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Abstract: Previous studies suggest that berberine, an isoquinoline alkaloid, has antiviral potential
and is a possible therapeutic candidate against SARS-CoV-2. The molecular underpinnings of its
action are still unknown. Potential targets include quadruplexes (G4Q) in the viral genome as they
play a key role in modulating the biological activity of viruses. While several DNA-G4Q structures
and their binding properties have been elucidated, RNA-G4Qs such as RG-1 of the N-gene of SARS-
CoV-2 are less explored. Using biophysical techniques, the berberine binding thermodynamics
and the associated conformational and hydration changes of RG-1 could be characterized and
compared with human telomeric DNA-G4Q 22AG. Berberine can interact with both quadruplexes.
Substantial changes were observed in the interaction of berberine with 22AG and RG-1, which
adopt different topologies that can also change upon ligand binding. The strength of interaction
and the thermodynamic signatures were found to dependent not only on the initial conformation
of the quadruplex, but also on the type of salt present in solution. Since berberine has shown
promise as a G-quadruplex stabilizer that can modulate viral gene expression, this study may also
contribute to the development of optimized ligands that can discriminate between binding to DNA
and RNA G-quadruplexes.

Keywords: RNA G-quadruplex; SARS-CoV-2; berberine; ligand binding; hTel G-quadruplex; high pressure

1. Introduction

The COVID-19 pandemic, which started spreading in late 2019, is caused by a new
enveloped RNA coronavirus, named severe acute respiratory syndrome-coronavirus-2
(SARS-CoV-2). In an unparalleled effort, the structural and biochemical properties of
SARS-CoV-2 components have been determined in the following months [1–3]. Even
though vaccines have also been quickly developed and released, including the novel
mRNA technology, COVID-19 is still raging worldwide as of spring 2022, pushed by the
emergence of a more contagious viral strain.

So far, efficient and safe antiviral agent have not been developed [4–7]. In recent years,
non-canonical nucleic acids structures, such as G-quadruplexes, have been spotlighted as
promising therapeutic targets [8–15]. G-quadruplexes (G4Qs) are common in guanine-rich
regions and are characterized by the stacking of two or more planar arrangements of four
guanines (tetrads), which are stabilized by the formation of Hoogsten-type hydrogen bonds
and by the interaction with monovalent cations (Na+, K+) placed in their central canal
(Figure 1). G4Qs have received particular attention due to their involvement in the control
of gene expression [11–17]. Dysregulation of G4Q formation and their binding proteins,
which assist them in regulating the equilibrium between their structured and unstructured
forms, due to mutations or via the alteration of their stability by environmental factors

Int. J. Mol. Sci. 2022, 23, 5690. https://doi.org/10.3390/ijms23105690 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms23105690
https://doi.org/10.3390/ijms23105690
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-3512-6928
https://doi.org/10.3390/ijms23105690
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms23105690?type=check_update&version=2


Int. J. Mol. Sci. 2022, 23, 5690 2 of 20

(e.g., by G4Q-stabilization induced by a polypeptide or small-molecule ligand), have been
found to contribute to many human pathologies, including neurodegenerative diseases,
cancer, and microbial infections [17]. Depending on the orientation of the strands and
their loop structures, the structure of G4Qs can be parallel (with four strands in the same
orientation), antiparallel (with two strands in opposite orientation with respect to the other
two), or hybrid (with one strand in opposite orientation with respect to the others) [15–17].

Figure 1. Schematic representation of the possible structures of the human telomeric DNA quadruplex
22AG (antiparallel, hybrid-1, and parallel) and the RNA quadruplex from the genome of SARS-CoV-2,
RG-1 (parallel). The chemical structure of the ligand berberine is also shown.

Next to eukaryotes and prokaryotes, G4Q motifs are also considered key elements
in regulating the life cycle of viruses [7–10,18]. Quadruplex folding may preserve the
viral genetic material, avoiding its recognition by components of the human immune
system. On the other hand, an overstabilization of G4Qs may inhibit the translation of
viral proteins by the host’s cellular apparatus. Hence, G4Q-specific compounds could be
potential candidates for antiviral agents. Recently, it has been shown that G4Q-forming
sequences in SARS-CoV-2 can form G4Q structures in living cells [8,19]. Hence, they
would be novel targets for G4Q-specific compounds that could exert antiviral activity. The
G4Q-forming sequence RG-1 is located in the coding sequence region of the SARS-CoV-2
nucleocapsid phosphoprotein (denoted N-protein), and the formation of RG-1 has been
shown to decrease the amount of N-protein by inhibiting its translation [8]. The presence
of G4Qs in infected living cells has also been confirmed. Therefore, stabilization by ligands
can induce the downregulation of their expression, hence impairing the maturation and
infectivity of viral proteins and paving the way to promising therapeutic strategies.

Several planar ligand molecules, including the plant-derived isoquinoline alkaloid
berberine (Berb) (Figure 1), were found to bind strongly to G-tetrads. X-ray diffraction
and modelling studies showed that two berberine molecules attach at a time to the two
external binding sites of human telomeric DNA (22AG). Several studies have proven that
berberine, a common folk medicine for hundreds of years in China, has several biological
effects, including antiviral, anti-allergic, and anti-inflammatory properties, and may even
help against COVID-19 [20–22]. It was shown that berberine is effective against multiple
isolates of SARS-CoV-2 and may be a promising orally administered therapeutic candidate
against the disease that could be considered for further efficacy testing. Though interfering
with capsid protein-viral RNA interactions and interference with cellular pathways to
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reduce SARS-CoV-2 replication have been proposed as possible scenarios, the molecular
mechanism of its action is still largely terra incognita.

A prerequisite for the development of G4Q-related antiviral drugs against COVID-19
is a detailed knowledge of the structure and stability of the G4Q-ligand complex. In this
study, we set out to explore the binding characteristics of berberine to RNA RG-1 G4Q of the
N-gene of SARS-CoV-2 and compare it with human telomeric DNA G4Q, 22AG. Berberine
is a planar molecule with an extended π-delocalized system. Having a partial positive
charge on N7 (Figure 1), it is able to bind to 22AG and inhibit telomerase activity [22–25].
Indeed, berberine was shown to bind to 22AG through stacking interactions with the
terminal G-planes [24], and this constituted the starting point to elucidate the interaction
mechanism of berberine with RG-1. Telomerase, a ribonucleoprotein reverse transcriptase
enzyme, is involved in the cell’s life cycle. The enzyme adds a repeat sequence to the 3′

end of telomeres, protecting the end of the chromosome from DNA damage. It is active in
gametes and overexpressed in cancer cells, but is normally absent from somatic cells, or
present at very low levels. Using a variety of biophysical techniques, including isothermal
titration calorimetry (ITC), circular dichroism (CD) and fluorescence spectroscopy (includ-
ing Job’s plots), a full characterization of the binding thermodynamics and the associated
conformational and hydration changes upon binding could be achieved and is compared to
that of human telomeric G4Q 22AG. Complementary pressure-dependent measurements
revealed changes in packing density and hydration upon complex formation. Considerable
differences in binding properties and conformational signatures between the RNA and
DNA G4Qs were found. Since berberine has shown promise as a G-quadruplex stabilizer
that can modulate gene expression via its interaction with G4Qs of SARS-CoV-2, this study
may help to develop optimized ligands for intervention.

2. Results
2.1. Binding of Berberine to 22AG and RG-1 at Different Solution Conditions

We first employed UV/Vis spectrophotometry to study the binding of the ligand
berberine to the human telomeric (22AG) and the SARS-CoV-2 RG1 quadruplex at different
solution conditions. To this end, UV/Vis spectra of berberine in the absence and in the
presence of increasing amounts of the G4Qs (22AG, RG-1) in 30 mM Tris-HCl, pH 7.4,
with the addition of 100 mM KCl or NaCl were recorded. The decision to use these salt
concentrations was motivated by the fact that the structure of the 22AG sequence was well
characterized under in these conditions, adopting a well-defined antiparallel conformation
in the presence of sodium cations, and a hybrid-1 conformation in the presence of potassium
cations (see Section 2.2 for a deeper discussion). The berberine concentration was 250 µM,
and the concentration of the G4Qs was varied between 0 µM and 150 µM. All the spectra
are reported in Figure 2.

The UV/Vis spectrum of berberine is characterized by an absorption band centered
at about 421 nm when dissolved in aqueous solution. Upon addition of the G4Qs, a clear
shift of the maximum was observed, associated with a decrease of the absorbance. A
well-defined isosbestic point at 443 nm was present in all cases, which is a clear indication
that berberine is able to interact with both G4Qs (22AG and RG-1) in both media (Na+ and
K+ containing buffers).

The strength of interaction of the ligand to the G4Q can be quantitatively described
by the binding (or affinity) constant, denoted as Kb, which is defined as the ratio of the
concentration of the complex to the product of the free ligand and G4Q concentrations [26].
In order to evaluate Kb, a titration experiment was performed where the concentration of
one of the two interacting partners was kept constant, while the other one was varied in
a suitable range. The experimental data were fitted with an appropriate binding model,
which describes how (e.g., independent sites) and how many ligands are bound to one
biomacromolecule. To apply a suitable binding model, it is of fundamental importance
to know in advance the stoichiometry of the complex formed. To this end, we applied
to method of the continuous variation, also known as Job’s plot, to the formation of the
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complex between berberine and 22AG or RG-1 in both salt solutions. The experiments were
performed preparing a series of solutions such that the total concentration of the interacting
partners was kept constant while their mole fraction was varied [27]. Then, the fluorescence
emission of these solutions was recorded by exciting at 443 nm (at the isosbestic point
observed in the UV/Vis spectra, where both the free berberine and the complex have the
same extinction coefficient, see Figure 2) and collecting the emission at λmax (~536 nm).
Fluorescence spectroscopy was chosen to follow the binding because berberine is almost
not fluorescent in aqueous solution, whereas a strong fluorescence increase is observed
upon binding to G4Qs [28,29]. Thus, the fluorescence intensity is directly related to complex
formation. Abrupt changes in the slope of the Job’s plots indicate the stoichiometry of the
complex formed. The Job’s plots at ambient conditions (T = 25 ◦C, p = 1 bar) are reported
in Figure 3.

Figure 2. UV/Vis absorption spectra of a 250 µM berberine (Berb) solution at increasing concen-
trations of: (A) 22AG in Na+ containing buffer; (B) 22AG in K+ containing buffer; (C) RG-1 in Na+

containing buffer, and (D) RG-1 in K+ containing buffer. The concentration of the quadruplexes
(22AG or RG-1) was: 10 µM (red lines), 20 µM (blue lines), 40 µM (green lines), 60 µM (violet lines),
80 µM (dark yellow lines), 100 µM (cyan lines), and 150 µM (brown lines). The spectra of berberine in
the absence of any quadruplex are reported as black lines. All spectra were recorded at 25 ◦C using a
0.3 cm path length quartz cuvette in 30 mM Tris buffer, pH 7.4, with the addition of 100 mM of NaCl
or KCl. The arrows indicate the direction of the shift of the absorption maximum in the berberine
spectrum with increasing concentrations of G4Qs.
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Figure 3. Job’s plot for the Berb/22AG (panel (A,B)) and Berb/RG-1 (panel (C,D)) systems obtained
from fluorescence spectroscopy in 30 mM Tris buffer, pH 7.4, with the addition of 100 mM NaCl
or KCl. The total concentrations ((Berb) + (G4Qs)) were 80 µM, 60 µM, 60 µM, and 50 µM for the
experiments shown in panel (A–D), respectively. The excitation wavelength was set at 443 nm. The
fluorescence intensity was recorded at the maximum of emission (536 nm). All the experiments were
carried out at 25 ◦C and ambient pressure.

An inspection of the Job’s plots depicted in Figure 3 reveals for all cases an inflection
point centered at about xBerberine = 0.6, suggesting that two berberine molecules are bound
to one G4Q. In an ideal case, the inflection point for such stoichiometry should be located
at xBerberine = 0.67. However, the exact position and the shape of the Job’s plot depends also
on the magnitude of the binding constant and the total ligand concentration employed (see
the ESI with Supplementary Figures S1–S3 for an in-depth discussion of Job’s plots, where
also simulations for different cases are shown). Simulations taking the magnitude of Kb
and total ligand concentration into account revealed that in fact a 2:1 Berb:G4Q complex is
formed for both the 22AG and RG-1 G4Q, and the stoichiometry did not depend on the
solution conditions, i.e., on the type of salt.

Now that the stoichiometries of the complexes formed are known, it was possible to
determine the values of the binding constant through fluorescence titration experiments.
To this end, a 15 µM solution of berberine was titrated with a solution of 22AG or RG-1
in the concentration range 0–40 µM. The experimental data could all be well fitted using
an equivalent and independent binding sites model [30], i.e., it was assumed that the two
berberine molecules are bound with the same affinity. Figure 4 shows all binding isotherms
obtained at ambient conditions (T = 25 ◦C, p = 1 bar). The values of the binding constants,
Kb, are collected in Table 1.

The data reported in Table 1 show that the binding constant, Kb, for the complex
formation of the human telomeric sequence (22AG) with berberine is strongly dependent
on the initial conformation of 22AG. The initial conformation of 22AG was antiparallel in
the presence of Na+. Conversely, 22AG adopts a hybrid-1 conformation in the presence
of K+ (see the CD experiments below). Berberine has the highest affinity for 22AG in the



Int. J. Mol. Sci. 2022, 23, 5690 6 of 20

presence of K+ cations in solution. In the Na+ containing buffer, a one order of magnitude
decrease of the Kb value was detected. A different scenario was observed for the RNA RG-1
sequence: the binding constant is smaller, and it shows a rather low dependence on the
solution conditions, i.e., on the type of cation.

Figure 4. Binding isotherms for the Berb/22AG (panel (A,B)) and Berb/RG-1 (panel (C,D)) systems
obtained from fluorescence spectroscopy in 30 mM Tris buffer, pH 7.4, with the addition of 100 mM NaCl
or KCl. The berberine concentration was 15 µM and the concentration of G4Qs was varied between
0 µM and 40 µM. The berberine was excited at 443 nm, the emission was collected at the maximum
of emission, at 536 nm. The red lines represent the best fit of the experimental data according to an
equivalent and independent binding sites model. According to the Job’s plot data, the stoichiometry
was 2:1 (Berb:G4Q) in all cases. All the experiments were performed at 25 ◦C and 1 bar.

Table 1. Thermodynamics parameters for the complex formation between berberine and 22AG and
RG-1 at the indicated solution conditions, at the temperature of 25 ◦C and pressure of 1 bar.

System Kb/M−1 · 105
1 ∆G◦b

/kJ mol−1

2 ∆H◦b
/kJ mol−1

3 T∆S◦b
/kJ mol−1

4 Berb:G4Q

Berb/22AG in
NaCl buffer 0.37 ± 0.09 −26.0 ± 0.6 −15.5 ± 2.8 10.5 ± 3.4 2:1

Berb/22AG in
KCl buffer 5.9 ± 1.0 −32.9 ± 0.4 19.5 ± 3.8 52.4 ± 4.2 2:1

Berb/RG-1 in
NaCl buffer 0.28 ± 0.03 −25.4 ± 0.3 75.9 ± 7.6 101.3 ± 7.2 2:1

Berb/RG-1 in
KCl buffer 0.14 ± 0.03 −23.7 ± 0.4 −92.2 ± 12.0 −66.9 ± 8.8 2:1

1 The standard Gibbs (free) energy changes of binding were calculated using ∆G◦b = −RTln(Kb). 2 Obtained from
ITC experiments. 3 The entropy changes upon binding were calculated from the relation T∆S◦b = ∆H◦b − ∆G◦b.
4 Stoichiometry of the complexes.

To yield further thermodynamic insights into the interaction process between berber-
ine and the two different G4Qs, isothermal titration calorimetry (ITC) experiments were
carried out. The ITC experiments allowed us to determine also the enthalpy change upon
binding, i.e., the standard binding enthalpy, ∆H◦b. Except for the Berb/22AG system in K+
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containing buffer, which exhibits a suitably high binding constant, ITC cannot be used in
the conventional way. This is because the binding constants are too low and, thus, very high
concentrations should be used to obtain conventional sigmoidal binding curves. However,
the binding enthalpy can still be determined by injecting a small amount of G4Qs into
the calorimetry vessel where a large excess of berberine is present. Since the berberine
concentration was in large excess with respect to the G4Q concentration, similar heat peaks
were obtained at each step of the titration. The heat rates recorded were normalized by the
moles of bound G4Qs that can be easily calculated from the values of the binding constants.
Figure 5 reports the ITC traces obtained from the titration of a berberine solution (in NaCl
or KCl containing buffer, at T = 25 ◦C) for a solution of 22AG or RG-1. The corresponding
enthalpy changes are reported in Table 1, together with the other thermodynamic parame-
ters determined, i.e., the standard Gibbs (free) energy of binding, ∆G◦b, and the binding
entropy term T∆S◦b.

Figure 5. ITC traces (black lines) obtained from the titration of a solution of (A) 22AG in the presence
of 100 mM NaCl, (B) 22AG in the presence of 100 mM KCl, (C) RG-1 in the presence of 100 mM
NaCl, and (D) RG-1 in the presence of 100 mM KCl, with a solution of berberine. The red dashed
lines represent the heat peaks obtained from the G4Q dilutions in the respective buffers. All the
experiments were carried out in 30 mM Tris-HCl buffer, pH 7.4, at the temperature of 25 ◦C.

The binding enthalpy for complex formation between berberine and 22AG in the presence
of 100 mM NaCl was found to be negative, ∆H◦b = −15.5 kJ mol−1, i.e., the binding is an
exothermic process. The entropic contribution to binding, T∆S◦b, is positive (10.5 kJ mol−1),
i.e., is favorable for binding as well. Surprisingly, for the same system in the presence of
100 mM KCl, ∆H◦b is positive (19.5 kJ mol−1). With a positive T∆S◦b of 52.4 kJ mol−1,
the Gibbs energy of binding is still more negative (∆G◦b = −32.9 kJ mol−1), rendering the
binding process entropy-driven. For the SARS-CoV-2 quadruplex RG-1, an opposite behavior
was observed with respect to the enthalpy change. ∆H◦b = 75.9 kJ mol−1 is positive for the
complex formation when NaCl is dissolved in the medium, and T∆S◦b = 101.3 kJ mol−1.
Since both ∆H◦b and T∆S◦b are positive, the complex formation is entropy-driven. In the
presence of potassium cations, instead, both the enthalpy and entropy changes are negative
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(∆H◦b = −92 kJ mol−1, T∆S◦b = −66.9 kJ mol−1), rendering the complex formation enthalpy-
driven. Due to enthalpy-entropy compensation, the Gibbs energies of complex formation and
binding constants are hence of the same magnitude as for the interaction of berberine with
22AG in NaCl solution.

2.2. The Conformational Behavior of 22AG and RG-1 in Complex with Berberine

To help explain the different thermodynamic signatures of complex formation of the
different systems, the conformation of the 22AG and RG-1 quadruplexes in the absence
and in the presence of berberine was determined by means of circular dichroism (CD)
spectroscopy [31,32]. Figure 6 depicts the CD spectra of 30 µM 22AG and RG-1 in the
absence and in the presence of 300 µM berberine, i.e., for the molar ratio G4Q:Berb = 1:10.

Figure 6. Circular dichroism (CD) spectra of the 22AG quadruplex in the absence (black spectra) and
in the presence (red spectra) of berberine (22AG:Berb = 1:10) in (A) 30 mM Tris, 100 mM NaCl, pH 7.4,
and (B) 30 mM Tris, 100 mM KCl, pH 7.4. In the bottom panels, the CD spectra for the RG-1 sequence
in the absence (black spectra) and in the presence (red spectra) of berberine (22AG:Berb = 1:10) are
reported for the measurements carried out in (C) 30 mM Tris, 100 mM NaCl, pH 7.4, and (D) 30 mM
Tris, 100 mM KCl, pH 7.4. The path length of the cuvette was 0.1 cm. The temperature was set to
25 ◦C.

The CD spectrum of 22AG in the presence of 100 mM NaCl (Figure 6, panel A) is
characterized by a positive band centered at about 295 nm. A negative band is present
at ~260 nm, followed by a band at 245 nm. These spectral features are indicative of a
quadruplex adopting an antiparallel conformation [31,33]. Upon berberine binding, the
general spectral features of 22AG remain the same, indicating that the conformation of
22AG is still antiparallel. However, it is important to note that the intensities of the bands
are not the same, suggesting that small (local) conformational changes took place (e.g., in
the loop region). Instead, the 22AG sequence in the K+ containing medium adopts mainly a
hybrid-1 conformation (Figure 6, panel B). The CD spectrum shows a positive band around
292 nm, which is followed by a small positive band around 270 nm. In addition, a weak
negative band around 235 nm is seen. Upon complex formation with berberine, a clear
conformational change was observed. The CD spectrum shows features of an antiparallel
conformation (positive band around 295 nm and a negative one around 265 nm). However,
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with respect to the CD spectrum in Na+ containing buffer, the band intensities are different,
indicating that the two conformations are not fully equivalent.

For RG-1 in the presence of Na+ (Figure 6, panel C), we observed an intense positive
band around 270 nm and a weak negative band around 240 nm, indicating formation of a
parallel conformation, in agreement with literature data [10]. When berberine is present
in solution, the general spectroscopic features of a parallel conformation are preserved.
However, small but significant shifts of the maximum and minimum were observed.
In addition, a weak negative band around 300 nm was detected. These observations
point to some local conformational changes taking place upon berberine binding. In the
K+ containing solution medium (Figure 6, panel D), the position of CD bands suggests
that RG-1 adopts a parallel conformation as well. Upon complex formation, only small
changes (regarding the intensity and shifts of the maximum and minimum) were observed,
suggesting that RG-1 is adopting a parallel conformation also in the complexed form. Small
conformational changes cannot be excluded, however. Although the CD spectra of RG-1 in
Na+ and K+ containing buffer (black lines in Figure 6, panels C and D) exhibit the same
general features, the intensities of the bands are different. In particular in the presence of
Na+, the positive band is less intense with respect to that in K+, indicating that the RG-1 is
not fully folded or, most likely, a population of (partially) unfolded conformers coexist, as
also previously observed in single-molecule FRET experiments [34]. Indeed, the spectrum
of the fully unfolded RG-1 recorded at 75 ◦C shows a positive band around 270 nm, which
is less intense with respect to the same band at 25 ◦C (see Supplementary Figure S4).

2.3. Probing Volumetric and Hydration Properties upon Complex Formation between Berberine and
G4Qs Using Pressure Modulation Spectroscopy

The application of high hydrostatic pressure (HPP) is a powerful tool to study the vol-
umetric properties of reactions including complex formation [35]. However, before being
able to explore the effect of HHP on the strength of interaction as described by Kb between
berberine and the G4Qs, it is mandatory to verify that the structure of 22AG and RG-1 and in
complex with berberine is not changing. To this end, we employed the high-pressure FRET
methodology using dually labeled 22AG and RG-1. Both sequences were labeled with car-
boxyfluorescein (FAM) at the 3′ position and with 5-(and-6)-carboxytetramethylrhodamine
(TAMRA) at the 5′ position which act as FRET pair. The efficiency of the energy transfer
is sensitive to the distance between the two fluorophores which, in turn, depends on the
conformation adopted by the G4Qs. When the two fluorophores are close to each other, as
in the case when the G4Q is folded, high values of the efficiency are observed. Conversely,
lower values are detected upon unfolding of the G4Qs. Figure 7 shows plots of the relative
FRET efficiency, Erel, as a function of pressure for 22AG and RG-1 in the absence and in the
presence of berberine in the two different salt solutions.

At ambient pressure (1 bar) and 25 ◦C, a very high Erel value was detected (~0.85) for
the 22AG sequence in the Na+ containing buffer, indicating that the sequence is folded.
According to the CD spectroscopy data, the 22AG sequence adopts an antiparallel confor-
mation at this condition. In our previous work, we recorded a similar value (Erel = 0.81)
for the same sequence in 60 mM Na+ containing buffer [33]. Increasing pressure leads to a
marked decrease of Erel (Erel ≈ 0.40 at 1900 bar), indicating that the quadruplex structure
is not pressure stable at these solution conditions, i.e., pressurization up to about 2 kbar
leads to a significant population of unfolded states, which is in agreement with earlier
findings [33]. In the presence of berberine, at 1 bar, a value of Erel similar to that observed in
its absence was observed, suggesting, in agreement with the CD data, that the antiparallel
conformation is preserved upon berberine binding. Remarkably, the application of pressure
to the complex had only a minor effect, indicating that the 22AG has gained drastic pressure
stability upon complex formation. In the presence of K+ ions, at 1 bar, the FRET efficiency of
the 22AG sequence is again very high, indicating a folded conformation, which, according
to the CD data, is mainly hybrid-1. Upon application of pressure up to 1900 bar, no changes
in the FRET efficiency were observed, indicating that the quadruplex structure adopted
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in the presence of K+ is pressure stable. Upon complex formation with berberine, an Erel
value close to that one in the absence of ligand was detected. According to the CD data, the
22AG should be folded in an antiparallel conformation now, which is obviously also very
pressure stable in the presence of bound berberine.

Figure 7. Relative FRET efficiency vs. pressure plots for the dually labeled 22AG (panels (A,B)) and
RG-1 (panels (C,D)) quadruplex forming sequences in the absence (black squares) and in the presence
(red circles) of berberine in 30 mM Tris buffer, pH 7.4, with the addition of 100 mM NaCl (panels
(A,C)) and 100 mM KCl (panels (B,D)). The concentration of the labeled G4Q sequences was 2 µM,
the concentration of berberine was 200 µM. All the experiments were performed at the temperature
of 25 ◦C. Where not visible, the error bars are smaller than the symbol size.

The same experiments were then carried out for the RG-1 sequence. Please note that
since the 22AG and RG-1 sequences are of different lengths (22 vs. 15 n.a. residues, respec-
tively), a direct comparison of the FRET efficiencies is not possible. For the RG-1 sequence
at 1 bar and in the presence of Na+, the detected efficiency is very high (Erel ≈ 0.79), which
is indicative of a folded structure, a parallel conformation according to the CD data. Ap-
plication of HHP does not cause any changes in the efficiency, revealing that the structure
is not sensitive to pressure. This result is in sharp contrast to that obtained for the 22AG
sequence, which showed little pressure stability for its antiparallel structure in Na+ solution.
Upon complexation with berberine, the value of Erel slightly increased, only. This indicates
that the conformation of RG-1 is not dramatically affected by the interaction process and,
according to the CD data, essentially retains its parallel conformation. Application of
HHP has no effect on the conformational behavior of the quadruplex, revealing that the
RG-1/Berb complex is pressure stable. In the presence of K+, the Erel value is similar to that
observed in the presence of Na+. Upon complex formation with berberine, a significant
increase of the Erel value was observed, however. The CD data suggest that the RG-1 is
mainly folded in a parallel fashion. Hence, the increase of Erel could be ascribed to some
small conformational change of RG-1 upon binding to berberine, as also suggested by the
small differences in the CD spectra (Figure 5).

The 22AG sequence labeled with FAM and TAMRA is widely used, its usefulness
for conformational studies approved, and several applications are reported in the litera-
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ture [33,36,37]. This is not yet the case for the RG-1 sequence. For this reason, as a control
experiment, we performed the same experiment for RG-1 in neat buffer conditions (no
salts) as a function of temperature and recorded complementary CD spectroscopic data (see
ESI, Supplementary Figure S4). The results obtained validate our findings, indicating that
the two attached fluorophores have no detectable influence on the conformational behavior
of the RG-1 sequence.

Finally, we explored the effect of HHP on the interaction strength, i.e., Kb value, of
the different G4Q systems, which is straightforward for those systems that are pressure
stable. In those cases, a change in binding stoichiometry is not envisaged. However, we
observed that the 22AG structure in the presence of 100 mM NaCl changes its conformation
upon pressurization, leading to unfolding of the quadruplex. In such case, a change of
the binding stoichiometry is expected to occur. Supplementary Figure S5 shows the Job’s
plot for the Berb/22AG system in the presence of 100 mM NaCl at pressures of 500, 1000,
1500 and 1900 bar. At 500 bar, as well as at 1000 bar, the inflection point is centered at about
xBerberine = 0.6, suggesting that two berberine molecules are still bound to one 22AG, as
in the case at 1 bar. Increasing the pressure up to 1500 bar and even more pronounced
at 1900 bar, the inflection point is shifting to xBerberine = 0.7, indicating a change in the
stoichiometry from 2:1 to 3:1 (Berb:22AG), which is most likely due to an increase of the
number of bound berberine molecules in the pressure-unfolded state structure of the 22AG.
Figure 8 depicts all the binding isotherms measured at T = 25 ◦C in the pressure range from
1 bar to 1900 bar. The values of the binding constants determined are collected in Table 2.

Figure 8. Binding isotherms for the Berb/22AG (panel (A,B)) and Berb/RG-1 (panel (C,D)) systems
obtained from high pressure fluorescence spectroscopy in 30 mM Tris buffer, pH 7.4, with the addition
of 100 mM NaCl or KCl at the temperature of 25 ◦C and pressures of: 1 bar (black squares), 500 bar (red
circles), 1000 bar (blue triangles), 1500 bar (green reversed triangles), and 1900 bar (violet diamonds).
The berberine concentration was 15 µM, the concentration of the G4Qs was varied between 0 µM and
40 µM. The berberine was excited at 443 nm, whereas the emission was collected at the maximum of
emission, at 536 nm. The continuous lines represent the best fit of the experimental data according to
an equivalent and independent binding sites model using the stoichiometries reported in Table 2.
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Table 2. Binding constants, Kb, and stoichiometries for the complex formation between berberine and
G4Qs (22AG and RG-1) for the indicated solution conditions and at pressures of 1, 500, 1000, 1500,
and 1900 bar (T = 25 ◦C).

Berb/22AG NaCl (100 mM) Berb/22AG KCl (100 mM)

p/bar Kb/M−1 · 105 1 Berb:G4Q p/bar Kb/M−1 · 105 1 Berb:G4Q

1 0.37 ± 0.09 2:1 1 5.9 ± 1.0 2:1
500 0.39 ± 0.07 2:1 500 6.6 ± 0.9 2:1
1000 0.44 ± 0.06 2:1 1000 6.9 ± 0.7 2:1
1500 0.43 ± 0.09 3:1 1500 7.1 ± 0.4 2:1
1900 0.50 ± 0.09 3:1 1900 7.3 ± 0.5 2:1

Berb/RG-1 NaCl (100 mM) Berb/RG-1 KCl (100 mM)

p/bar Kb/M−1 · 105 1 Berb:G4Q p/bar Kb/M−1 · 105 1 Berb:G4Q

1 0.28 ± 0.03 2:1 1 0.14 ± 0.03 2:1
500 0.38 ± 0.05 2:1 500 0.17 ± 0.03 2:1
1000 0.49 ± 0.06 2:1 1000 0.23 ± 0.02 2:1
1500 0.63 ± 0.07 2:1 1500 0.31 ± 0.01 2:1
1900 0.77 ± 0.09 2:1 1900 0.40 ± 0.06 2:1

1 Stoichiometry of the complexes.

For the complex formation between berberine and 22AG in the presence of 100 mM
NaCl, the application of pressure leads to a small increase of Kb, which increases from
0.37 · 105 M−1 at 1 bar to 0.50 · 105 M−1 at the highest pressure applied (1900 bar). A similar
scenario was observed in the presence of K+. Hence, pressure favors complex formation
slightly for the system Berb/22AG in both media. Owing to partial pressure-induced
unfolding, a change in stoichiometry is observed at high pressures in the case of the Na+

containing solution. Surprisingly, application of pressure has a much more prominent
effect in case of the complexation reaction of berberine with the RG-1 quadruplex. In
Na+ containing buffer, the Kb increased from 0.28 · 105 M−1 at 1 bar to 0.77 · 105 M−1 at
1900 bar. A similar situation was observed in the presence of K+, the increase of Kb upon
pressurization being less pronounced compared to that in the presence of Na+, however.

Measurement of the pressure dependence of Kb allows to determine the volume
change accompanying of the binding reaction, ∆Vr, according to [35]:[

dln(Kb)

dp

]
T
= −∆Vr

RT
(1)

∆Vr is defined as the partial molar volume difference between the complex state
(berberine bound to G4Q) and the sum of the partial molar volumes of the ligand and the
G4Q molecule in their uncomplexed state. It is important to note that ∆Vr includes both the
volume change for the binding event itself (including hydration changes) and the volume
change for an accompanying conformational transition, if there is one.

Figure 9 depicts the plots of ln(Kb) vs. p for the complex formation between berberine
and the two different G4Qs in Na+ and K+ containing buffers and reports the ∆Vr values
determined from the slope. The reaction volumes are all negative, indicating that higher
pressures favor the formation of the complex. According to Le Châtelier’s principle, increas-
ing pressure favors the state that occupies the smallest possible volume. Thus, negative
∆Vr values reveal that the partial molar volume of the complex formed by berberine and
the G4Qs is smaller compared to the sum of the partial molar volumes of berberine and the
G4Qs. It is important to note that for the Berb/22AG system, the ∆Vr values are similar and
very small, indicating that the formation of the complex is only slightly favored by pressure.
Conversely, for RG-1, ∆Vr is significantly more negative (~−13 mL mol−1), suggesting that
interaction of berberine with RG-1 leads to a significant compaction of the structure.
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Figure 9. Left: Plots of the natural logarithm of Kb vs. pressure (in bar) for the complex formation
between berberine and 22AG in the presence of 100 mM NaCl (black squares) and 100 mM KCl
(red circles). The pressure dependence of ln(Kb) for the complex formation between berberine and
RG-1 is also shown in the same graph: in the presence of 100 mM NaCl (blue triangles) and in the
presence of 100 mM KCl (reversed green triangles). The evaluation of the reaction volume, ∆Vr, was
determined from the slope of the plots. Right: Reaction volumes, ∆Vr, for the complex formation
between berberine and the G4Qs (22AG and RG-1) for the reported solution conditions (30 mM
Tris-HCl, pH 7.4, with the addition of 100 mM NaCl or 100 mM KCl) at the temperature of 25 ◦C.

3. Discussion

Using a variety of biophysical techniques, a full characterization of the binding ther-
modynamics and the associated conformational and hydration changes upon binding of
berberine to the RNA G4Q RG-1 could be achieved and the data are compared to those of
human telomeric DNA G4Q 22AG. The binding characteristics were explored applying flu-
orescence and circular dichroism spectroscopy as well as isothermal titration calorimetry. In
addition, pressure-dependent experiments were carried out to disentangle the volumetric
properties upon complex formation, which inform about packing and hydration changes.

The reported data indicate that berberine is able to interact with both quadruplexes
and that two berberine molecules are bound to one G4Q. We found that the strength of the
interaction with the telomeric DNA 22AG sequence depends on the initial conformation
adopted by the DNA (antiparallel and hybrid-1 in the presence of Na+ and K+, respectively),
but not in the case of the viral RNA RG-1, which adopts a parallel structure under both
solution conditions. For 22AG, the Kb value was found to be one order of magnitude higher
in the presence of 100 mM KCl (5.9 ± 1.0 × 105 M−1) compared to that in 100 mM NaCl
(3.7 ± 0.9 × 104 M−1). For the RG-1, the binding constants are similar (2.8 ± 0.3 × 104 M−1

in NaCl, 1.48 ± 0.3 × 104 M−1 in KCl) for both solution conditions. These observations can
be rationalized considering that 22AG adopts a different conformation, an antiparallel one
in NaCl and a hybrid-1 one in KCl. Upon berberine binding, 22AG adopts an antiparallel
conformation in the presence of KCl, whereas no marked conformational changes of the
22AG were observed in the presence of NaCl. Thus, the strength of interaction with
berberine is found to depend on the initial conformation of the quadruplex. Conversely,
the RG-1 sequence adopts a parallel conformation in both cases, in the ligand-free and the
ligand-bound state.

Berberine is an aromatic molecule formed by five fused rings (Figure 1), rendering
berberine a rigid molecule that is able to interact with nucleic acid bases via π-stacking
interactions, such as with the G-planes of quadruplexes [23]. The four oxygen atoms of
berberine are capable of forming hydrogen bonds, and the nitrogen atom N7 renders
berberine positively charged, thus being capable to establish electrostatic interactions
with the phosphate groups of the nucleic acids or with the oxygen of the carbonyl group
of guanines.

The Job’s plot data suggest that two berberine molecules are bound to one 22AG that
adopts an antiparallel conformation. In this conformation, one G-plane is surrounded by
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two short loops enriched of thymine residues. Instead, the opposite G-plane has one rigid
loop, only (Figure 1). Thus, the accessibility to the two planes could be different. Another
possibility is that two berberine molecules are bound on the same plane. Such a scenario
has been supported by crystal structure data of the complex formed by berberine and the
tel23 sequence, where it was shown that first a stoichiometry higher than 1:1 is possible and,
secondly, that two berberine molecules can be located on the same plane [24,38]. Which
binding mode prevails in the complex formation process is currently not known.

The RG-1 sequence, instead, adopts a parallel conformation, which is essentially
preserved upon berberine binding, in both salt media. Our data clearly show that also in this
case, two berberine molecules are bound to one quadruplex. For the parallel conformation,
both G-planes are equally accessible. Thus, both possible binding modes, i.e., one berberine
molecule on each plane or two molecules bound to the same plane, are possible.

ITC experiments were carried out to characterize the energetics of complex formation.
Remarkably, it was found that for 22AG, the binding enthalpy is negative in the presence
of Na+ cations, revealing the formation of favorable non-covalent interactions (probably
mainly via π-stacking). Conversely, T∆S◦b is positive, which could be related to the
release of water molecules surrounding the interacting partners upon binding, possibly
compensating a possible loss of conformational entropy of the 22AG molecule upon binding.
In the K+ containing solution, the enthalpy change is positive (Table 1). This could be
the case if formation of non-covalent interactions cannot compensate for an unfavorable
contribution deriving from unbinding of hydration waters upon binding. This would be in
line with the pronounced increase of binding entropy. However, the changes in binding
thermodynamics may also derive from conformational changes upon berberine binding.
In fact, in KCl solution, a conformational change from the hybrid-1 to the antiparallel
conformation takes place upon binding of the ligand. From unfolding experiments, it can
be derived that the enthalpy change for the transition from hybrid-1 to the antiparallel
conformation is positive (~13 kJ mol−1) [39]. Hence, the endothermic enthalpy change
recorded for 22AG in KCl solution could in fact derive from a conformational change of the
G4Q imposed by berberine binding.

Surprisingly, for RG-1 the binding scenario is entirely different. In the K+ containing buffer,
the enthalpy change is strongly negative upon binding of berberine (∆H◦b =−92.2 kJ mol−1),
and also the entropy change upon binding is negative (T∆S◦b =−66.9 kJ mol−1). These results
indicate that the major contribution to the energetics of complex formation is due to enthalpic
stacking interactions established between the G-tetrades of RG-1 and berberine. Upon binding, a
loss of conformational entropy of the quadruplex can justify the negative value of the binding
entropy, which would be consistent with the observed increase of Erel and the small changes
in the CD spectra observed upon complex formation. In the presence of Na+ ions, the scenario
is more intricate. Both the binding enthalpy and entropy are positive (∆H◦b = 75.9 kJ mol−1,
T∆S◦b = 101.3 kJ mol−1). These results are in sharp contrast to the complex formation in KCl
solution, where both thermodynamic parameters take on negative values (∆H◦b =−92.2 kJ mol−1,
T∆S◦b =−66.9 kJ mol−1). Breaking of H-bonds upon release of a significant amount of bound
water molecules upon ligand binding would contribute positively to both the enthalpy and entropy
change. However, a more likely explanation may be found in the details of the conformational
dynamics of RG-1. It was previously shown that not all RG-1 molecules in Na+ solution are fully
folded in a parallel conformation [34]. Single-molecule FRET data are rather consistent with a
significant fraction of (partially) unfolded (~50%) states also being present. Berberine binding
to the (partially) unfolded conformation could in fact lead to a loss of conformational entropy
which is accompanied by a significant release of water molecules, which would be in line with the
thermodynamic signatures observed.

The pressure-axis experiments reported above showed that the binding constant of
berberine to 22AG increases slightly with increasing pressure, which is characterized
by a small negative volume change (~−3 mL mol−1) in both salt solutions. Beyond
several hundred bars, the antiparallel structure of 22AG starts to unfold in Na+ solution.
Interestingly, the binding of berberine strongly stabilizes the antiparallel structure of 22AG
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towards pressure-induced unfolding. Inevitably, the reaction volume reported in Figure 9
should include both the binding volume, ∆Vb, and the conformational transition volume,
∆Vconf, i.e., ∆Vr = ∆Vb + ∆Vconf. The volume change for the conformational change from
the unfolded to the antiparallel conformation can be estimated to be about 56 mL mol−1

(during folding of a G4Q structure, generally a positive volume change is observed [40–43],
which is essentially due to a release of hydration water of nucleic acids and the cations
embedded in the inner canal of the quadruplex structure). Thus, the “pure” binding volume
may be coarsely estimated to be around −59.7 mL mol−1, slightly overcompensating the
positive volume change due to the conformational transition. Further, a change in the
stoichiometry was observed at 1500 and 1900 bar where three berberine molecules are
bound to one 22AG, now. Exposing more potential binding sites upon pressure-induced
unfolding prompts the binding of one additional berberine molecule on average. In the
presence of KCl, the 22AG adopts mainly a hybrid-1 conformation, which is pressure stable.
Upon binding to berberine, the 22AG sequence adopts an antiparallel conformation, which
is also pressure stable, i.e., the complex is also densely packed. In this case, the ∆Vr value
of −2.8 mL mol−1 includes the volume change for the conformational transition from the
hybrid-1 to the antiparallel conformation, which can be estimated to be ~37 mL mol−1 [33].
Thus, the “true” binding volume would be around −39.8 mL mol−1. The overall negative
volume change upon binding may be largely due to release of packing defects of the
quadruplex structure upon binding of the ligand, which is reflected in a high pressure
stability of the complex.

The binding scenario for RG-1 is entirely different. In both salt solutions, the reaction
volume is more negative compared to that observed for 22AG (about−13 mL mol−1). In the
presence of K+, the RG-1 sequence adopts a parallel conformation in both the uncomplexed
and the complexed form, which is pressure stable up to about 2 kbar, pointing to a compact
structure devoid of void volume in both cases. As no significant conformational changes
were observed up binding of berberine, the reaction volume is expected to essentially
reflect the volume change upon binding. The negative binding volume could result from
an increase of hydration (electrostriction effect), which is less likely, or from the release of
packing defects of the G4Q structure upon binding. The negative binding volume and the
negative entropy change observed (T∆S◦b = −66.9 kJ mol−1) would be consistent with a
release of packing defects upon ligand binding, which leads to a more compact and less
flexible structure, being also consistent with an increase of Erel upon ligand binding. The
thermodynamic parameters of complex formation in the presence of Na+ are quite different.
As previously reported, the RG-1 structure in Na+ solution is not exclusively folded in
a parallel conformation; other conformational states (unfolded or partially folded) are
populated as well. For this system, the entropy change upon berberine binding is positive,
indicating a significant release of structured water. Since a decrease of hydration should
contribute positively to ∆Vr, other explanations need to be invoked to explain the overall
negative value of ∆Vr. Most likely, again, compaction of the RG-1 structure upon ligand
binding leads to the observed negative value of ∆Vr, which would also be consistent with
the small changes seen in the CD spectra upon ligand binding.

4. Materials and Methods
4.1. Materials

The sequences forming the quadruplexes were purchased from GenScript (Leiden, The
Netherlands). In this study, two quadruplex sequences were used: the human telomeric
DNA with the sequence GGGTTAGGGTTAGGGTTAGGG (22AG) and the SARS-CoV-2
RNA with the sequence GGCUGGCAAUGGCGG (RG-1). The labeled sequences employed
for the FRET experiments were labeled with carboxyfluorescein (FAM) in 5′ and 5-(and-6)-
carboxytetramethylrhodamine (TAMRA) in position 3′ and were purchased from GenScript.
Tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl), dimethyl sulfoxide (DMSO),
and the salts sodium chloride (NaCl) and potassium chloride (KCl) were purchased from
Sigma Aldrich Chemicals (Merck, Darmstadt, Germany). The fluorescent compound
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berberine chloride (Berb) was also purchased from Sigma Aldrich Chemicals (Merck,
Darmstadt, Germany). All the chemicals were used without further purification.

4.2. Sample Preparation

The pressure stable Tris-HCl buffer was used at the concentration of 30 mM, pH 7.4,
with the addition of 100 mM NaCl or KCl. Concentrated stock solutions of 22AG and RG-1
quadruplexes were prepared by dissolving them in the appropriate Tris-HCl buffer (with
NaCl or KCl). Their concentrations were determined by using the extinction coefficients
ε(260) of 228,500 M−1 cm−1 for 22AG and 143,800 M−1 cm−1 for RG-1, respectively [44,45].
The absorbance was evaluated at the temperature of 90 ◦C (where the sequences are
completely unfolded) by using a Shimadzu UV-1800 spectrometer (Shimadzu Corporation,
Tokyo, Japan) and employing a 1-cm quartz cuvette (volume of 3 mL). The concentrated
stock solution of berberine (50 mM) was prepared in dimethyl sulfoxide (DMSO). Its
concentration was evaluated by diluting it in water and measuring its absorbance at
421 nm, using the extinction coefficient of 4209 M−1 cm−1 [46]. Since DMSO can affect
nucleic acid structures [47], its concentration never exceeded 0.6 vol% in all experiments.

4.3. UV/Vis Spectrometry

UV/Vis spectra of berberine solutions, at a concentration of 250 µM, in the absence
and in the presence of 22AG or RG-1 were recorded by means of a UV-1800 spectrometer
from Shimadzu Corporation (Tokyo, Japan) at the temperature of 25 ◦C using a 0.3 cm path
length quartz cuvette (final volume 60 µL) in the range 350–550 nm. The concentration of
the G4Qs were varied between 0 and 150 µM. Tris-HCl buffer, 30 mM, pH 7.4, with the
addition of 100 mM NaCl or KCl was used.

4.4. Steady-State Fluorescence Spectroscopy

The formation of the complex between berberine and the G4Qs (22AG and RG-1) was
followed by means of fluorescence spectroscopy since berberine is almost non-fluorescent
when dissolved in solution, whereas a strong fluorescence enhancement is observed upon
binding to G4Qs. All the titration experiments were performed by using a K2 fluorimeter
from ISS (Champaign, IL, USA). Briefly, a solution of berberine, at the concentration of
15 µM, was titrated with a solution of 22AG or RG-1 in the concentration range 0–40 µM.
The excitation wavelength was set to 443 nm and the fluorescence intensity was collected at
536 nm, which is the position of the emission maximum in all cases. The monochromator
slits were set to 16 nm for both the excitation and the emission. The temperature was set to
25 ◦C. For the high hydrostatic pressure (HHP) experiments, a high-pressure cell system
from ISS and quartz cuvettes were used. The pressure was controlled by means of a manual
pump and water was used as pressurizing fluid. The pressure points explored were 1, 500,
1000, 1500, and 1900 bar. Briefly, the samples were loaded in a pressure resistant quartz
cuvette, sealed with DuraSeal™ laboratory stretch film and placed into the high-pressure
cell. To determine the binding constant, Kb, a ∆F was plotted vs. the total 22AG or RG-
1 concentration. Here, ∆F = F − F0, where F and F0 are the fluorescence intensities of
berberine in the presence and in the absence of G4Qs, respectively. The data were fitted
with an n equivalent and independent binding sites model. For modeling details, please
refer to [30].

4.5. Job’s Plot

In order to evaluate the stoichiometry of the complex formed, the continuous vari-
ation method (or Job’s plot) was employed [26,48]. To this end, a series of solutions of
berberine and G4Qs (22AG or RG-1) were prepared in both media (Na+ and K+ containing
buffers). The total concentration ([Berb] + [G4Q]) was 80 µM, 60 µM, 60 µM, and 50 µM for
22AG/Berb in the presence of NaCl, for 22AG/Berb in the presence of KCl, for RG-1/Berb
in the presence of NaCl, and for RG-1/Berb in the presence of KCl, respectively. The mole
fraction of berberine, xBerb, was varied between 0.1 and 1.0. Fluorescence intensities were
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recorded at 536 nm upon excitation at 443 nm. All the experiments were performed at
T = 25 ◦C and ambient pressure (1 bar). For the system 22AG/Berb in NaCl buffer, the
experiments were also performed at high pressure (500, 1000, 1500, and 1900 bar).

4.6. Fluorescence Resonance Energy Transfer

Fluorescence resonance energy transfer (FRET) experiments were performed in order
to determine the conformational behavior of the G4Qs under pressure (pressure range:
1–2000 bar), in the absence and in the presence of berberine. For these experiments, labelled
22AG and RG-1 were used. Briefly, solutions of labelled 22AG at the concentration of 2 µM
in the absence and in the presence of 200 µM berberine were prepared. The excitation
wavelength was set to 490 nm. The fluorescence emission was recorded in the range
500–650 nm. The experiments were carried out in 30 mM Tris–HCl, pH 7.4, and in the same
buffer containing 100 mM NaCl or 100 mM KCl at T = 25 ◦C. The relative FRET efficiency,
Erel, was calculated by using the relation Erel = IA/(IA + ID) [49]. In this equation, ID and
IA are the fluorescence intensities at the maximum of the donor (FAM) and the acceptor
(TAMRA), respectively.

4.7. Circular Dichroism Spectroscopy

Circular dichroism (CD) spectroscopy was employed to study the conformations
adopted by 22AG and RG-1 in the different solutions and upon binding to berberine at
ambient pressure. CD spectra were recorded by means of a Jasco J-715 spectropolarimeter
(Jasco Corporation, Tokyo, Japan) at the temperature of 25 ◦C. The path length of the cuvette
was 0.1 cm. The spectra were acquired in the spectra range between 230 nm and 330 nm.
The reported spectra represent the results of 3 accumulations. The concentrations of 22AG
and RG-1 were 30 µM, and the concentration of berberine was 300 µM. The following
instrumental parameters were used: scan rate 50 nm min−1, band width 5 nm band, and
response time 2 s. For each sample, a blank (buffer with and without berberine) was
recorded and subtracted. All the reported spectra were first converted from millidegrees
to absorbance. Then, the absorbance was normalized per single strand concentration and
path length, yielding ∆ε (M−1 cm−1).

4.8. Isothermal Titration Calorimetry

Isothermal titration calorimetry (ITC) was performed to measure the standard enthalpy
of binding (∆H◦b). The measurements were carried out by means of a Nano ITC-III from
TA Instruments (New Castle, DE, USA). All the experiments were carried out at T = 25 ◦C.
Briefly, for the experiments carried out in the presence of KCl, a solution of 70 µM 22AG
was injected into the calorimeter vessel (volume of 961 µL) where a solution of 80 µM
berberine was placed. To determine the enthalpy of binding of 22AG in the presence of
NaCl or RG1 in the presence of NaCl or KCl, a 150 µM berberine solution was titrated
with an oligonucleotide solution at the concentration of 100 µM. In all cases, the injection
volume was 15 µL. To ensure appropriate mixing of the solutions, a stirring speed of 250
rpm was applied. The heat of dilutions of the G4Qs were determined by injecting the G4Q
solutions into the calorimeter vessel where the appropriate buffer without berberine was
placed. The heat peaks obtained from the titration experiments were integrated by means
of the NanoAnalyze software (TA Instruments, New Castle, DE, USA, software version:
3.11.0) supplied with the instruments. The heat peaks were normalized by the moles of
bound G4Qs and are reported in kJ mol−1.

5. Conclusions

We demonstrated that berberine, a broad-spectrum antiviral compound, which is also
effective against SARS-CoV-2, binds effectively to both DNA and viral RNA quadruplexes
via π-π stacking and possibly also via cation-π and cation-lone pair (-CO) interaction of
the positively charged N7 atom of berberine with the G-quadruplex plane. The reported
data show that berberine interacts readily with both quadruplexes and that two berberine
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molecules are bound to one G4Q in both cases. Considerable differences were observed
for the interaction of berberine with DNA-G4Q 22AG and RNA-G4Q RG-1. The two
G-quadruplex structures adopt different topologies, and we found that the strength of
interaction with the human telomeric DNA-G4Q 22AG sequence depends on the initial
conformation of the nucleic acid, which is not the case for viral RNA RG-1. Next to
changes in quadruplex structure for 22AG in KCl solution, minor local changes in the
conformational dynamics were seen upon berberine binding. Generally, upon complex
formation, a compaction of the G4Q structure is noticed and, where present, the population
of (partially) unfolded states vanishes. The present study may be useful for the development
of new antiviral drugs based on the berberine structure. Further, the results obtained
may serve as a starting point for the development of modified berberine molecules that
can bind to RG-1 with higher selectivity. To this end, further studies (e.g., a structural
characterization by NMR and molecular dynamics simulations with atomic resolution) are
needed to unravel the complex binding mechanism in more detail. These studies will be
essential to highlight the differences in the binding mode of berberine with 22AG and to
understand the molecular determinants that can be used to make berberine more selective
for RG-1.

Supplementary Materials: Supplementary materials can be found at https://www.mdpi.com/
article/10.3390/ijms23105690/s1. Reference [50] is cited in the Supplementary Materials.

Author Contributions: Conceptualization, R.O., L.P. and R.W.; methodology, R.O., L.P., P.D.V. and
R.W.; software, S.M., M.M. and M.C.; formal analysis, R.O., S.M., M.M. and M.C.; investigation, R.O.,
S.M., M.M. and M.C.; data curation, R.O., S.M., M.M. and M.C.; writing—original draft preparation,
R.O. and R.W.; writing—review and editing, R.O., L.P., P.D.V. and R.W.; supervision, R.O., L.P.
and R.W.; funding acquisition, R.W. All authors have read and agreed to the published version of
the manuscript.

Funding: This project received funding from the European Union’s Horizon 2020 research and inno-
vation programme under the Marie Skłodowska-Curie grant agreement No 801459—FP-RESOMUS
and was funded by the Deutsche Forschungsgemeinschaft (DFG) under Germany’s Excellence
Strategy—EXC 2033—390677874—RESOLV.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Synowiec, A.; Szczepański, A.; Barreto-Duran, E.; Lie, L.K.; Pyrc, K. Severe Acute Respiratory Syndrome Coronavirus 2

(SARS-CoV-2): A Systemic Infection. Clin. Microbiol. Rev. 2021, 34, e00133-20. [CrossRef] [PubMed]
2. Yang, Y.; Xiao, Z.; Ye, K.; He, X.; Sun, B.; Qin, Z.; Yu, J.; Yao, J.; Wu, Q.; Bao, Z.; et al. SARS-CoV-2: Characteristics and current

advances in research. Virol. J. 2020, 17, 117. [CrossRef] [PubMed]
3. Ashraf, U.M.; Abokor, A.A.; Edwards, J.M.; Waigi, E.W.; Royfman, R.S.; Hasan, S.A.-M.; Smedlund, K.B.; Hardy, A.M.G.;

Chakravarti, R.; Koch, L.G. SARS-CoV-2, ACE2 expression, and systemic organ invasion. Physiol. Genom. 2021, 53, 51–60.
[CrossRef] [PubMed]

4. Gil, C.; Ginex, T.; Maestro, I.; Nozal, V.; Barrado-Gil, L.; Cuesta-Geijo, M.; Urquiza, J.; Ramírez, D.; Alonso, C.; Campillo, N.E.; et al.
COVID-19: Drug Targets and Potential Treatments. J. Med. Chem. 2020, 63, 12359–12386. [CrossRef] [PubMed]

5. Shamsi, A.; Mohammad, T.; Anwar, S.; Amani, S.; Khan, M.S.; Husain, F.M.; Rehman, T.; Islam, A.; Hassan, I. Potential drug
targets of SARS-CoV-2: From genomics to therapeutics. Int. J. Biol. Macromol. 2021, 177, 1–9. [CrossRef]

6. Zhang, Y.; Geng, X.; Tan, Y.; Li, Q.; Xu, C.; Xu, J.; Hao, L.; Zeng, Z.; Luo, X.; Liu, F.; et al. New understanding of the damage of
SARS-CoV-2 infection outside the respiratory system. Biomed. Pharmacother. 2020, 127, 110195. [CrossRef]

7. Su, H.; Zhou, F.; Huang, Z.; Ma, X.; Natarajan, K.; Zhang, M.; Huang, Y.; Su, H. Molecular Insights into Small-Molecule Drug
Discovery for SARS-CoV-2. Angew. Chem. Int. Ed. 2021, 60, 9789–9802. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms23105690/s1
https://www.mdpi.com/article/10.3390/ijms23105690/s1
http://doi.org/10.1128/CMR.00133-20
http://www.ncbi.nlm.nih.gov/pubmed/33441314
http://doi.org/10.1186/s12985-020-01369-z
http://www.ncbi.nlm.nih.gov/pubmed/32727485
http://doi.org/10.1152/physiolgenomics.00087.2020
http://www.ncbi.nlm.nih.gov/pubmed/33275540
http://doi.org/10.1021/acs.jmedchem.0c00606
http://www.ncbi.nlm.nih.gov/pubmed/32511912
http://doi.org/10.1016/j.ijbiomac.2021.02.071
http://doi.org/10.1016/j.biopha.2020.110195
http://doi.org/10.1002/anie.202008835


Int. J. Mol. Sci. 2022, 23, 5690 19 of 20

8. 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. 2021, 60, 432–438. [CrossRef]

9. Sreeramulu, S.; Richter, C.; Berg, H.; Martin, M.A.W.; Ceylan, B.; Matzel, T.; Adam, J.; Altincekic, N.; Azzaoui, K.; Bains, J.K.; et al.
Exploring the Druggability of Conserved RNA Regulatory Elements in the SARS-CoV-2 Genome. Angew. Chem. Int. Ed. 2021, 60,
19191–19200. [CrossRef]

10. Bezzi, G.; Piga, E.; Binolfi, A.; Armas, P. CNBP Binds and Unfolds In Vitro G-Quadruplexes Formed in the SARS-CoV-2 Positive
and Negative Genome Strands. Int. J. Mol. Sci. 2021, 22, 2614. [CrossRef]

11. Varshney, D.; Spiegel, J.; Zyner, K.; Tannahill, D.; Balasubramanian, S. The regulation and functions of DNA and RNA G-
quadruplexes. Nat. Rev. Mol. Cell Biol. 2020, 21, 459–474. [CrossRef]

12. Dumas, L.; Herviou, P.; Dassi, E.; Cammas, A.; Millevoi, S. G-Quadruplexes in RNA Biology: Recent Advances and Future
Directions. Trends Biochem. Sci. 2021, 46, 270–283. [CrossRef]

13. Rhodes, D.; Lipps, H.J. G-quadruplexes and their regulatory roles in biology. Nucleic Acids Res. 2015, 43, 8627–8637. [CrossRef]
14. Takahashi, S.; Kotar, A.; Tateishi-Karimata, H.; Bhowmik, S.; Wang, Z.-F.; Chang, T.-C.; Sato, S.; Takenaka, S.; Plavec, J.;

Sugimoto, N. Chemical Modulation of DNA Replication along G-Quadruplex Based on Topology-Dependent Ligand Binding.
J. Am. Chem. Soc. 2021, 143, 16458–16469. [CrossRef]

15. Takahashi, S.; Sugimoto, N. Watson–Crick versus Hoogsteen Base Pairs: Chemical Strategy to Encode and Express Genetic
Information in Life. Acc. Chem. Res. 2021, 54, 2110–2120. [CrossRef]

16. Mitteaux, J.; Lejault, P.; Wojciechowski, F.; Joubert, A.; Boudon, J.; Desbois, N.; Gros, C.P.; Hudson, R.H.E.; Boulé, J.-B.;
Granzhan, A.; et al. Identifying G-Quadruplex-DNA-Disrupting Small Molecules. J. Am. Chem. Soc. 2021, 143, 12567–12577.
[CrossRef]

17. Sugimoto, N. Chemistry and Biology of Non-Canonical Nucleic Acids, 1st ed.; Wiley: Hoboken, NJ, USA, 2020; ISBN 978-3-527-81786-3.
18. Belmonte-Reche, E.; Serrano-Chacón, I.; Gonzalez, C.; Gallo, J.; Bañobre-López, M. Potential G-quadruplexes and i-Motifs in the

SARS-CoV-2. PLoS ONE 2021, 16, e0250654. [CrossRef]
19. Liu, G.; Du, W.; Sang, X.; Tong, Q.; Wang, Y.; Chen, G.; Yuan, Y.; Jiang, L.; Cheng, W.; Liu, D.; et al. RNA G-quadruplex in

TMPRSS2 reduces SARS-CoV-2 infection. Nat. Commun. 2022, 13, 1444. [CrossRef]
20. Wang, Z.; Li, K.; Maskey, A.R.; Huang, W.; Toutov, A.A.; Yang, N.; Srivastava, K.; Geliebter, J.; Tiwari, R.; Miao, M.; et al. A small

molecule compound berberine as an orally active therapeutic candidate against COVID-19 and SARS: A computational and
mechanistic study. FASEB J. 2021, 35, e21360. [CrossRef]

21. Varghese, F.; van Woudenbergh, E.; Overheul, G.; Eleveld, M.; Kurver, L.; van Heerbeek, N.; van Laarhoven, A.; Miesen, P.;
Hartog, G.D.; de Jonge, M.; et al. Berberine and Obatoclax Inhibit SARS-CoV-2 Replication in Primary Human Nasal Epithelial
Cells In Vitro. Viruses 2021, 13, 282. [CrossRef]

22. Miclot, T.; Hognon, C.; Bignon, E.; Terenzi, A.; Marazzi, M.; Barone, G.; Monari, A. Structure and Dynamics of RNA Guanine
Quadruplexes in SARS-CoV-2 Genome. Original Strategies against Emerging Viruses. J. Phys. Chem. Lett. 2021, 12, 10277–10283.
[CrossRef]

23. Arora, A.; Balasubramanian, C.; Kumar, N.; Agrawal, S.; Ojha, R.P.; Maiti, S. Binding of Berberine to Human Telomeric
Quadruplex—Spectroscopic, Calorimetric and Molecular Modeling Studies: Telomeric Quadruplex-Berberine Interaction. FEBS J.
2008, 275, 3971–3983. [CrossRef]

24. Bazzicalupi, C.; Ferraroni, M.; Bilia, A.R.; Scheggi, F.; Gratteri, P. The crystal structure of human telomeric DNA complexed with
berberine: An interesting case of stacked ligand to G-tetrad ratio higher than 1:1. Nucleic Acids Res. 2013, 41, 632–638. [CrossRef]

25. Sharma, N.K.; Lunawat, P.; Dixit, M. Binding Studies of Natural Product Berberine with DNA G-Quadruplex. Am. J. Biochem.
Biotechnol. 2011, 7, 130–134. [CrossRef]

26. Connors, K.A. Binding Constants: The Measurement of Molecular Complex Stability; Wiley: New York, NY, USA, 1987; ISBN 978-0-471-83083-2.
27. Ulatowski, F.; Dabrowa, K.; Bałakier, T.; Jurczak, J. Recognizing the Limited Applicability of Job Plots in Studying Host–Guest

Interactions in Supramolecular Chemistry. J. Org. Chem. 2016, 81, 1746–1756. [CrossRef]
28. Zhang, W.-J.; Ou, T.-M.; Lu, Y.-J.; Huang, Y.-Y.; Wu, W.-B.; Huang, Z.-S.; Zhou, J.-L.; Wong, K.-Y.; Gu, L.-Q. 9-Substituted berberine

derivatives as G-quadruplex stabilizing ligands in telomeric DNA. Bioorganic Med. Chem. 2007, 15, 5493–5501. [CrossRef]
29. Wickhorst, P.; Ihmels, H. Berberrubine Phosphate: A Selective Fluorescent Probe for Quadruplex DNA. Molecules 2021, 26, 2566.

[CrossRef]
30. Oliva, R.; Banerjee, S.; Cinar, H.; Ehrt, C.; Winter, R. Alteration of Protein Binding Affinities by Aqueous Two-Phase Systems

Revealed by Pressure Perturbation. Sci. Rep. 2020, 10, 8074. [CrossRef]
31. Del Villar-Guerra, R.; Trent, J.O.; Chaires, J.B. G-Quadruplex Secondary Structure Obtained from Circular Dichroism Spectroscopy.

Angew. Chem. Int. Ed. 2018, 57, 7171–7175. [CrossRef]
32. Kelly, S.M.; Jess, T.J.; Price, N.C. How to study proteins by circular dichroism. Biochim. Biophys. Acta (BBA) Proteins Proteom. 2005,

1751, 119–139. [CrossRef]
33. 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]
34. Mukherjee, S.K.; Knop, J.; Winter, R. Modulation of the Conformational Space of SARS-CoV-2 RNA Quadruplex RG-1 by Cellular

Components and the Amyloidogenic Peptides α-Synuclein and hIAPP. Chem. A Eur. J. 2022, 28, e202104182. [CrossRef] [PubMed]

http://doi.org/10.1002/anie.202011419
http://doi.org/10.1002/anie.202103693
http://doi.org/10.3390/ijms22052614
http://doi.org/10.1038/s41580-020-0236-x
http://doi.org/10.1016/j.tibs.2020.11.001
http://doi.org/10.1093/nar/gkv862
http://doi.org/10.1021/jacs.1c05468
http://doi.org/10.1021/acs.accounts.0c00734
http://doi.org/10.1021/jacs.1c04426
http://doi.org/10.1371/journal.pone.0250654
http://doi.org/10.1038/s41467-022-29135-5
http://doi.org/10.1096/fj.202001792R
http://doi.org/10.3390/v13020282
http://doi.org/10.1021/acs.jpclett.1c03071
http://doi.org/10.1111/j.1742-4658.2008.06541.x
http://doi.org/10.1093/nar/gks1001
http://doi.org/10.3844/ajbbsp.2011.132.137
http://doi.org/10.1021/acs.joc.5b02909
http://doi.org/10.1016/j.bmc.2007.05.050
http://doi.org/10.3390/molecules26092566
http://doi.org/10.1038/s41598-020-65053-6
http://doi.org/10.1002/anie.201709184
http://doi.org/10.1016/j.bbapap.2005.06.005
http://doi.org/10.1038/s41598-021-89215-2
http://www.ncbi.nlm.nih.gov/pubmed/33958702
http://doi.org/10.1002/chem.202104182
http://www.ncbi.nlm.nih.gov/pubmed/34882862


Int. J. Mol. Sci. 2022, 23, 5690 20 of 20

35. Oliva, R.; Jahmidi-Azizi, N.; Mukherjee, S.; Winter, R. Harnessing Pressure Modulation for Exploring Ligand Binding Reac-tions
in Cosolvent Solutions. J. Phys. Chem. B 2021, 125, 539–546. [CrossRef] [PubMed]

36. De Rache, A.; Mergny, J.-L. Assessment of selectivity of G-quadruplex ligands via an optimised FRET melting assay. Biochimie
2015, 115, 194–202. [CrossRef] [PubMed]

37. Gray, R.D.; Trent, J.O.; Chaires, J.B. Folding and Unfolding Pathways of the Human Telomeric G-Quadruplex. J. Mol. Biol. 2014,
426, 1629–1650. [CrossRef]

38. Moraca, F.; Amato, J.; Ortuso, F.; Artese, A.; Pagano, B.; Novellino, E.; Alcaro, S.; Parrinello, M.; Limongelli, V. Ligand binding
to telomeric G-quadruplex DNA investigated by funnel-metadynamics simulations. Proc. Natl. Acad. Sci. USA 2017, 114,
E2136–E2145. [CrossRef]

39. Chaires, J.B. Human Telomeric G-Quadruplex: Thermodynamic and Kinetic Studies of Telomeric Quadruplex Stability: Te-lomeric
Quadruplex Stability. FEBS J. 2010, 277, 1098–1106. [CrossRef]

40. Fan, H.Y.; Shek, Y.L.; Amiri, A.; Dubins, D.N.; Heerklotz, H.; Macgregor, J.R.B.; Chalikian, T.V. Volumetric Characterization of
Sodium-Induced G-Quadruplex Formation. J. Am. Chem. Soc. 2011, 133, 4518–4526. [CrossRef]

41. Son, I.; Shek, Y.L.; Dubins, D.N.; Chalikian, T.V. Hydration Changes Accompanying Helix-to-Coil DNA Transitions. J. Am. Chem.
Soc. 2014, 136, 4040–4047. [CrossRef]

42. Chalikian, T.V.; Macgregor, R.B. On empirical decomposition of volumetric data. Biophys. Chem. 2019, 246, 8–15. [CrossRef]
43. Liu, L.; Scott, L.; Tariq, N.; Kume, T.; Dubins, D.N.; Macgregor, R.B.; Chalikian, T.V. Volumetric Interplay between the Con-

formational States Adopted by Guanine-Rich DNA from the c-MYC Promoter. J. Phys. Chem. B 2021, 125, 7406–7416. [CrossRef]
44. Mohanty, J.; Barooah, N.; Dhamodharan, V.; Harikrishna, S.; Pradeepkumar, P.I.; Bhasikuttan, A.C. Thioflavin T as an Efficient

Inducer and Selective Fluorescent Sensor for the Human Telomeric G-Quadruplex DNA. J. Am. Chem. Soc. 2013, 135, 367–376.
[CrossRef]

45. Kibbe, W.A. OligoCalc: An online oligonucleotide properties calculator. Nucleic Acids Res. 2007, 35, W43–W46. [CrossRef]
46. Díaz, M.S.; Freile, M.L.; Gutiérrez, M.I. Solvent effect on the UV/Vis absorption and fluorescence spectroscopic properties of

berberine. Photochem. Photobiol. Sci. 2009, 8, 970–974. [CrossRef]
47. Lee, J.; Vogt, C.E.; McBrairty, M.; Al-Hashimi, H.M. Influence of Dimethylsulfoxide on RNA Structure and Ligand Binding. Anal.

Chem. 2013, 85, 9692–9698. [CrossRef]
48. Oliva, R.; Battista, F.; Cozzolino, S.; Notomista, E.; Winter, R.; Del Vecchio, P.; Petraccone, L. Encapsulating properties of

sulfobutylether-β-cyclodextrin toward a thrombin-derived antimicrobial peptide. J. Therm. Anal. Calorim. 2019, 138, 3249–3256.
[CrossRef]

49. Patra, S.; Schuabb, V.; Kiesel, I.; Knop, J.-M.; Oliva, R.; Winter, R. Exploring the effects of cosolutes and crowding on the volumetric
and kinetic profile of the conformational dynamics of a poly dA loop DNA hairpin: A single-molecule FRET study. Nucleic Acids
Res. 2019, 47, 981–996. [CrossRef]

50. Brynn Hibbert, D.; Thordarson, P. The Death of the Job Plot, Transparency, Open Science and Online Tools, Uncertainty Estimation
Methods and Other Developments in Supramolecular Chemistry Data Analysis. Chem. Commun. 2016, 52, 12792–12805. [CrossRef]

http://doi.org/10.1021/acs.jpcb.0c10212
http://www.ncbi.nlm.nih.gov/pubmed/33430595
http://doi.org/10.1016/j.biochi.2015.06.002
http://www.ncbi.nlm.nih.gov/pubmed/26079222
http://doi.org/10.1016/j.jmb.2014.01.009
http://doi.org/10.1073/pnas.1612627114
http://doi.org/10.1111/j.1742-4658.2009.07462.x
http://doi.org/10.1021/ja110495c
http://doi.org/10.1021/ja5004137
http://doi.org/10.1016/j.bpc.2018.12.005
http://doi.org/10.1021/acs.jpcb.1c04075
http://doi.org/10.1021/ja309588h
http://doi.org/10.1093/nar/gkm234
http://doi.org/10.1039/b822363g
http://doi.org/10.1021/ac402038t
http://doi.org/10.1007/s10973-019-08609-7
http://doi.org/10.1093/nar/gky1122
http://doi.org/10.1039/C6CC03888C

	Introduction 
	Results 
	Binding of Berberine to 22AG and RG-1 at Different Solution Conditions 
	The Conformational Behavior of 22AG and RG-1 in Complex with Berberine 
	Probing Volumetric and Hydration Properties upon Complex Formation between Berberine and G4Qs Using Pressure Modulation Spectroscopy 

	Discussion 
	Materials and Methods 
	Materials 
	Sample Preparation 
	UV/Vis Spectrometry 
	Steady-State Fluorescence Spectroscopy 
	Job’s Plot 
	Fluorescence Resonance Energy Transfer 
	Circular Dichroism Spectroscopy 
	Isothermal Titration Calorimetry 

	Conclusions 
	References

