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ABSTRACT: Guanine quadruplex (G4) structures in the viral genome have a key role
in modulating viruses’ biological activity. While several DNA G4 structures have been
experimentally resolved, RNA G4s are definitely less explored. We report the first
calculated G4 structure of the RG-1 RNA sequence of SARS-CoV-2 genome, obtained
by using a multiscale approach combining quantum and classical molecular modeling
and corroborated by the excellent agreement between the corresponding calculated and
experimental circular dichroism spectra. We prove the stability of the RG-1 G4
arrangement as well as its interaction with G4 ligands potentially inhibiting viral protein

translation.

At the end of 2019, a sudden outbreak of Severe Acute
Respiratory Syndrome (SARS) developed in mainland
China' and further spread worldwide, obliging the World
Health Organization (WHO) to declare the emergence of a
pandemic in March 2020. The syndrome is caused by a novel
coronavirus, SARS-CoV-2, and has been styled COVID-19.>3
Despite the relatively low mortality, SARS-CoV-2 is highly
contagious, and COVID-19 can evolve into severe forms
necessitating critical care. Hence, COVID-19 is causing a
considerable strain on healthcare systems, requiring unprece-
dented large-scale social distancing and containment measures,
including full lock-downs. Even though vaccines have been
promptly developed and released,” including the emergent
mRNA (mRNA) technology,S COVID-19 is still raging
worldwide as of summer 2021, pushed by the emergence of
more contagious viral strains, such as the A variant, which has
become notably dominant in Europe and the United States.
The harmful effects of COVID-19 are also aggravated by the
fact that no clearly efficient and safe antiviral agent has been
proposed for large-scale use. Indeed, while some nucleoside
analogues, including Remdesivir, have shown high antiviral
efficiency in vitro and in vivo, related side-effects strongly
hamper their diffusion.’ In parallel to the mobilization of the
medicinal chemistry community,” several structural biology® as
well as molecular modeling and simulation” groups have
produced an unprecedented effort, which has allowed the
resolution and characterization of the main SARS-CoV-2
structural and nonstructural proteins.

The rather complex organization of the viral genome, also in
the case of RNA viruses, has been recently highlighted and
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related to their biological functions. In particular, the presence
of guanine-quadruplexes (G4) arrangements has been
spotlighted.’

G4 arrangements are common in guanine-rich regions and
are achieved by a superposition of planes composed of four
guanines (tetrads) which are stabilized by the formation of
Hoogsten-type hydrogen bond and by the interaction with
cations placed in the central canal.'"'> G4s have been recently
associated with important roles,">™'° such as the protection of
telomeric regions in DNA'® and the control of gene
expression, and have also been highlighted in viruses.'” The
presence of quadruplexes’ folding may preserve the viral
genetic material, avoiding its recognition by the immune
system. On the other hand, it has been shown that an
overstabilization of G4s may inhibit the translation of viral
proteins by the cellular apparatus. In the case of SARS-type
coronaviruses, it has also been shown that the highly conserved
SARS unique domain (SUD), used to sequestrate pro-
apoptotic cellular mRNA sequences, is maintained in its active
dimeric form by the interaction with G4 RNA sequences. *~*°
In fact, while SARS-CoV-2 genome is to some extent less
prone to arrange in quadruplexes, compared to other viruses
such as Zika,”' four putative G4 sequences have been recently
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GGGCGGTGTGGG GG
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9

Figure 1. (A) Alignment of RG-1 sequence with a synthetic construct from HIV-1 genome (2N4Y) and two Homo sapiens DNA G4s sequences
(6TS1 and SI2 V). (B) Side view of the structure of the G4 DNA from PDB 6T51 and (C) of the reconstructed RG-1. The stabilizing K* ions,

which are included in the simulation, are represented in purple.

evidenced by Zhao et al.”> In particular the so-called RG-1
sequence, located in the nucleocapsid (N) protein coding
region, has been characterized using electronic circular
dichroism (ECD). The presence of G4s in infected living
cells has also been confirmed, and their stabilization by ligands
can induce the downregulation of their expression, impairing
the maturation and infectivity of viral proteins, hence paving
the way to appealing therapeutic strategies.

Despite the importance of RNA G4 in the biological cycle of
viruses like SARS-CoV-2, their structural characterization
usually remains elusive. This is also underlined by the relative
scarce number of RNA G4 structures that have been resolved,
especially compared to their DNA counterparts. At the same
time, the high ECD sensitivity to secondary structure
rearrangements allows achieving a molecular resolution giving
access to all the subtle structural factors that may be crucial in
driving the possible interactions with external ligands. In this
Letter, we study the RG-1 sequence through a combination of
multiple sequence alignment, homology modeling, classical
molecular dynamics (MD), and hybrid quantum mechanics/
molecular mechanics (QM/MM), in order to disentangle all
the structural factors associated with the G4 conformations,
and by comparing the time-dependent density functional
theory (TD-DFT) simulated ECD spectrum with the
experimental one by Zhao et al*® The full computational
strategy of our multiscale approach can be found in the
Supporting Information.

The structure of RG-1 was predicted from a multiple
sequence alignment with three DNA G4 sequences corre-
sponding to exgerimental structures (PDB codes 2N4Y,**
6T51,%° 512V).”° The RG-1 structural model exhibits a parallel
G4 composed of two superposed tetrads (see Figure 1).
Interestingly, we can also evidence that, in addition to the G4
core, a rather large nonstructured loop, composed of adenines
and cytosines, is also present as a linker to the guanines
involved in the tetrad. The same loop is also present on the
human DNA G4 used as template (PDB 6T51) (see Figure
1B). Three independent 1 ps MD trajectories of the RG-1 G4
model solvated in a periodic box of TIP3P water”” have been
run using the amber f99 force field including the parmbsc0*®
and the yOL3* corrections to take into account the specific
RNA features. In addition simulations performed modeling the
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nucleic acid with the bscl corrections,***° i.e., with force field
specifically designed for DNA, have also been performed. All
the simulations have been carried out with the NAMD code.’’
For sake of clarity, the results of all the replicas are collected in
Table 1, in the form of average and standard deviation of the
most crucial structural parameters. The time series of the same
parameters are also presented in Figure 2 for the first replica
while the other two, which exhibit identical trends, can be
found in the Supporting Information.

From our MD simulations, the RG-1 tetrad core is extremely
stable and experiences only slight vibrational deformation (see

Table 1. Average and Standard Deviation of the Main
Structural Parameters for the RG-1 Simulations in the
Three Replicas”

replica 1 replica 2 replica 3

RMSD nucleic 4.66 + 1.00 5.46 + 1.07 S5.79 £ 1.07
A)
RMSD tetrads 1.63 + 0.33 1.71 + 0.24 1.81 + 0.33
A)
tet(l;gc)‘l distance 3.43 + 0.086 3.46 + 0.08 3.46 + 0.10
Q (deg) 31.16 + 242 31.30 + 2.53 31.13 + 2.44
a Tetrad
Oci1.g1s (deg) 89.95 + 4.29 92.70 + 4.89 91.36 + 4.43
Ocircis (deg) 88.96 + 432 89.03 + 4.80 90.64 + 5.17
Ocs.ciy (deg) 89.14 + 444 8945 + 4.49 89.07 + 4.39
Ocs.cre (deg) 9280 + 409  89.88 + 4.24 90.21 + 4.62
0 1o (deg) 170.15 + 5.81 17026 £ 571 169.73 + 6.76
0'c1c1 (deg) 167.97 + 6.82 165.98 + 7.76 165.88 + 8.59
p Tetrad

0.6 (deg) 88.50 + 398  90.94 + 4.67 89.48 + 424
Ocia.G1s (deg) 89.18 + 4.61 90.39 + 4.65 89.52 + 4.49
Ocecra (deg) 9044 + 421 91.19 + 4.48 90.33 + 4.10
Ocecrs (deg) 9431 + 451 9229 + 446 93.71 + 7.89
0 o5 (deg) 16590 + 9.61  163.52 + 997  163.89 + 12.94
0’ o1z (deg) 163.14 + 9.62  159.83 + 1022 16421 + 9.42

“The values of the € and € angles are reported for each of the couple
of guanines constituting the tetrads. The distance between the tetrads
is considered as the distance between the center of mass of each
quartet.
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Figure 2. (A) Representative snapshots of the RG-1 RNA G4 extracted along the MD trajectory for the first replica. The color code represents the
time evolution. Time evolution of the 6 and 8’ angles for the first, a, tetrad (B) and of the twist angle Q (C). Schematic depiction of € and €’ angles
indicating the arrangement of guanines on the tetrad (D) and of the twist angle Q (E). The results for the other replica and for the bscl force field

are found in the Supporting Information and in Table 1.

Figure 2A). As expected, the connecting loop is much more
flexible and accesses a larger conformational space. Interest-
ingly, the fluctuations of this loop also lead to some metastable
states in which adenines and cytosines can be z-stacked to the
guanines in the tetrad.

Core rigidity and loop flexibility can also be inferred from
the analysis of the root mean square deviation (RMSD) which
is larger for the whole nucleic acid system than for the tetrad
only. While the RG-1 sequence presents a moderate RMSD
peak at around 8.0 A, this value is mainly due to the
contribution of the peripheral loop, which amounts to 5.8 A. In
contrast, the RMSD of the nucleobases in the tetrads barely
reaches 1.8 A, highlighting the negligible deviation of the tetrad
core from the original starting conformation. As usual in G4
arrangements, the rigidity of the central core is due to the
involvement of the guanines in the Hoogsteen hydrogen
bonding network and to the favorable interaction with the
metal cations present in the central channel. Of note, the same
rigidity of the central core, combined with the flexibility of the
peripheral loops, can also be observed from the 2-dimensional
(2D) RMSD map reported in the Supporting Information.

The stability of G4 arrangement is reflected in the almost
ideal values assumed by the 6 and 6 angles defining the
disposition of the guanines in the tetrad (see Figure 2D and
Table 1). O peaks at around 90°, and €’ is centered around
160° in both tetrads (see Figure 2-B, Table 1, and the
Supporting Information). Furthermore, the standard deviations
are relatively small, not exceeding 5°, and the values are
coherently reproduced for all the replicas (Table 1). Such a
situation is indicative of the formation of a stable and
persistent Hoogsteen hydrogen bonding network, hence
confirming the propensity of the RG-1 RNA sequence to
assume a G4 parallel conformation. As a more global
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descriptor, the stability and rigidity of the G4 core is also
reflected by the time evolution of the Q angle describing the
twisting between the two tetrads (Figure 2C,E), which is
centered around the ideal value of 31° typical of a parallel
arrangement, while the standard deviation is close to 2°.
Importantly, once again the distribution of the parameter is
coherently reproduced in all the replicas (Table 1 and the
Supporting Information).

Behaviors similar to the ones reported in Figure 2 and Table
1 are observed when using the DNA-based bscl force field (see
the Supporting Information), providing further proof of the
robustness of our approach. Furthermore, by performing
clustering of the trajectories of the independent replicas, we
also confirm that the conformational space explored by our
system is strongly overlapping.

Hence, our MD trajectories are coherent with the
experimental data in confirming the possible folding of the
RG-1 sequence of the SARS-CoV-2 genome into a parallel G4
conformation. In their original work, Zhao et al.?® used ECD
spectroscopic signatures to confirm the structuration of the
RNA sequence into a G4 arrangement. To allow a better
mapping between molecular modeling and experimental results
we have simulated the ECD spectrum using a hybrid QM/MM
approach on top of snapshots extracted from the MD
trajectory. The simulation of ECD spectra from snapshots
obtained from a classical sampling of the chromophore phase-
space has been successfully used by our group for related
systems;”> > however, in the previous contribution the
rotatory strength and the excitation energies of the multi-
chromophoric aggregates have been obtained considering an
excitonic coupling Hamiltonian. Although powerful, the
excitonic model is inherently semiempirical, especially in its
dipole approximation, hence leading to a suboptimal

https://doi.org/10.1021/acs.jpclett.1c03071
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Figure 3. (A) Experimental, from Zhao et al,** and simulated ECD spectrum of the RG-1 RNA sequence. Note that the simulated spectrum has
been homogeneously shifted by 40 nm. The simulated spectrum is obtained by QM/MM at the TD-DFT level with M06-2X functional and the 6-
31G(d) basis, calculating 60 excited states. (B) The chosen QM partition is highlighted in ball and stick representation, while the G4 backbone and

dangling bases are shown in cartoon from.
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Figure 4. Chemical representation of quarfloxin, QRF (A), and pyridostatin, PDP (B), together with the most important conformation obtained
from clustering of the ligand bound to G4, the time evolution of the RMSD, and the time evolution of the distance between the center of mass of
the ligands and of the tetrads (C and D for QRF and PDP, respectively). Note that the RMSD is calculated from the starting frame.

description of relatively strongly coupled multichromophores.
Furthermore, some dependency on the partitioning of the
system can still be observed in the final results. For these
reasons, we decide to bypass this problem by using a fully ab
initio approach and including all the stacked nucleobases in the
QM partition. The QM/MM excited-state calculations have
been performed using the Orca/Amber interface, and the eight
nucleobases forming the G4 core have been included in the
QM partition to consider the coupling between the 7-stacked
chromophores (Figure 3B). Although we have applied a shift
to the calculated absorption wavelengths, the results, in terms

of band shape, are in good agreement with the experimental
spectrum published by Zhao et al*® (see Figure 3). The
experimental spectrum presents a first large and rather intense
positive peak centered around 270 nm followed by a negative
peak at 240 nm, whose intensity is much smaller, the ratio
being about 1:4. Such a pattern is common in the case of
nucleic acid aggregates and can be seen as a typical
spectroscopic feature of parallel G4 arrangement. The results
of our QM/MM simulation produced an ECD spectrum with a
similar pattern, but with blue-shifted signals, due to the use of a
reduced basis set.

10280 https://doi.org/10.1021/acs.jpclett.1c03071
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Although a larger basis set could reproduce with more
precision the absorption energy, in the context of the present
work we considered of more prominence the correct
description of the global shape of the ECD signal, thus
confirming the G4 conformation, at the same time correctly
describing the electronic nature of the spectral signature.

The choice of the basis set was imposed not only by the
computational overload due to the extended QM partition but
also by the necessity to avoid QM wave function over-
polarization due to the interaction with the MM point charges.
To palliate the basis set incompleteness, we apply a global shift
of 45 nm to the simulated ECD signal to allow the
straightforward comparison with the experimental counterpart
(see Figure 3). As for the choice of the exchange—correlation
functional in Figure S4 we report the simulated ECD spectra,
obtained on top of the bscl-based trajectory with hybrid, long-
range corrected, and meta-hybrid functionals, illustrating the
superiority of M06-2X over the other choices. The similarities
between the simulated and experimental signals in Figure 3 are
self-evident, providing a clear picture in terms of the relative
position of the two main peaks, their intensity, and the global
band shape: a broad positive band is followed by a less intense,
and slightly sharper, negative signal. However, the higher-
energy negative band has a reduced intensity probably due to
the necessity of calculating a larger number of excited states.
The globally good agreement between the calculated and
experimental spectra, despite the applied energy shift, supports
the folding of the RG-1 sequence in a parallel G4
conformation.

Having shown the stability and the persistence of the G4
arrangements, the question arises whether some ligands could
interact with the RG-1 RNA sequence and possibly over-
stabilize it to induce an effective inhibition of the translation of
the viral genome and impair the viral cycle. In this context, we
have examined the interaction of two ligands with the RG-1
sequence, namely, quarfloxin (QRF) and pyridostatin (PDP).
QREF (also called CX-3543) is a well-known G4-binding ligand,
believed to target RNA G4s and evaluated in phase II clinical
trials for human cancer therapy.>> PDP is also known for its
capacity to modulate the expression of G4 containing genes,
providing antiproliferative effects.”® Interestingly, PDP was
reported by Zhao et al.”> as a ligand capable of selectively
recognizing RG-1 and increase its melting temperature. The
initial complexes between RG-1 and the two ligands have been
obtained by docking the drugs onto the parallel G4 structure.
The stability of each significant pose has been further
confirmed running two independent 1 ps MD trajectories.
Representative structures of the main binding modes are
reported in Figure 4, and the results for a slightly different
initial pose, in which the ligand interacts with the tetrad, are
also collected in the Supporting Information.

Both the docking and the MD simulations agree in
previewing the formation of stable complexes between the
RNA G4 and the small ligands, the persistence and stability of
which can also be appreciated by the extended plateau
observed on the RMSD time-series after 400 ns (Figure
4B,D). More importantly, it can be observed that the binding
takes place via z-stacking of the ligand on top of the tetrad
plans, and it is mostly driven by dispersion and hydrophobic
interactions. This result can be rationalized by the presence of
conjugated moieties on the ligands and their globally planar
structure. Furthermore, such interaction modes, while
providing an enhanced stabilization of the G4 arrangement

due to the increase of the attractive interactions, induce only
moderate or negligible structural perturbation as can also be
observed from the angles between the guanines and the twist
reported in the Supporting Information for the different
interaction modes and ligands. The structural stability of the
G4 arrangement upon binding with ligands is also consistent
with the experimental results that showed only slight
differences in the ECD spectra upon interaction of RG-1
with PDP. In addition, the 7-stacking interaction, also due to
the largely aromatic nature of both ligands, is susceptible to
take place without any important energetic barrier, or steric
hindrance, hence greatly facilitating the recruitment of the
drug. While incontestably pointing toward the formation of
stable complexes, the results of the equilibrium MD
simulations alone cannot underlie any significant or qualitative
difference between QRF and PDP binding, hence suggesting
that both can potentially be seen as valuable ligands to
stabilizing G4 arrangements and more particularly the parallel
conformation of the RG-1 RNA sequence. The stability of the
complex and the presence of a dominant structure can also be
evidenced by the clustering and the 2DRMSD reported in the
Supporting Information. Indeed, as shown in Figure 4B,D we
may see that the distance between the center of mass of the
ligand and of the G4 tetrad is remarkably stable all along the
trajectory. Notably, the dominant conformation obtained by
clustering and corresponding to a bound complex is also
accounting for about 80% for both drug candidates. However,
the dominant interactions exhibited by the two ligands are
rather unspecific, mainly driven by 7-stacking, and should be
taken as a proof of concept of the possible stabilization of the
G4 structure. From a medicinal and drug-design point of view,
it seems reasonable to infer that common, and known, G4-
ligands could potentially affect SARS-CoV-2 replication.
Furthermore, the increase of the s-conjugation and the
presence of the fused aromatic ring, as well as a planar
structure, appears as the most important characteristics for a
potentially interesting lead compound.

We have unravelled the structural behavior of a putative G4
RNA sequence present in the genome of SARS-CoV-2 using
multiscale molecular modeling approaches. The combination
of the multiple sequence alignment, the microsecond-scale
sampling of the conformational space, and computational
spectroscopy support the fact that the RG-1 sequence may
adopt a stable parallel G4 conformation composed of two rigid
tetrads and a flexible peripheral loop. Our results point to the
fact that the rigid core is reliably sampled, in the limits of the
force field accuracy. The more flexible loop may experience
also further conformations and is essentially disordered.
However, this effect cannot be captured by the ECD spectrum
which is mostly due to the effect of the stacked guanine
nucleobases. This is clearly even more stringent for the
simulated spectrum in which the loop is not included in the
QM partition. In addition, we have shown that the G4
conformation can, without any major structural rearrangement,
form stable complexes with known G4 ligands, which are
susceptible to increase the persistence of the quadruplex
structure. The important role of G4s in tuning the viral
response and the biological cycle, including emerging RNA
viruses such as Zika, Dengue, or coronaviruses, calls for the
precise determination of putative G4 sequences. Moreover,
influencing the equilibrium between unfolded and G4
sequences via the use of small drugs offers an original, yet
not fully explored, possibility for the development of novel and
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potentially wide-action antiviral agents. This study highlights
the robustness of our in silico protocol to provide a most
favorable complement to experimental studies in suggesting
specific interaction modes and structures of RNA sequences.
Our contribution represents a proof of concept of the
capacities offered by mature and multiscale simulation
techniques to unravel key biological processes and phenomena.
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