,25]. GQ-binding proteins have also gained interest as potential
drug targets [26].

(a) (b)

Figure 1. (a) Structure and schematic representation of a G-quartet composed of four guanine bases

connected with Hoogsteen-type hydrogen bonds; (b) structure of a parallel GQ conformation. M*
represents the stabilizing metal ion, which is usually K* or Na*.

Naturally, not only the human genome contains GQ-forming sequences. Several viral
genomes were analyzed by Lavezzo et al. [27], who concluded that many viruses have more
potential GQ-forming sequences than expected, simply from their nucleotide composition.
Some of the predicted GQs were experimentally confirmed by other authors [28]. GQs in
bacterial genomes present a route for potential antimicrobial therapy [29]. The importance
of GQs as targets in antiviral therapy was pointed out by Ruggerio et al. [30,31]. In our
previous papers, we analyzed three GQ-forming sequences of the hepatitis B virus [9,32].
We confirmed the formation of GQ structures in three possible GQ-forming sequences
(PQSs). One of them is in the coding region of the polymerase protein; the other one can be
found in the envelope coding gene of the S protein of the hepatitis B virus. The third one is
situated in the C protein’s signaling region.

Several organic molecules have been developed in order to stabilize the GQ struc-
ture [33-36]. One of the most widely studied ligands is TMPyP4 (meso-5,10,15,20-Tetrakis-
(N-methyl-4-pyridyl) porphine), which was proven to bind to telomere GQs and con-
sequently to inhibit telomerase activity [37]. Recently, its effectiveness in suppressing
viral infection and lung inflammation in animal models of SARS-CoV-2 infection was also
demonstrated [38].

The two other ligands we studied were BRACO19 and PhenDC3. The trisubsti-
tuted acridine compound BRACO19 (N,N’-(9-(4-(Dimethylamino)phenylamino) acridine-
3,6-diyl)bis(3-(pyrrolidin-1-yl)propanamide) hydrochloride) was also shown to inhibit
telomerase activity in cells and tumor xenografts [20], and it has also been proven to ex-
hibit antitumor activity [39]. It has also shown anti-HIV-1 activity, as demonstrated by
Perrone et al. [40], who concluded that this effect is based on the strengthening of viral
GQs by BRACO19.

The third ligand, PhenDC3 (3,3'-[1,10-Phenanthroline-2,9-diylbis(carbonylimino)] bis
[1-methylquinolinium] 1,1,1-trifluoromethanesulfonate (1:2)), has been suggested for use
in assays to indicate the formation of G-quadruplexes due to its high-affinity binding to
GQs [41].

In our earlier studies on GQs in the genome of the hepatitis B virus, we determined
the temperature stability of these GQs. TMPyP4, BRACO19, and PhenDC3 were found to
stabilize these structures to different extents [9].
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Numerous DNA-based GQs have been studied: their structure and their variants with
different loop regions have been characterized [42,43], and their stability has been assessed
in various environmental conditions, e.g., in molecular crowding [44]. Considerably less is
known about the GQs formed by RNA strands, although some of them have been reported
in the case of RNA as well [45,46].

Panera [47] analyzed the genome of the SARS-CoV-2 virus from point of view of possi-
ble GQ-forming sequences. Several short sequences were identified, which can presumably
form GQ structures. Belmonte-Reche et al. included the extent of the conservation of the
sequence in their analysis [48]. Their prediction overlaps partially with that of Panera, e.g.,
the oligomers with starting positions 13385 and 28903 are included in both lists. Despite
the number of predictions made, very few of these predicted structures have been experi-
mentally investigated. It has been pointed out that their interaction with small molecules
and also with proteins is of great importance from a medical point of view [49]. Here, we
investigate three oligomers from the first four described with the highest G score in ref [47].
We named them after the order of their appearance there. Also, two bases were added
to the oligomers, in order to reduce the quenching effect of guanine on our fluorophores.
The sequences are listed in Table 1. We selected originally the first four sequences, but our
preliminary experiments showed that C19/2 does not form GQs, which is in agreement
with the results published by Zhao [50]. This is why we left C19/2 out of our investigation.

Table 1. Sequences of the oligonucleotides used in our experiments. The oligonucleotides were
numbered after their appearance in ref [47].

Name Sequence (5'-3') Length Position Gene
C19/1 GG UAU GUG GAA AGG UUA UGG 20 13385
C19/1F Fam-CGG UAU GUG GAA AGG UUA UGG C-Tamra 22 13384 ORFlab
C19/3 GG UGU UGU UGG AGA AGG UUC CGA AGG 26 1574
C19/3F Fam-AGG UGU UGU UGG AGA AGG UUC CGA AGG U-Tamra 28 1573 ORFlab
C19/4 GG CUG GCA AUG GCG G 15 28903 N
C19/4F Fam-UGG CUG GCA AUG GCG GU-Tamra 17 28902

The aim of this study is to characterize the stability of the oligonucleotides that were
predicted to form quadruplex structures. We measured their thermodynamic parameters
using the Forster resonance energy transfer method. The second question was whether
RNA GQs can be stabilized by these ligands that were developed to stabilize the GQs in
telomere and other DNA sequences.

2. Results
2.1. GQ-Forming Ability and Stability of the SARS-CoV-2 RNA Oligonucleotides

All of the studied RNA oligonucleotides formed GQ structures. Figure 2 shows the
circular dichroism (CD) spectra of the C19/1, C19/3, and C19/4 oligomers at pH 7.4 in
K-phosphate buffer at 20 °C. As we can see, all of the curves look similar; they have a
maximum peak at around 265 nm and a negative peak around 240 nm. Although the
spectra are slightly different, all of them are characteristic of the parallel GQ form as it was
analyzed with the CD-NuSS server (https:/ /project.iith.ac.in/cdnuss/index.html accessed
on 12 January 2024) [51].

This could be confirmed by the FRET experiments. The donor and acceptor were
attached to the two ends of the oligonucleotide. The GQ structure was induced in the
presence of both K* and Na™ ions in case of each investigated oligonucleotide. Figure 3a
shows selected fluorescence spectra of C19/1F at selected temperatures in the presence
of a 170 mM Na* ion. The increase in the donor fluorescence emission with increasing
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temperature is indicative of a decrease in the energy transfer, which corresponds to the
unfolding of the GQ structure. One can observe almost no fluorescence intensity change
in the wavelength characteristic for the acceptor, in contrast to what would be expected
from the decreased energy transfer. This occurs for two reasons: First, there might be a
small amount of FRET even in the unfolded state. Second, there is a considerable cross-talk
between the fluorophores, i.e., the donor emits also at 580 nm, which is the maximum
position of the acceptor (see Figure 2d of ref [32], where the emission spectrum of the same
donor is presented). The donor emission intensity at 580 nm is around 15% of the intensity
at 520 nm. This means that at high temperatures, one measures at 580 nm mainly the donor
emission and probably a small acceptor emission from the remaining energy transfer.
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Figure 2. Circular dichroism spectra of C19/1, C19/3, and C19/4 oligomers.
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Figure 3. (a) Fluorescence spectra of C19/1F at different temperatures. Spectra were measured in pH
7.4 100 mM Na-phosphate buffer; the Na* ion concentration was 170 mM. (b) Fluorescence intensity
at the donor peak maximum as a function of the temperature. The fitted curve (Equation (7)) is shown
in red. The thin black lines show the asymptotes of the fitted function.

The emission intensity of the donor is plotted against the temperature in Figure 3b.
The fluorescence signal of the donor can be fitted well with a sigmoid curve (Equation (7)),
which is expected from the thermodynamic model described in the Materials and Methods
section. This fit allows the determination of the middle point of the unfolding transition
(Tm). Similar plots have been obtained in case of oligonucleotides C19/3F and C19/4F as
well. Using K* did not change the shape of the curves, although the thermal stability was
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slightly affected. Similarly, little effect was observed in case of lowering the potassium con-
centration to the physiological value (140 mM). The obtained parameters are summarized
in Table 2 for the studied oligonucleotides stabilized by K* or Na*.

Table 2. Parameters of the unfolding transition of the oligonucleotides studied in the presence of K*
and Na* ions. T, is the mid-point of the unfolding transition, where the GQ structure unfolds. AH is
the enthalpy change associated with this transition. The parameters were determined from fitting
experimental intensities with Equation (7). For the fitted parameters, 95% confidence intervals are
indicated as follows: fitted parameter & 2 - error of the fitted parameter.

Name Cation Cation Conc. (mM) Tm (°C) AH (kJ/mol)
K* 140 37.0+ 1.0 54.4 4+ 0.6
C19/1F K* 170 36.6 = 0.4 95.6 + 2.0
Na*t 170 375 +£0.1 63.9 0.8
K* 140 476 +0.4 107 £ 3
C19/3F K* 170 49.6 = 0.7 119+ 6
Na*t 170 53.8 £0.5 106 + 4
K* 140 61.9 + 0.3 129 £ 2
C19/4F K* 170 579 +£0.3 151 +5
Na*t 170 53.7 £ 0.9 117 £ 5

2.2. Effect of pH on the Stability of SARS-CoV-2 GQs

DNA GQs are known to be moderately pH-sensitive, but no data are available for RNA
GQs. Therefore, we investigated the stability of our GQs in the pH range of 6-10. Some of
the buffers used in this study are temperature-dependent [52]; therefore, we corrected the
pH values. Table 3 shows the corrected values calculated for the transition temperature.
One can see a clear stabilization at lower pH values.

Table 3. pH dependence of the temperature stability of the C19/1F, C19/3F, and C19/4F oligonucleotides.

C19/1F C19/3F C19/4F
pH T [°Cl pH T [°CI pH T [°Cl
591 53.7 591 51.7 5.83 58.6
7.35 402 7.32 49.0 7.24 58.1
8.36 36.6 7.98 50.3 7.82 55.9
10.02 29.8 9.89 448 9.83 51.1

By fitting a linear trendline to the pH dependencies, one obtains —5.62 £+ 1.00,
—1.67 £ 0.49, and —1.89 % 0,43 °C/pH unit for C19/1F, C19/3F, and C19/4F, respectively.

2.3. Volumetric Characterization of SARS-CoV-2 GQs

Any change in the conformation of the molecules, especially of the macromolecules, af-
fects the volume associated with each given molecule. Although these changes are typically
quite small (in the range of few percent), we should not forget that the cellular environ-
ment is very crowded, containing a high concentration of macromolecules [53-55]. In this
confined environment, the effect of even slight volumetric changes might be amplified.
Since volume as a thermodynamic parameter is conjugated to pressure, one has to apply
high pressure to unravel these volumetric aspects. Although pressure is as important a
thermodynamic parameter as the temperature, its use is considerably hindered by technical
issues. Using our homemade high-pressure diamond cell, we measured the stability curves
of all three oligonucleotides in the range of 0-5 kbar (0-500 MPa). Figure 4 shows the
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pressure dependence of the apparent mid-point of the unfolding transition determined
from the D/ A plots (see the Materials and Methods section for the details of this evaluation).
As can be seen, all of the GQs were stabilized by the pressure. According to the Le Chatelier
principle, this stabilization indicates an increased volume of the unfolded oligonucleotide
compared to its folded GQ structure. The slopes of the curves in Figure 4 allowed us to
determine the unfolding volume changes.
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Figure 4. Pressure dependence of the apparent unfolding transition temperatures in case of the
(a) C19/1F; (b) C19/3F; and (c) C19/4F oligonucleotides in K-phosphate buffer at pH 7.4. The K*
ion concentration is 140 mM. The slope of the fitted line was used to calculate the volume change
associated with the folding of the GQ structure.

Using the Clapeyron equation, one obtains the following for the volume change at
the unfolding:
AH

dTm>
AV, = | — — 1
\ ( ) T M

where dTr, /dp is the slope of the fitted lines in Figure 4, AH is the enthalpy change of the
transition, and Tr, is the unfolding temperature. Here, we emphasize that dTr /dp has
to be taken at constant pH. This is necessary since we have to correct our experimental
data according to the pressure-induced pH shift (for details, see the Discussion). AH was
obtained from the fit of Equation (7) to the experimental points, as can be seen in Figure 3b.

Table 4 contains the slopes of the Ty-p plots. Positive values indicate that pressure is
stabilizing the folded GQ form.

Table 4. Volumetric parameters calculated from high-pressure experiments of K*-stabilized C19
oligonucleotides. Slope values of the experimentally determined T, »-p curves and the calculated
unfolding volumes were calculated using the Clapeyron equation. The 95% confidence intervals are
given for the fitted parameters.

Oligonucleotide
Determined Parameter Unit
C19/1F C19/3F C19/4F
(dT/dp)exp 9.1+29 50+1.1 84+58 °C/kbar

2.4. Stabilization of SARS-CoV-2 GQs by Ligands

Since human GQs are treated as targets of anticancer drugs, a number of ligands have
been developed to stabilize them. These were expected to inhibit the telomerase activity by
stabilizing the GQ forms in the telomere region. Although they were developed for DNA
GQs, they might also have stabilizing effects in case of RNA GQs. We selected three of
these ligands to investigate their effect on the stability of the folded GQ form. The selected
ligands are TMPyP4, BRACO19, and PhenDC3. These ligands were added in four-fold
excess to the oligonucleotides. Table 5 shows the increase in T, upon binding.
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Table 5. Stabilizing effect of TMPyP4, BRACO19, and PhenDC3 on C19 GQs. The GQ solutions
contained a 140 mM K™ ion.

Oligonucleotide
Ligand C19/1F C19/3F C19/4F
Tm [°C] ATm [°C] Tm [°C] ATn [°C] T, [°C] ATn [°C]
none 37.0 - 47.6 61.9
TMPyP4 >80 >40 >90 >40 >90 >40
BRACO19 41.7 5.3 48.5 1 55.4 —6.5
PhenDC3 68.5 31.5 46.6 -1 68.7 6.8

TMPyP4 stabilized all three oligonucleotides in their GQ form. This stabilization was
extremely high; the increase in the donor signal was observed only at the high-temperature
end of the experiment, above around 80-90 °C, depending on the oligonucleotide type.
The absence of a plateau above the transition prevented the determination of the exact
transition temperature with this ligand, although the extremely strong stabilization was
obvious. In the case of this ligand, there is an additional energy transfer, namely from
the donor to the acceptor and also from the acceptor to TMPyP4. This can be seen from
the spectrum of the TMPyP4-bound C19/3F (Figure 5). This is the reason for the lack of
acceptor emission. The rapid increase in the donor intensity at high temperatures thus
indicates synchronous unbinding of TMPyP4 and unfolding of the GQ structure.

—26°C

- ==702°C
—2918°C

10

C19/3F only

Intensity [a. u.]

Wavelength [nm]

Figure 5. Fluorescence spectrum of C19/3F with TMPyP4 at selected temperatures. One can notice
the lack of the acceptor peak (580 nm) and the intensive peaks of TMPyP4 at 670 nm and 730 nm. The
latter disappeared at high temperatures. As a control, the spectrum of C19/3F without TMPyP4 at
26 °C (C19/3F only) is also included. The intensity of the red (92 °C) curve is reduced by a factor of
three in order to obtain comparable curves.

BRACO19 did not show a strong stabilizing effect; in some cases, it seems that there
was even a destabilization. PhenDC3 stabilized C19/1F strongly, and C19/4F slightly, but
in the case of C19/3F, no stabilization was found.

3. Discussion
3.1. Stability of GQs Formed by the SARS-CoV-2 RNA Oligonucleotides

The folding of GQ structures can be proven by the CD spectra presented in Figure 2.
Earlier studies suggested that RNA quadruplexes can only form parallel topology. The
reason for this is that guanine residues in oligoribonucleotides are predominantly in an
anti-conformation due to the steric hindrance caused by the 2’hydroxyl group [56-58]. In
contrast, in DNA, both syn- and anti-conformations can appear, which allows antiparallel
and hybrid structures as well [56].

The recorded CD spectra show a positive peak at around 265 nm and a negative peak
at 240 nm. These features are characteristic of a parallel GQ structure [59,60]. We also
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submitted these spectra to the CD-NuSS server (https:/ /project.iith.ac.in/cdnuss/index.
html accessed on 12 January 2024), which predicted parallel conformations for C19/1,
C19/3, and C19/4 [51].

The stability of the C19/1F oligonucleotide was found to be the smallest from the
FRET melting studies. Half of the C19/1 molecules were unfolded already at physiological
temperatures. Interestingly, the shortest oligonucleotide, C19/4, shows the highest Tr,.
It is known for DNA GQs that the length of the loops and the number of G-quartets
can influence the stability of the GQs [42,43,61]. All of the GQs formed by these three
oligonucleotides consist of two G-quartets, so the number of G-quartets cannot explain the
differences in stability.

The type of cation did not influence the stability of the oligonucleotides considerably.
According to the common belief published widely in the literature, potassium has a higher
stabilizing potential compared to sodium. This is reflected in the Tr, values in case of, e.g.,
TBA and Htel, where K*-stabilized GQs unfold at 10-20 °C higher temperatures than the
corresponding Na*-stabilized ones [55,62]. In the case of C19 oligonucleotides, there is only
a slight difference, and in the case of C19/1F and C19/3F, the Na*-stabilized GQ is even a
little more stable.

3.2. Effect of pH on the Stability of the GQs

DNA GQ structures are known to be fairly pH-insensitive [32]. Interestingly, the
i-motif formed by the complementary strand of the GQ sequence is very pH-dependent
and needs pH values lower than the physiological one [63—-66]. Our RNA GQs were also
found to be quite pH-insensitive, although a small destabilization trend was observed at
higher pH values. Their dTr, /dpH values are smaller than the ones obtained for the DNA
GQs of the hepatitis B virus.

3.3. Volumetric Characterization of the GQs

As mentioned, pressure is a suitable parameter for studying volumetric aspects of struc-
ture formation in larger molecules, since it shifts the equilibrium of the folded—unfolded
states, provided they have different volumes.

The determination of the molecular volume is not straightforward; besides the volume
of the atoms (Vatom), one has to take into account the volume of the voids (Vy;q), which
are buried in a folded structure, the thermal volume (V yerma1), Which is needed for the
thermal motions [67], and the volume change caused by the ordering of the solvent around
the molecule (AVhydration) [61,67,68]:

V= Vatom + Vvoid + Vthermal + AVhydra’tion (2)

Folded GQ structures might have a reduced or increased volume compared to their
single-stranded form. The volume change (AV) upon unfolding of the GQ is the result of
a delicate balance between positive and negative factors. Therefore, the unfolding volume
change can be either positive or negative. It is defined as follows:

AVy = Vinfolded — Volded 3)

AV is positive if the folded state is more compact, i.e., the unfolding increases the
volume. In this case, pressure favors the folded form. Since voids appear only in the
folded case, this term increases the volume of the folded molecule, i.e., it gives a negative
contribution to AVy. On the other hand, the cations lose their hydration shell during
the insertion into the folded state, which gives a positive contribution to AVy,. Also, the
unfolding can change the hydration shell around the molecule, since the solvent-accessible
surface is increased in the single-stranded unfolded form compared to the GQ state.

Experimentally, AV can be obtained from the pressure-induced shift of the phase
transition temperature (dT/dp) using Equation (1). Although this seems to be simple,
there are some technical difficulties to overcome, the most important being the stability
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of the buffer. Phosphate buffer is quite temperature-stable, which is why it is preferred
for temperature stability experiments. However, it shifts considerably with pressure. A
pressure increase of 3 kbar causes a pH shift of one pH unit [61,69]. Several pressure studies
prefer TRIS buffer, which is fairly pressure-stable. It is a good solution for experiments
where only the pressure is varied. However, in our case, we ran temperature scans at
different pressures, which would be influenced by the temperature-dependent pH of the
TRIS buffer. We decided to correct the Ti, and the experimentally determined dTr,/dp
values using the known dpH/dp values of the phosphate buffer. The experimentally
measurable pressure dependence of the transition temperature is as follows:

(dTm> _ (dTm> n 0Tm apH, @)
dp exp dp pH ap H ap

The first term on the right side is the one we must insert into the Clapeyron equation
(Equation (1)) in order to obtain the corrected unfolding volume values (AVY,). The obtained

corrected slopes and the corresponding calculated volume changes are summarized in
Table 6.

Table 6. Volumetric parameters calculated from high-pressure experiments of K+-stabilized C19
oligonucleotides. Slope values of the T a-p curves and the calculated unfolding volumes were
calculated using the Clapeyron equation. For the AV, values, the 95% confidence interval is indicated.

Oligonucleotide
Parameter Unit
C19/1F C19/3F C19/4F
measured dT/dp 9.08 4.96 8.37 °C/kbar
pH-corrected 9T /dp 10.8 5.46 8.94 °C/kbar
AVy 19+7 21+6 36 +26 cm?3/mol

As we can see from Table 6, the unfolding volumes are positive for all of the three
oligonucleotides studied in our experiments. This means that the folded form is extremely
compact; it lacks large voids. As a consequence of the positive AV, pressure shifts the
equilibrium in the direction of the folded state. One can see that the volume changes are
similar for C19/1F and C19/3F, while C19/4F has a roughly twice-higher AV value. If we
take a look at the sequences, C19/4F is the shortest oligonucleotide, which can presumably
form the most compact structure. Also noticeable is that the highest dT/dp was measured
for C19/1F, which is the least thermostable, and starts to unfold already at physiological
temperatures. All of the GQs consist of two G-quartets, according to the sequence, which
contains GG but no GGG repeats. This means that they do not show differences in the
volume change caused by the hydration of the cations. Therefore, the different loop sizes
can be responsible for the different AV, values.

Experimentally determined AV, values for various DNA GQs were summarized in a
recent review [61]. These values are in the range of few-times-ten cm? /mol, i.e., the volume
of a few water molecules. Interestingly, most of the volume change values are negative,
but in some cases, especially in the case of viral GQs, one obtained also positive values.
As mentioned before, there are positive and negative contributions to the volume change,
which partially cancel each other out, and a delicate balance of these contributions governs
the sign of the experimental volume change. In our case, the folded state is more compact,
and the change in the hydration of the molecule and of the ions contributes to the volume
change considerably.

3.4. Stabilization of SARS-CoV-2 GQs by Ligands

The stabilization of viral GQs with ligands is a promising method in fighting against
viruses. A comprehensive review of viral GQs can be found in refs [30,31]. Although most
of the studies in this field were performed in solutions (in vitro), there are also results
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showing changes in the viral metabolism. Ruggiero et al. showed that TMPyP4 interacts
with GQs of the herpes simplex virus, and inhibits polymerase progression in vitro [70].

Martino [71] studied the interaction of TMPyP4 with Htel and detected a conversion
of the hybrid conformation to an antiparallel structure due to interaction with TMPyP4 in
dilute solutions, but not in crowded ones.

Our finding that TMPyP4 stabilizes GQs of the SARS-CoV-2 genome effectively is
in agreement with the results found by Qin et al., who found TMPyP4 treatment to be
effective against COVID-19 in an animal model [38]. A similar compound, which binds to
GQs with smaller activity, had no effect against the disease, which proves the role of GQs
in the antiviral effect.

There is not much direct information about the interaction of RNA GQs with ligands.
Oliva et al. compared the binding of berberine to C19/4 and to human telomere [46]. The
binding constant was less for C19/4, especially in presence of potassium ion.

In some cases, destabilization is also obtained due to ligand binding. Oblak et al. in-
vestigated the phase space of the Htel, wherein they also obtained a range where the ligand
binding stabilized the intermediate state against the folded GQ one [72]. A similar effect
could be behind the C19/3F results found in the present study, where slight destabilization
was observed due to the binding of BRACO19 and PhenDC3.

Our results also showed a relatively small stabilization compared to our earlier study,
wherein we proved considerable stabilization of GQs of the hepatitis B virus using the
same three ligands [9].

This means that effective stabilization of RNA GQs requires special new ligands,
besides TMPyP4, which was found to be an effective stabilizer.

4. Materials and Methods
4.1. Materials

Table 1 shows the sequences of the oligonucleotides studied. They are the four
oligonucleotides that were found to be GQ-prone by Panera et al. [47]. For the Forster
resonance energy transfer (FRET) studies, we used labeled oligonucleotides. Since guanine
tends to quench the fluorescence of the used fluorophores (FAM and TAMRA), one base
was added to both ends of the oligonucleotides from the original sequence of the virus
to increase the guanine—fluorophore distance. The labeled oligonucleotides were ordered
from IDT DNA (Coralville, IA, USA) and Eurofins (Ebersberg Germany).

Other materials like the buffer compounds and salts were obtained from Sigma (now
Merck). Milli-Q water was used to prepare all the solutions.

Buffers were pretreated by adding RNAsecure (Invitrogen, Waltham, MA USA) in
a 1/25 volume ratio. This solution was heat-treated at 60 °C for 10 min right before
the measurement. The oligonucleotide stock solution was added after the cooling of the
buffer solution.

RNA oligonucleotide solutions were prepared in K-phosphate or Na-phosphate
buffers, which also provided the ion for the stabilization of the GQs. Unless otherwise
stated, the buffers had a pH value of 7.4 and a concentration of 100 mM.

The oligonucleotide concentration was 1 uM in all fluorescence experiments, except
for the pressure studies, where the small sample size was compensated for by increasing
the oligonucleotide concentration to 10 uM. For the pH dependence assessments, we used
additional buffers: phosphate, TRIS, and CAPS buffers, with pH values of 6.0, 8.8, and 10.1,
respectively, at 20 °C. The pH was corrected during the evaluation using the temperature
dependence of pH reported in the literature [52,73,74]. In these cases, 140 mM KCl was
added to ensure the same cation concentration as it was in the case of the phosphate buffers.
Pressure dependence of pH was taken into account according to Kitamura et al. [69]. All of
the buffers contained 0.1 mM EDTA.
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4.2. Methods

Fluorescence experiments were performed as described earlier in detail [9,75]. Flu-
orescence spectra were recorded with a Fluorolog-FL3 fluorimeter (Horiba Jobin Yvon,
Longjumeau, France). It was equipped with a programmable temperature-controlled cell
(DI instruments, Budapest, Hungary). A temperature ramp of 0.2 °C/min was set for the
temperature scans. Since the spectra were recorded every 5 min, we had spectra in 1 °C
intervals. The temperature in the cuvette or in the pressure cell was measured directly using
a thermocouple connected to an HH802U-type thermometer (Omega, Irving, TX, USA). Its
software allowed us to record the temperature every 30 s. The exact temperature of the
measurement was obtained using this log file and the time stamp of the spectrum.

The fluorescence spectra were recorded with Aexc = 455 nm. The light source of the
Fluorolog-FL3 fluorimeter was replaced by a high-intensity LED, which was driven by
a controlled power supply [55]. This gave a very stable intensity with <0.01% relative
standard deviation.

The spectra were evaluated by determining the position and intensity of the fluores-
cence peaks using the Savitzky—-Golay peak-finding algorithm [76,77].

Foérster Resonance Energy Transfer (FRET) is sensitive to the distance of the two
fluorophores. We used FAM and TAMRA as the donor and acceptor. The folded GQ
structures show a marked FRET effect: exciting the donor, we see intense emission from
the acceptor, while in the unfolded random-coil RNA strands, only the donor emission can
be seen, because the acceptor is too far for FRET. The Forster distance, where the energy
transfer reduces to 50%, is 5.5 nm in the case of the fluorophore pair we used. The extended
chain of the shortest oligonucleotide (C19/4) is 5.2 nm, but the linker of the fluorophores
adds ca. Inm at each side, which will well exceed the Forster distance. This means that the
lack of FRET actually indicates the single-stranded conformation of the oligonucleotide.

Thermodynamic model of unfolding: The unfolding of the GQ structure was described
using a two-state thermodynamic model, which gives the ratio of the thermodynamical
weights wgg and wsg of the folded GQ and of the single-stranded unfolded states with the
following relation:

Wss _ -, )
ZUGQ

4

where AG is the Gibbs free energy difference between the folded and unfolded states: AG
= Gunfolded — Gfolded- R is the gas constant and T is the temperature. wgq is the relative
amount of molecules folded into the GQ state, i.e., the number of GQ oligomers divided by
the total number of the oligomers. A similar definition applies for wsg.

Since wgq + wss = 1, the amount of unfolded oligonucleotides can be written as follows:

wss(T)= M,EL,L) (6)
14e R 'T Tm
Since the donor fluorescence intensity is considerably higher in the single-strand state
than in the folded one, it can be fitted with the following equation:

W) =a+bT 4 BT ®
14e® (17 T)

Here, we assume a linear temperature dependence of the intensity in both states. The
parameters a, b, Aa, Ab describe these dependencies. AH is the enthalpy change during
the unfolding transition. Ty, is the midpoint of the unfolding transition. Fitting the data
with Equation (7) was used to determine the T, and AH parameters. Nonlinear fitting was
conducted using the Origin® program (OriginLab Corporation Northampton, MA, USA),
which was able to provide the standard error of the parameters as well. We used these error
values to calculate the confidence intervals using the Student’s t-value for a 95% confidence
level. We would like to emphasize that this is the correct statistical evaluation. Special care
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has to be taken if one compares different publications, since several publications simply
give the standard error, which shows the experiment as being more precise, even if it is not.

Regarding the pressure experiments, where the upper or lower side of the transition
curve could not be fitted unequivocally, we determined the apparent transition point (Tm,a),
which is the temperature at which the intensity ratio of the donor and acceptor emission
(D/A) equals 2. This value was chosen since the D/A curve starts at 0.5 for the folded GQ,
while this value is around 3.5 for the unfolded one. The value (D/A)ny = 2 can therefore be
treated as the apparent middle point of the transition. In the subsequent calculations, only
the pressure dependence of the T 2, and not the actual T, values are used; therefore, the
choice of the value (D/A)m does not influence the results. For the C19/4F oligonucleotide,
we used (D/A)m = 2.5, since the D/A values start and end at higher values.

Ligand-binding stabilization experiments: Ligands were added in four-fold excess
to the actual oligonucleotide solution. The final concentrations were 4 uM for the lig-
ands (TMPyP4, BRACO19, or PhenDC3) and 1 uM for the oligonucleotide. The ligands
and RNAsecure (Invitrogen, Waltham, MA, USA) were added to the buffer solution be-
fore the heat treatment of the RNAsecure (Invitrogen, Waltham, MA, USA). Only the
RNA oligonucleotides were added after the heat treatment. This order provides the best
protection against naturally occurring RNase enzymes, since every component is heat-
treated before the addition of the RNA sample, and no untreated components need to be
added afterwards.

High-pressure experiments: For the high-pressure experiments, a homemade reflection-
mode diamond anvil cell was adopted into the sample holder. The diamond anvil was glued
into a carbide plate, which was purchased from Almax-easyLab (Diksmuide, Belgium).
The pressure was measured by recording the ruby fluorescence [78]. 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 with a CCD camera (Andor, Belfast, UK) attached to a THR1000
monochromator (Jobin Yvon, now Horiba, Longjumeau, France).

CD measurements: CD experiments were performed on a Jasco J-815 spectrometer
(Jasco LTD, Tokyo, Japan) in Hellma cuvettes with path lengths of 0.1 cm. The slit was set
to 2 nm, the registration speed was set to 50 nm/min, and 5 scans were averaged in each
experiment. The temperature was set to 20 °C using a Jasco CDF-426L Peltier thermostat.
The concentration of the oligos was between 8 and 15 uM as measured by the absorbance
at 260 nm. The spectra shown in Figure 2 are all scaled to a 10 pM concentration in order to
obtain comparable plots.

5. Conclusions

Our experiments showed that three of the studied RNA oligonucleotides of the SARS-
CoV-2 genome formed GQ structures. They showed different temperature stability levels,
with C19/1F being the least stable. They showed very moderate pH dependence. All
of them could be stabilized by pressure, indicating a positive unfolding volume. This
allows us to conclude that the oligonucleotide C19/4F has the most compact form. Marked
stabilization of all of the GQs was achieved by TMPyP4, while BRACO19 had hardly any
stabilization. PhenDC3 stabilized C19/1F and C19/4F only.

Although these stabilizing effects are smaller than those found earlier for hepatitis B,
we hope that these results can lead to better understanding of the structure and stabiliza-
tion of RNA GQs and can contribute to the fight against viral infections, including that
of SARS-CoV-2.

Author Contributions: Conceptualization, L.S.; methodology, L.S.; validation, L.S.; formal analysis,
M.C, O.RM.,, PH. and L.S; investigation, M.C., PH. and O.R.M.; resources, L.S.; data curation, M.C.,
PH. and O.R.M.; writing—original draft preparation, L.S.; writing—review and editing, M.C. and
L.S.; visualization, M.C.; supervision, L.S.; project administration, L.S.; funding acquisition, L.S. All
authors have read and agreed to the published version of the manuscript.



Int. J. Mol. Sci. 2024, 25, 2482 13 of 15

Funding: This research was funded by the National Research, Development and Innovation Office of
Hungary, NKFI K-124697. CM also obtained support from the National Research, Development and
Innovation Office of Hungary, NKFI K-143321.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Original data can be obtained from the corresponding author on request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Lane, A.N,; Chaires, ].B.; Gray, R.D.; Trent, J.O. Stability and kinetics of G-quadruplex structures. Nucleic Acids Res. 2008, 36,
5482-5515. [CrossRef] [PubMed]

2. Weisz, K. A world beyond double-helical nucleic acids: The structural diversity of tetra-stranded G-quadruplexes. Chemtexts
2021, 7, 1-9. [CrossRef]

3. Sugimoto, N. Noncanonical structures and their thermodynamics of DNA and RNA under molecular crowding: Beyond the
Watson-Crick double helix. Int. Rev. Cell Mol. Biol. 2014, 307, 205-273. [CrossRef] [PubMed]

4. Hennecker, C.; Yamout, L.; Zhang, C.; Zhao, C.; Hiraki, D.; Moitessier, N.; Mittermaier, A. Structural Polymorphism of Guanine
Quadruplex-Containing Regions in Human Promoters. Int. J. Mol. Sci. 2022, 23, 16020. [CrossRef] [PubMed]

5. Bhattacharyya, D.; Arachchilage, G.M.; Basu, S. Metal Cations in G-Quadruplex Folding and Stability. Front. Chem. 2016, 4, 38.
[CrossRef]

6. Hardin, C.C.; Watson, T.; Corregan, M.; Bailey, C. Cation-Dependent Transition between the Quadruplex and Watson-Crick
Hairpin Forms of D(Cgcg3gcg). Biochemistry 1992, 31, 833-841. [CrossRef]

7. Venczel, E.A,; Sen, D. Parallel and Antiparallel G-DNA Structures from a Complex Telomeric Sequence. Biochemistry 1993, 32,
6220-6228. [CrossRef]

8.  Saintome, C.; Amrane, S.; Mergny, J.L.; Alberti, P. The exception that confirms the rule: A higher-order telomeric G-quadruplex
structure more stable in sodium than in potassium. Nucleic Acids Res. 2016, 44, 2926-2935. [CrossRef]

9. Molnar, O.R.; Vegh, A.; Somkuti, J.; Smeller, L. Characterization of a G-quadruplex from hepatitis B virus and its stabilization by
binding TMPyP4, BRACO19 and PhenDC3. Sci. Rep. 2021, 11, 23243. [CrossRef]

10. Lightfoot, H.L.; Hagen, T.; Tatum, N.J.; Hall, J. The diverse structural landscape of quadruplexes. Febs Lett. 2019, 593, 2083-2102.
[CrossRef]

11. Bertini, L.; Libera, V.; Ripanti, F; Natali, F.; Paolantoni, M.; Orecchini, A.; Nucara, A.; Petrillo, C.; Comez, L.; Paciaroni, A.
Polymorphism and Ligand Binding Modulate Fast Dynamics of Human Telomeric G-Quadruplexes. Int. J. Mol. Sci. 2023, 24, 4280.
[CrossRef]

12.  Neupane, A.; Chariker, J.H.; Rouchka, E.C. Structural and Functional Classification of G-Quadruplex Families within the Human
Genome. Genes 2023, 14, 645. [CrossRef]

13.  Ambrus, A.; Chen, D.; Dai, ].X,; Bialis, T.; Jones, R.A.; Yang, D.Z. Human telomeric sequence forms a hybrid-type intramolecular
G-quadruplex structure with mixed parallel /antiparallel strands in potassium solution. Nucleic Acids Res. 2006, 34, 2723-2735.
[CrossRef]

14. Dai, ] X.; Carver, M.; Yang, D.Z. Polymorphism of human telomeric quadruplex structures. Biochimie 2008, 90, 1172-1183.
[CrossRef] [PubMed]

15.  Palacky, J.; Vorlickova, M.; Kejnovska, I.; Mojzes, P. Polymorphism of human telomeric quadruplex structure controlled by DNA
concentration: A Raman study. Nucleic Acids Res. 2013, 41, 1005-1016. [CrossRef] [PubMed]

16. Jana, J.; Vianney, Y.M.; Schroder, N.; Weisz, K. Guiding the folding of G-quadruplexes through loop residue interactions. Nucleic
Acids Res. 2022, 50, 7161-7175. [CrossRef]

17.  Guedin, A.; Gros, J.; Alberti, P.; Mergny, ].L. How long is too long? Effects of loop size on G-quadruplex stability. Nucleic Acids
Res. 2010, 38, 7858-7868. [CrossRef]

18. Takahashi, S.; Sugimoto, N. Volumetric contributions of loop regions of G-quadruplex DNA to the formation of the tertiary
structure. Biophys. Chem. 2017, 231, 146-154. [CrossRef]

19. Neidle, S.; Parkinson, G.N. The structure of telomeric DNA. Curr. Opin. Struct. Biol. 2003, 13, 275-283. [CrossRef] [PubMed]

20. Neidle, S. Quadruplex nucleic acids as targets for anticancer therapeutics. Nat. Rev. Chem. 2017, 1, 0041. [CrossRef]

21. Balasubramanian, S.; Neidle, S. G-quadruplex nucleic acids as therapeutic targets. Curr. Opin. Chem. Biol. 2009, 13, 345-353.
[CrossRef]

22. Mathad, R.I; Yang, D. G-quadruplex structures and G-quadruplex-interactive compounds. Methods Mol. Biol. 2011, 735, 77-96.
[CrossRef]

23. Takahashi, S.; Bhowmik, S.; Sato, S.; Takenaka, S.; Sugimoto, N. Replication Control of Human Telomere G-Quadruplex DNA by
G-Quadruplex Ligands Dependent on Solution Environment. Life 2022, 12, 553. [CrossRef] [PubMed]

24. Carvalho, J.; Mergny, J.L.; Salgado, G.F,; Queiroz, J.A.; Cruz, C. G-quadruplex, Friend or Foe: The Role of the G-quartet in

Anticancer Strategies. Trends Mol. Med. 2020, 26, 848-861. [CrossRef]


https://doi.org/10.1093/nar/gkn517
https://www.ncbi.nlm.nih.gov/pubmed/18718931
https://doi.org/10.1007/s40828-021-00150-1
https://doi.org/10.1016/B978-0-12-800046-5.00008-4
https://www.ncbi.nlm.nih.gov/pubmed/24380597
https://doi.org/10.3390/ijms232416020
https://www.ncbi.nlm.nih.gov/pubmed/36555662
https://doi.org/10.3389/fchem.2016.00038
https://doi.org/10.1021/bi00118a028
https://doi.org/10.1021/bi00075a015
https://doi.org/10.1093/nar/gkw003
https://doi.org/10.1038/s41598-021-02689-y
https://doi.org/10.1002/1873-3468.13547
https://doi.org/10.3390/ijms24054280
https://doi.org/10.3390/genes14030645
https://doi.org/10.1093/nar/gkl348
https://doi.org/10.1016/j.biochi.2008.02.026
https://www.ncbi.nlm.nih.gov/pubmed/18373984
https://doi.org/10.1093/nar/gks1135
https://www.ncbi.nlm.nih.gov/pubmed/23193257
https://doi.org/10.1093/nar/gkac549
https://doi.org/10.1093/nar/gkq639
https://doi.org/10.1016/j.bpc.2017.02.001
https://doi.org/10.1016/S0959-440X(03)00072-1
https://www.ncbi.nlm.nih.gov/pubmed/12831878
https://doi.org/10.1038/s41570-017-0041
https://doi.org/10.1016/j.cbpa.2009.04.637
https://doi.org/10.1007/978-1-61779-092-8_8
https://doi.org/10.3390/life12040553
https://www.ncbi.nlm.nih.gov/pubmed/35455044
https://doi.org/10.1016/j.molmed.2020.05.002

Int. J. Mol. Sci. 2024, 25, 2482 14 of 15

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Teng, EY,; Jiang, Z.Z.; Guo, M.; Tan, X.Z.; Chen, F; Xi, X.G.; Xu, Y. G-quadruplex DNA: A novel target for drug design. Cell Mol.
Life Sci. 2021, 78, 6557-6583. [CrossRef]

Shu, H.; Zhang, R.; Xiao, K.; Yang, J.; Sun, X. G-Quadruplex-Binding Proteins: Promising Targets for Drug Design. Biomolecules
2022, 12, 648. [CrossRef] [PubMed]

Lavezzo, E.; Berselli, M.; Frasson, I.; Perrone, R.; Palu, G.; Brazzale, A.R; Richter, S.N.; Toppo, S. G-quadruplex forming sequences
in the genome of all known human viruses: A comprehensive guide. PLoS Comput. Biol. 2018, 14, e1006675. [CrossRef]
Tomaszewska, M.; Szabat, M.; Zielinska, K.; Kierzek, R. Identification and Structural Aspects of G-Quadruplex-Forming Sequences
from the Influenza A Virus Genome. Int. J. Mol. Sci. 2021, 22, 6031. [CrossRef]

Yadav, P; Kim, N.; Kumari, M.; Verma, S.; Sharma, TK.; Yadav, V.; Kumar, A. G-Quadruplex Structures in Bacteria: Biological
Relevance and Potential as an Antimicrobial Target. J. Bacteriol. 2021, 203, e0057720. [CrossRef]

Ruggiero, E.; Richter, S.N. G-quadruplexes and G-quadruplex ligands: Targets and tools in antiviral therapy. Nucleic Acids Res.
2018, 46, 3270-3283. [CrossRef]

Ruggiero, E.; Zanin, I; Terreri, M.; Richter, S.N. G-Quadruplex Targeting in the Fight against Viruses: An Update. Int. |. Mol. Sci.
2021, 22, 10984. [CrossRef]

Somkuti, J.; Molnar, O.R.; Grad, A.; Smeller, L. Pressure Perturbation Studies of Noncanonical Viral Nucleic Acid Structures.
Biology 2021, 10, 1173. [CrossRef] [PubMed]

Le, D.D.; Di Antonio, M.; Chan, L.K.M.; Balasubramanian, S. G-quadruplex ligands exhibit differential G-tetrad selectivity. Chem.
Commun. 2015, 51, 8048-8050. [CrossRef]

Oliva, R.; Mukherjee, S.; Winter, R. Unraveling the binding characteristics of small ligands to telomeric DNA by pressure
modulation. Sci. Rep. 2021, 11, 9714. [CrossRef] [PubMed]

Santos, T.; Salgado, G.F,; Cabrita, E.J.; Cruz, C. G-Quadruplexes and Their Ligands: Biophysical Methods to Unravel G-
Quadruplex/Ligand Interactions. Pharmaceuticals 2021, 14, 769. [CrossRef]

Zhou, G.; Liu, X,; Li, Y.; Xu, S;; Ma, C.; Wu, X,; Cheng, Y; Yu, Z.; Zhao, G.; Chen, Y. Telomere targeting with a novel G-quadruplex-
interactive ligand BRACO-19 induces T-loop disassembly and telomerase displacement in human glioblastoma cells. Oncotarget
2016, 7, 14925-14939. [CrossRef] [PubMed]

Yamashita, T.; Uno, T.; Ishikawa, Y. Stabilization of guanine quadruplex DNA by the binding of porphyrins with cationic side
arms. Bioorg. Med. Chem. 2005, 13, 2423-2430. [CrossRef]

Qin, G.; Zhao, C; Liu, Y.; Zhang, C.; Yang, G.; Yang, J.; Wang, Z.; Wang, C.; Tu, C.; Guo, Z.; et al. RNA G-quadruplex formed in
SARS-CoV-2 used for COVID-19 treatment in animal models. Cell Discov. 2022, 8, 86. [CrossRef]

Burger, A.M.; Dai, EP; Schultes, C.M.; Reszka, A.P.; Moore, M.].; Double, ].A.; Neidle, S. The G-quadruplex-interactive molecule
BRACO-19 inhibits tumor growth, consistent with telomere targeting and interference with telomerase function. Cancer Res. 2005,
65, 1489-1496. [CrossRef]

Perrone, R.; Butovskaya, E.; Daelemans, D.; Palu, G.; Pannecouque, C.; Richter, S.N. Anti-HIV-1 activity of the G-quadruplex
ligand BRACO-19. J. Antimicrob. Chemother. 2014, 69, 3248-3258. [CrossRef]

Piazza, A.; Boule, ].B.; Lopes, J.; Mingo, K.; Largy, E.; Teulade-Fichou, M.P,; Nicolas, A. Genetic instability triggered by G-
quadruplex interacting Phen-DC compounds in Saccharomyces cerevisiae. Nucleic Acids Res. 2010, 38, 4337-4348. [CrossRef]
Li, Y.Y,; Dubins, D.N.; Le, D.M.N.T.; Leung, K.; Macgregor, R.B. The role of loops and cation on the volume of unfolding of
G-quadruplexes related to HTel. Biophys. Chem. 2017, 231, 55-63. [CrossRef] [PubMed]

Nagatoishi, S.; Isono, N.; Tsumoto, K.; Sugimoto, N. Loop residues of thrombin-binding DNA aptamer impact G-quadruplex
stability and thrombin binding. Biochimie 2011, 93, 1231-1238. [CrossRef] [PubMed]

Ou, Z.; Wang, Y.; Gao, Y.; Wang, X.; Qian, Y,; Li, Y.; Wang, X. Targeting human telomeric and c-myc G-quadruplexes with
alkynylplatinum(Il) terpyridine complexes under molecular crowding conditions. J. Inorg. Biochem. 2017, 166, 126-134. [CrossRef]
[PubMed]

Fay, M.M.; Lyons, S.M.; Ivanov, P. RNA G-Quadruplexes in Biology: Principles and Molecular Mechanisms. J. Mol. Biol. 2017, 429,
2127-2147. [CrossRef] [PubMed]

Oliva, R.; Mukherjee, S.; Manisegaran, M.; Campanile, M.; Del Vecchio, P; Petraccone, L.; Winter, R. Binding Properties of RNA
Quadruplex of SARS-CoV-2 to Berberine Compared to Telomeric DNA Quadruplex. Int. J. Mol. Sci. 2022, 23, 5690. [CrossRef]
Panera, N.; Tozzi, A.E.; Alisi, A. The G-Quadruplex/Helicase World as a Potential Antiviral Approach Against COVID-19. Drugs
2020, 80, 941-946. [CrossRef]

Belmonte-Reche, E.; Serrano-Chacon, I.; Gonzalez, C.; Gallo, ].; Banobre-Lopez, M. Potential G-quadruplexes and i-Motifs in the
SARS-CoV-2. PLoS ONE 2021, 16, 18. [CrossRef]

Zhai, L.Y;; Su, AM.; Liu, ].E; Zhao, ].].; Xi, X.G.; Hou, X.M. Recent advances in applying G-quadruplex for SARS-CoV-2 targeting
and diagnosis: A review. Int. J. Biol. Macromol. 2022, 221, 1476-1490. [CrossRef]

Zhao, C.; Qin, G.; Niu, J.; Wang, Z.; Wang, C.; Ren, J.; Qu, X. Targeting RNA G-Quadruplex in SARS-CoV-2: A Promising
Therapeutic Target for COVID-19? Angew. Chem. Int. Ed. Engl. 2021, 60, 432-438. [CrossRef]

Sathyaseelan, C.; Vijayakumar, V.; Rathinavelan, T. CD-NuSS: A Web Server for the Automated Secondary Structural Characteri-
zation of the Nucleic Acids from Circular Dichroism Spectra Using Extreme Gradient Boosting Decision-Tree, Neural Network
and Kohonen Algorithms. . Mol. Biol. 2021, 433, 166629. [CrossRef]

Good, N.E; Izawa, S. Hydrogen ion buffers. Methods Enzym. 1972, 24, 53-68. [CrossRef]


https://doi.org/10.1007/s00018-021-03921-8
https://doi.org/10.3390/biom12050648
https://www.ncbi.nlm.nih.gov/pubmed/35625576
https://doi.org/10.1371/journal.pcbi.1006675
https://doi.org/10.3390/ijms22116031
https://doi.org/10.1128/JB.00577-20
https://doi.org/10.1093/nar/gky187
https://doi.org/10.3390/ijms222010984
https://doi.org/10.3390/biology10111173
https://www.ncbi.nlm.nih.gov/pubmed/34827166
https://doi.org/10.1039/C5CC02252E
https://doi.org/10.1038/s41598-021-89215-2
https://www.ncbi.nlm.nih.gov/pubmed/33958702
https://doi.org/10.3390/ph14080769
https://doi.org/10.18632/oncotarget.7483
https://www.ncbi.nlm.nih.gov/pubmed/26908447
https://doi.org/10.1016/j.bmc.2005.01.041
https://doi.org/10.1038/s41421-022-00450-x
https://doi.org/10.1158/0008-5472.CAN-04-2910
https://doi.org/10.1093/jac/dku280
https://doi.org/10.1093/nar/gkq136
https://doi.org/10.1016/j.bpc.2016.12.003
https://www.ncbi.nlm.nih.gov/pubmed/28162829
https://doi.org/10.1016/j.biochi.2011.03.013
https://www.ncbi.nlm.nih.gov/pubmed/21511000
https://doi.org/10.1016/j.jinorgbio.2016.11.012
https://www.ncbi.nlm.nih.gov/pubmed/27852004
https://doi.org/10.1016/j.jmb.2017.05.017
https://www.ncbi.nlm.nih.gov/pubmed/28554731
https://doi.org/10.3390/ijms23105690
https://doi.org/10.1007/s40265-020-01321-z
https://doi.org/10.1371/journal.pone.0250654
https://doi.org/10.1016/j.ijbiomac.2022.09.152
https://doi.org/10.1002/anie.202011419
https://doi.org/10.1016/j.jmb.2020.08.014
https://doi.org/10.1016/0076-6879(72)24054-x

Int. J. Mol. Sci. 2024, 25, 2482 15 of 15

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.
78.

Hancock, R. The crowded nucleus. Int. Rev. Cell Mol. Biol. 2014, 307, 15-26. [CrossRef]

Takahashi, S.; Sugimoto, N. Effect of Pressure on the Stability of G-Quadruplex DNA: Thermodynamics under Crowding
Conditions. Angew. Chem. Int. Ed. 2013, 52, 13774-13778. [CrossRef]

Somkuti, J.; Adanyi, M.; Smeller, L. Self-crowding influences the temperature—pressure stability of the human telomere
G-quadruplex. Biophys. Chem. 2019, 254, 106248. [CrossRef] [PubMed]

Dolinnaya, N.G.; Ogloblina, A.M.; Yakubovskaya, M.G. Structure, properties, and biological relevance of the DNA and RNA
G-quadruplexes: Overview 50 years after their discovery. Biochem. Mosc. 2016, 81, 1602-1649. [CrossRef] [PubMed]

Zhang, D.H.; Fujimoto, T.; Saxena, S.; Yu, H.Q.; Miyoshi, D.; Sugimoto, N. Monomorphic RNA G-Quadruplex and Polymorphic
DNA G-Quadruplex Structures Responding to Cellular Environmental Factors. Biochemistry 2010, 49, 4554—4563. [CrossRef]
Phan, A.T. Human telomeric G-quadruplex: Structures of DNA and RNA sequences. FEBS J. 2010, 277, 1107-1117. [CrossRef]
[PubMed]

Del Villar-Guerra, R.; Trent, ].O.; Chaires, ].B. G-Quadruplex Secondary Structure Obtained from Circular Dichroism Spectroscopy.
Angew. Chem. Int. Ed. Engl. 2018, 57, 7171-7175. [CrossRef]

Karsisiotis, A.L; Hessari, N.M.; Novellino, E.; Spada, G.P,; Randazzo, A.; da Silva, M.W. Topological Characterization of Nucleic
Acid G-Quadruplexes by UV Absorption and Circular Dichroism. Angew. Chem. Int. Ed. 2011, 50, 10645-10648. [CrossRef]
Smeller, L. Pressure Tuning Studies of Four-Stranded Nucleic Acid Structures. Int. J. Mol. Sci. 2023, 24, 1803. [CrossRef]
Chalikian, T.V.; Macgregor, R.B., Jr. Volumetric Properties of Four-Stranded DNA Structures. Biology 2021, 10, 813. [CrossRef]
Improta, R. Shedding Light on the Photophysics and Photochemistry of I-Motifs Using Quantum Mechanical Calculations. Int. J.
Mol. Sci. 2023, 24, 12614. [CrossRef]

Somkuti, J.; Molnar, O.R.; Smeller, L. Revealing unfolding steps and volume changes of human telomeric i-motif DNA. Phys.
Chem. Chem. Phys. 2020, 22, 23816-23823. [CrossRef]

Takahashi, S.; Sugimoto, N. Pressure-dependent formation of i-motif and G-quadruplex DNA structures. Phys. Chem. Chem. Phys.
2015, 17, 31004-31010. [CrossRef] [PubMed]

Lepper, C.P; Williams, M.A K.; Edwards, PJ.B.; Filichev, V.V.; Jameson, G.B. Effects of Pressure and pH on the Physical Stability of
an I-Motif DNA Structure. Chemphyschem 2019, 20, 1567-1571. [CrossRef] [PubMed]

Fan, H.Y,; Shek, Y.L.; Amiri, A.; Dubins, D.N.; Heerklotz, H.; Macgregor, R.B., Jr.; Chalikian, T.V. Volumetric characterization of
sodium-induced G-quadruplex formation. J. Am. Chem. Soc. 2011, 133, 4518-4526. [CrossRef] [PubMed]

Heremans, K.; Smeller, L. Protein structure and dynamics at high pressure. Biochim. Et Biophys. Acta-Protein Struct. Mol. Enzymol.
1998, 1386, 353-370. [CrossRef] [PubMed]

Kitamura, Y.; Itoh, T. Reaction Volume of Protonic Ionization for Buffering Agents-Prediction of Pressure Dependence of pH and
pOH. J. Solut. Chem. 1987, 16, 715-725. [CrossRef]

Artusi, S.; Ruggiero, E.; Nadai, M.; Tosoni, B.; Perrone, R.; Ferino, A.; Zanin, I.; Xodo, L.; Flamand, L.; Richter, S.N. Antiviral
Activity of the G-Quadruplex Ligand TMPyP4 against Herpes Simplex Virus-1. Viruses 2021, 13, 196. [CrossRef]

Martino, L.; Pagano, B.; Fotticchia, I.; Neidle, S.; Giancola, C. Shedding light on the interaction between TMPyP4 and human
telomeric quadruplexes. J. Phys. Chem. B 2009, 113, 14779-14786. [CrossRef]

Oblak, D.; Hadzi, S.; Podlipnik, C.; Lah, J. Binding-Induced Diversity of a Human Telomeric G-Quadruplex Stability Phase Space.
Pharmaceuticals 2022, 15, 1150. [CrossRef] [PubMed]

Dawson, RM.C. Data for Biochemical Research, 3rd ed.; Clarendon Press: Oxford, UK, 1986; p. xii; 580p.

Ellis, K.J.; Morrison, J.E. Buffers of constant ionic strength for studying pH-dependent processes. Methods Enzym. 1982, 87,
405-426. [CrossRef]

Molnar, O.R.; Somkuti, J.; Smeller, L. Negative volume changes of human G-quadruplexes at unfolding. Heliyon 2020, 6, e05702.
[CrossRef] [PubMed]

Savitzky, A.; Golay, M.].E. Smoothing and Differentiation of Data by Simplified Least Squares Procedures. Anal. Chem. 1964, 36,
1627-1639. [CrossRef]

Smeller, L. How precise are the positions of computer-determined peaks? Appl. Spectrosc. 1998, 52, 1623-1626. [CrossRef]
Forman, R.A.; Piermarini, G.J.; Dean, B.J.; Stanely, B. Pressure Measurement Made by the Utilization of Ruby Sharp-Line
Luminescence. Science 1972, 176, 284-285. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/B978-0-12-800046-5.00002-3
https://doi.org/10.1002/anie.201307714
https://doi.org/10.1016/j.bpc.2019.106248
https://www.ncbi.nlm.nih.gov/pubmed/31470349
https://doi.org/10.1134/S0006297916130034
https://www.ncbi.nlm.nih.gov/pubmed/28260487
https://doi.org/10.1021/bi1002822
https://doi.org/10.1111/j.1742-4658.2009.07464.x
https://www.ncbi.nlm.nih.gov/pubmed/19951353
https://doi.org/10.1002/anie.201709184
https://doi.org/10.1002/anie.201105193
https://doi.org/10.3390/ijms24021803
https://doi.org/10.3390/biology10080813
https://doi.org/10.3390/ijms241612614
https://doi.org/10.1039/D0CP03894F
https://doi.org/10.1039/C5CP04727G
https://www.ncbi.nlm.nih.gov/pubmed/26387909
https://doi.org/10.1002/cphc.201900145
https://www.ncbi.nlm.nih.gov/pubmed/31087509
https://doi.org/10.1021/ja110495c
https://www.ncbi.nlm.nih.gov/pubmed/21370889
https://doi.org/10.1016/S0167-4838(98)00102-2
https://www.ncbi.nlm.nih.gov/pubmed/9733996
https://doi.org/10.1007/BF00652574
https://doi.org/10.3390/v13020196
https://doi.org/10.1021/jp9066394
https://doi.org/10.3390/ph15091150
https://www.ncbi.nlm.nih.gov/pubmed/36145371
https://doi.org/10.1016/s0076-6879(82)87025-0
https://doi.org/10.1016/j.heliyon.2020.e05702
https://www.ncbi.nlm.nih.gov/pubmed/33354631
https://doi.org/10.1021/ac60214a047
https://doi.org/10.1366/0003702981943149
https://doi.org/10.1126/science.176.4032.284

	Introduction 
	Results 
	GQ-Forming Ability and Stability of the SARS-CoV-2 RNA Oligonucleotides 
	Effect of pH on the Stability of SARS-CoV-2 GQs 
	Volumetric Characterization of SARS-CoV-2 GQs 
	Stabilization of SARS-CoV-2 GQs by Ligands 

	Discussion 
	Stability of GQs Formed by the SARS-CoV-2 RNA Oligonucleotides 
	Effect of pH on the Stability of the GQs 
	Volumetric Characterization of the GQs 
	Stabilization of SARS-CoV-2 GQs by Ligands 

	Materials and Methods 
	Materials 
	Methods 

	Conclusions 
	References

