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ABSTRACT: The use of viral protein inhibitors has shown to be insufficiently effective in the
case of highly variable SARS-CoV-2. In this work, we examined the possibility of designing agents
that bind to a highly conserved region of coronavirus (+)RNA. We demonstrated that while the
design of antisense RNAs is based on the complementary interaction of nitrogenous bases, it is
possible to use semirigid docking methods in the case of unnatural peptide nucleic acids. The
transition from N-(2-aminoethyl)glycine chain to a more conformationally rigid piperidine-
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containing backbone allowed us to significantly increase the affinity of structures to the target

RNA.

1. INTRODUCTION

Covid19 was not the first coronavirus pandemic and clearly
showed that since the epidemics of SARS-CoV (Severe Acute
Respiratory Syndrome—related CoronaVirus, 2002—2004 out-
break) and MERS-CoV (Middle East Respiratory Syndrome—
related CoronaVirus 2012 outbreak), no significant achieve-
ments in the fight with similar diseases were made. Despite the
efforts of both clinicians and drug developers, in fact, the
effective therapy for severe respiratory syndromes is still
missing.

SARS-CoV-2 (Severe Acute Respiratory Syndrome—related
CoronaVirus 2) is an enveloped single-stranded (+)RNA virus,
which means that the synthesis of viral proteins can occur on
ribosomes of a human cell directly on (+) genomic RNA of the
virus without additional stages. When entering the cell, the
virus expresses its own RNA-dependent RNA polymerase and
a number of other enzymes that ensure replication, processing
and transcription of RNA, including spike (S), envelope (E),
membrane (M), and nucleocapsid (N) structural proteins, 16
nonstructural proteins (NSPs) that make up the replicase
complex, and 9 accessory proteins (ORFs).'~*

Figure 1° demonstrates that all significant proteins encoded
by the virus have been sufficiently well studied and,
accordingly, can be used for rational drug design. At the
moment, there are several approaches to combating SARS-
CoV-2 in the body. In addition to the use of vaccines,
approaches based on preventing the interaction of the virus
with the cell and disrupting intracellular processes are possible.

In the first case, it is proposed to affect SARS-CoV-2 spike
protein: either through immunization with appropriate
vaccines, or by inhibiting the interaction of the S protein
receptor-binding domain with the human angiotensin-convert-
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ing enzyme 2 (ACE2) receptor.””'" Among disadvantages of
such agents is the high probability of mutations in the S
protein,”'* typical for RNA viruses, as well as the possibility of
using alternative receptors by the virus.

The central enzyme of transcription and replication is the
RNA-dependent RNA polymerase (RdRp). It synthesizes all
viral RNA and is a proven target for antiviral drugs, being of
great interest to researchers. It is the functioning of this
enzyme that can be affected by nucleoside analogues, such as
remdesivir and molnupiravir, which, being integrated into the
growing RNA chain, induce immediate pausing of RNA
synthesis.”'®> There are many new developments among
nucleoside analogues,'* but antiviral drugs originally proposed
against other viruses, such as favipiravir'> and ribavirin,'® also
have an effect against SARS-CoV-2.

While nucleoside inhibitors bind to the RdRp protein at the
enzyme active site, nonnucleoside inhibitors bind to the RdRp
protein at allosteric sites.'” In the case of SARS-CoV-2, the
RdRp inhibitor of influenza A virus pimodivir'” and
hepacivirus C NS3B polymerase inhibitors'* were considered,
although without much success.

The N protein of SARS-CoV is the most abundantly
expressed of the structural proteins during infection.'® Like the
S protein, it induces a strong antibody response in hosts.” The
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Figure 1. SARS-CoV-2 Genome and Proteins. Reprinted with permission from ref 5. Copyright 2023 PLOS.

fundamental function of the N protein is to package the viral
genome RNA into a long helical ribonucleocapsid complex,
and also it participates in the assembly of the virion through its
interactions with the viral genome and membrane protein M."”
Based on the conservation of the N protein of coronaviruses in
evolution and its key role in viral replication, it is considered as
a promising target for drug discovery. In particular, the
authors™® proposed an interesting approach based on the N
protein dimerization by a small molecule compound, $-
benzyloxygramine.

Processing of polyproteins synthesized on the SARS-CoV-2
single-stranded RNA template is carried out by the main
protease (MP™), also known as the 3C-like protease (3CLP™).
Moreover, MP™ active sites are highly conserved among all
coronaviruses and are well studied, which allows one to
propose rationally designed inhibitors.”' 7> An extensive
number of studies have been devoted to the development of
inhibitors of this protein, which is facilitated by the presence of
the structures cocrystallized with inhibitors. Thus, the
authors”®*® started from the structures of crystallized
inhibitors, proposing new inhibitory peptidomimetics. Mod-
ifications of the known hepatitis C virus protease inhibitor
boceprevir allowed obtaining orally bioavailable com-
pounds,”*” and it was shown that they may be less sensitive
to several mutations that cause resistance in the natural SARS-

CoV-2 population.” As the availability of computer modeling
methods increases, researchers are gradually supplementing
them with modern technologies of artificial intelligence and
deep learning;”>***’ however, approaches based on screening
of chemical libraries® are also on top of their relevancy.

Despite serious efforts aimed at developing protein
inhibitors of the SARS-CoV-2 virus, the effective therapy
remains unavailable, which may be primarily due to the high
degree of variability of the virus and its rapid adaptation to
drugs. In such a situation, a solution may be the use of
antisense therapy, which has already shown its effectiveness in
the clinical treatment of a number of diseases.”'

RNA therapeutics, including siRNAs, antisense oligonucleo-
tides (ASO), and other oligonucleotides, possesses a great
potential in the selective treatment of various human diseases,
starting from cancer to COVID and Parkinson’s disease.*” It is
assumed that a synthetic oligonucleotide will interact with the
target RNA through Watson—Crick base pairing; as a result of
the formation of such a complex, either the destruction of the
target or prevention of its reading out should occur.

One of the major advantages of ASOs is the possibility to
target any conserved sequence as the positive or negative RNA
strand. This allows SARS-CoV-2 RNA targeting at any step of
the viral life cycle.”> The first such agent was proposed in
2004°* against the closely related SARS-CoV and demon-
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Figure 2. Potential sites for the interaction with ASOs (blue*®) and small molecule ligands (orange36) , as well as fragments highly conserved among
SARS and MERS (green). The region considered in this work is shown in black.
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Figure 3. Spatial structure of the considered RNA region. (A) Generated two-dimensional structures of fragments 28958—29077, 28998—29117,
and 28958—29117. (B) Three-dimensional structure of the fragment 28958—29117. Colors indicate adenines 28958 (red), 28998 (yellow), 29077

(green), and cytosine 29117 (blue).

strated high antiviral activity in vitro. Currently, a number of
approaches to the development of anti-SARS ASOs***® have
been proposed, but nevertheless, not any highly effective
variants have been developed so far. Moreover, despite
extensive research on COVID-19, there is currently no
effective treatment available for clinical use at all.*

In this work, we propose a new perspective on the use of
modified oligonucleotides and explain a relatively low
effectiveness of such compounds in vivo compared with
oligonucleotides of a classical structure.

2. RESULTS AND DISCUSSION

2.1. Site Selection. In general, it is possible to create ASO
that selectively binds to any base sequence and prevents
reading out from the corresponding region of RNA, but certain
regions may be considered preferential. The emphasis is on
finding highly conserved fragments, binding to which allows
one to expect a long-term effect, and which can be used for
several related viruses.>> >’ In the case of coronaviruses, full-

33002

length positive-sense genomic RNA is used as a template to
produce both full-length negative-sense copies for genome
replication and subgenomic negative-sense RNAs to produce
subgenomic mRNAs.*® Accordingly, we believed it rational to
consider regions of the virus genome near the 3’-end, because
this region is read by RNA-dependent RNA polymerase many
times. Since it was shown’” that there is a number of highly
conserved regions in the 3’-end region of coronavirus RNA,
the impact on which should have an effect on various
subspecies of coronavirus, we focused on the fragment 28958—
29117, which includes one of such conserved regions (28990—
29054, Figure 2).

Since this region allows the generation of a huge number of
complementary oligonucleotides, we considered it appropriate
to focus on spatially accessible RNA fragments, loops and
hairpins. To date, several groups have simultaneously
examined the 3'-end region of coronavirus RNA using different
combinations of methods as reflected in the RNA-Puzzles
challenge.”’ In our work, the spatial structure of fragments of
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120 nucleotides long, as well as a full-length structure including
160 bases was generated de novo (Figure 3A). At the first step,
the secondary structure was generated from the base sequence
in dot-bracket format using RNAfold Web Service; then 3D
structures were formed on its basis using RNAComposer
server."' ™" Comparison of the resulting structures showed a
high degree of agreement, which allowed us to use the full-size
fragment in further work. The stability of the resulting RNA
configuration was confirmed by molecular dynamics data. The
RMSD values of the structure fluctuated within 2 A after
relaxation. In the 3D structure of RNA, three hairpins (orange,
green and blue), as well as small (red) and large (yellow) loops
can be distinguished (Figure 3B). Each of these five elements
was used as a site for docking because of its spatial accessibility.

2.2. PNA Design. It is believed that any RNA repeat longer
than 13 bases can be found only once in the human genome;**
therefore, this number of bases can be considered as a lower
limit when designing antisense oligonucleotides complemen-
tary to the target. The upper limit is determined by the applied
aspects, such as the complexity to synthesize a long chain and
the problems of its bioavailability. In a selected region of RNA,
a whole package of potential targets with a length of about 15
bases, typical for synthetic antisense oligonucleotides, can be
used, and to narrow the range of considered structures, we
relied on the spatial accessibility of RNA structural elements.
As a result, sequences complementary to five selected regions
were considered: three hairpins and two loops, in accordance
with Figure 3B, a total of 20 sequences.

Varying the chemical structure of the oligonucleotide
backbone can enhance potency, pharmacokinetics, and reduce
toxicity.”> The use of modified nucleic acids can significantly
improve pharmacological properties, since such structures are
not recognized by cellular systems, which makes them
significantly more stable and less immunogenic.*> A prominent
example of an antisense therapy is Nusinersen (trade name
Spinraza) for the treatment of spinal muscular atrophy.*®

Peptide nucleic acids (PNAs) are promising drugs for the so-
called “reversible gene modification”. Their main advantage is
their resistance to degradation by proteases and nucleases,
which determines their stability in biological environment.*’

Along with the classical PNA backbone formed by an N-(2-
aminoethyl)glycine chain, we also considered PNAs based on a
piperidine scaffold, which form conformationally constrained
structures (Figure 4).

The entire completed library of structures was subjected to
primary processing. The structures of this size were found to
be too large to use the LigPrep tool and were sul?'ected to the
conformational search procedure in MacroModel.”® As a result,
absolutely all structures, regardless of the sequence of bases
and even the backbone collapsed into compact globules, which
excludes the possibility of meaningful docking.

Since attempts to minimize extended PNAs invariably led to
the folding of PNAs into compact globules, to test the methods
we included PNAs with a length of 4—6 nucleotides, which are
successfully processed by computational tools, in the spectrum
of considered structures.

Differences in the behavior of PNA depending on the
scaffold used appeared already at the stage of structure
minimization, and the ratio of purine and pyrimidine bases in
the molecule did not affect the observed trends. While classical
PNAs, regardless of the method of generating conformations,
showed a tendency to fold into globule-like structures, in the
case of piperidine derivatives, the presence of a structured
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Figure 4. Structures of considered RNA and PNA as exemplified by
the sequence UCGAAC.

backbone contributed to the linearization of the structures
(Figure 5).

Accordingly, one can expect that PNAs with different
backbones will bind to RNA differently even if the nitrogenous
bases in the structure are the same.

2.3. Hit Identification. It has to be noted that despite the
growing interest in NA-targeting agents, we did not find an
effective tool that predicts complementary interactions
between RNA and backbone-altered nucleosides, since such
programs only work with RNA and DNA (for example,
RNAcofold from ViennaRNA web serveces'' or HNADOCK
server’”). In addition, since large ligands cannot be modeled
under semirigid docking mode, we used protein—protein
docking implemented in Schrodinger Suite 2020—4. This
approach also turned out to be inapplicable for PNA as one of
the interaction participants; moreover, when modeling the
interaction of two RNAs, the resulting spatial conglomerate
turned out to be significantly different from the expected one
(Figure 6).

Having received these results, we moved on to a detailed
study of the interactions of short PNAs with the target using
the method of flexible molecular docking implemented in the
Glide program.°0 At the first step, we considered the
interaction of a model structure of 4 modified bases with the
most protruding region of the hairpin, where 3 nitrogenous
bases U273, A275 and G276 are easily accessible for
complementary interactions, while G274 forms intramolecular
bonds (Figure 7A). Simulations of this interaction showed the
formation of numerous hydrogen bonds (magenta) and Pi-Pi
stacking (green), but the binding mode does not correspond to
Watson—Crick base pairing (Figure 7B). Similar results were
obtained with other PNAs in different regions of RNA.

Analysis of the cellular processes underlying the regulation
of RNA reading out by other short RNAs allowed us to look at
the creation of PNA from a new angle. The fact is that under
native conditions, regulatory RNA bind target mRNA to
prevent protein production by incorporating into the multi-
component ribonucleoprotein complex RISC (RNA-induced
silencing complex), which ensures the binding of RNA
molecules to each other, while small RNA functions as a
guide to silence target RNAs.”"">* Accordingly, the selection of
complementary bases makes sense only for the creation of
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Figure S. Folding of pipPNA (A) and linPNA (B) oligonucleotides formed from nitrogenous bases of the sequence UUUACA (left panel) and

GACCAA (right panel).

Figure 6. Result of modeling the interaction of two RNA molecules in protein—protein docking mode. The target is shown as thick tubes, and three
AGCUUGAGAGCA molecules are shown as red, yellow, and green cartoons.

synthetic small RNAs, for which binding to other RISC
components is possible, but not for structures with a different
backbone, since in this case the assembly of the complex will
not occur.

In the case of PNA, taking into account the specifics of
RISC, it seems rational to shift toward classical docking with
the search for small molecule ligands, considering the spatial
structure of RNA similar to the three-dimensional structure of

a protein. This approach echoes the idea reflected in,*® where
the authors used 3D modeling for the identification of
druggable pockets for small molecule compounds. Since in
this case there is no task to look for complementary
interactions, we screened the entire PNA library for each of
the five selected regions (Figure 8A). Additionally, we searched
for sites using the SiteMap tool from Schrodinger Suite 2020—
4,> (Figure 8B). Interestingly, although SiteMap does not see
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Figure 7. Interaction of CUAA PNA with the fragment **UGAG?’S. 3D-view, PNA in blue thick tubes, G274 in thin tubes (A). Ligand interaction
diagram, H-bonds are shown in magenta, Pi-Pi stacking is shown in green (B).

Figure 8. Sites of PNA interaction with target RNA. Result of docking into S selected regions corresponding to hairpins and loops (A), binding

sites predicted by SiteMap (B).

potential binding sites on the green loop, the energetics of
PNA interaction with the green and orange loops are at the
same level (Table 1).

It should be noted that the complementarity principle
actually turned out to be insufficiently informative in the case
of the considered structures: the sequences showed an affinity
to complementary RNA fragments, comparable to the affinity
for other fragments. For example, pip3 bound weaker to the
corresponding hairpin than to the other three regions.
Nevertheless, a number of structures actually “fit” their
fragments, for example, pip12, 15, 18 matched to the green
hairpin or pip8, 9, 10 to the yellow loop. At the same time,
several classical PNAs failed to bind their expected targets at
all, such as lin3 to the orange hairpin or lin12, 13, 16 to the
green hairpin.

In general, both linPNA and pipPNA bind most energeti-
cally to the yellow loop, which may be due to the larger contact
surface in this region of RNA due to spatial features. In this
site, as in the others, pipPNAs consistently show the best

results, indicating the presence of not only a stabilizing, but
also a binding role for the piperidine fragments of the
backbone. Four pips (pip3, pip6, pip10, and pip21) show good
results within 4 sites at once, while among linPNAs only lin14
shows Docking Score < — 11 within three sites, and lin17 and
lin8 within two. While some linPNAs did not bind to RNA at
all, no such data were found among pipPNAs, highlighting the
role of the piperidine scaffold in the interaction.

Interesting results were obtained in the case of pip6 and
pip10 when docked into the green loop: the scores were —64.5
and —65.6 kcal/mol, respectively, despite the fact that SiteMap
does not consider this fragment significant. The binding poses
of pip6, pip10, and pip18 (Docking Score = —14.9 kcal/mol)
are shown in Figure 9. It can be seen that pip6, pipl0 wind
around the loop from the outside, while pip18 binds similar to
intercalators, fitting between two strands of ribonucleic acid. It
can be expected that such an interaction will effectively prevent
the reading of the RNA region by both the RNA-dependent
RNA polymerase and the ribosomal complex.
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Table 1. Results of Docking of Modified Oligonucleotides into Five Target RNA Sites”

Docking Score, kcal/mol

No. Sequence Scaffold i Large
loop
AminoAcid -9.0 -9.9 -7.1 -8.0
Pip —10 5 -12.4 12.3 -10.3 -10.9
AminoAcid -9.5 -94 -12.8 -8.6 -9.5
2 WEGAAL Pip -10.3 -9.6 -12.6 -9.1 -8.9
AminoAcid | -10.1 - -9.8 -7.5 -8.7
3 WEeey Pip -93 -11.2 -12.7 -11.9 -11.4
AminoAcid -1.7 -7.9 -11.5 -6.3 -8.6
4 UUUACA Pip -11.7 -12.3 -10.7 -10.9 -11.6
AminoAcid -9.7 -7.6 -11.2 -8.4 -9.7
> CaCLal Pip -10.5 -12.8 -13.2 -10.3 -12.0
AminoAcid -9.3 -10.9 -11.6 -10.0 -8.2
6 AGEGULy Pip -12.6 -9.8 -11.4 -64.5 -11.9
AminoAcid -9.9 -9.0 -11.7 -9.4 -10.7
7 WG Pip -13.4 -11.6 -12.7 -9.9 -11.4
AminoAcid -9.9 -7.2 -11.7 -10.6 -11.8
8 CRALILEU Pip -12.9 -11.4 —14.8 -10.2 -10.5
AminoAcid -8.3 -7.2 -10.7 -8.5 -8.2
0 GUCACU Pip 84 | 86 | 113 | -108 | -86
AminoAcid -9.6 -9.1 -11.7 -8.9 -10.7
10 wucuLy Pip -13.4 -12.6 -11.4 -65.6 -9.5
AminoAcid - - - - -
1 REALEA Pip -10.7 -9.8 -14.7 -8.6 -10.1
AminoAcid - -5.7 - - -1.1
Pip -10.3 -9.2 -10.8 -8.7
AminoAcid - - - -
Pip -8.4 -10.1 -13.2 -12.5
AminoAcid | —10.9 -8.7 -10.7 -11.7
Pip -10.5 -12.8 -11.5 -8.2
AminoAcid | -10.1 -10.0 -13.1 . -9.7
Pip -109 | 91 [ -109 [INCIBGNN 88 |
AminoAcid - - - - -
Pip -13.3 -9.7 -9.4 -11.0 -8.6
AminoAcid | —-12.4 -9.4 -10.3 -9.5 -8.9
Pip -11.0 -12.0 -10.3 -93 -10.5
AminoAcid | -10.9 -8.8 -13.1 -8.8 -7.9
Pip -11.8 -13.6 -10.8 -8.5
AminoAcid -7.5 - -8.8 -3.9 -6.2
Pip -10.2 -9.9 -12.0 -9.8 -10.2
AminoAcid -6.7 -6.2 -8.4 -5.7 -7.4
Pip -9.4 -10.6 -11.2 -11.2 -9.4
AminoAcid -7.9 -94 -9.8 -9.6 -8.9
Pip —11.1 | -10.3 —14.4 -132 |
AminoAcid -9.3 -8.8 -7.5 -9.1 -10.9
Pip -11.0 -9.7 -13.6 -10.1 -9.7
AminoAcid -8.9 -8.9 -11.1 -9.6 -8.8
Pip -14.0 -10.6 -13.8 -11.1 -9.7

“The highlight color of the sequence corresponds to the complementary RNA fragment (Figure 8).
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Figure 9. Binding of pip6 (red), pip10 (blue), and pip18 (yellow) to the green hairpin of RNA.

3. CONCLUSIONS

Coronaviruses have proven to be difficult targets for drug
development as evidenced by the lack of effective therapy
despite years of research. Due to the high rate of adaptation of
the viruses to various protein-targeting agents, the use of ASO
appears to be a promising approach in this field. The
complementarity principle can be effectively used to create
short antisense RNAs; however, such molecules have a number
of disadvantages, including low solubility and a high rate of
destruction by cellular enzymes. At the same time, varying the
backbone, in particular the use of PNA, allows one to
overcome these disadvantages.

In this work, we showed that PNAs can effectively interact
with target RNA; however, for their design, it makes sense to
deviate from the principle of selecting paired oligonucleotides.
Screening of small molecule ligands based on docking
structures into binding sites on the surface of bulk RNA
fragments will allow the identification of optimal structures
with high affinity to the target. If the target site is chosen
correctly, it will be possible to achieve high-quality suppression
of virus replication by preventing the interaction of RNA-
dependent RNA polymerases or ribosomal complexes with the
target RNA.

4. MATERIALS AND METHODS

4.1. RNA Structure Preparation. The secondary structure
of single stranded RNA in the dot-bracket format was
generated using RNAfold from the set of ViennaRNA Web
Services (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/
RNAfold.cgi).41

Nucleic acid tertiary structure was generated by RNACom-
poser, a fully automated RNA structure modeling server
(https://rnacomposer.cs.put.poznan.pl/)*>* using the RNA
sequence and secondary structure in the dot-bracket format.

The resulting 3D models in the .pdb format were integrated
into the Maestro program, Schrodinger, LLC, New York, NY.

4.2. PNA Generation. PNAs were selected based on the
complementarity principle using the publicly available form
http://molbiol.ru/scripts/01 12.html. Small molecule struc-
tures with modified backbones were drawn in ChemBioDraw
Ultra 14.0 (PerkinElmer). The generation of 3D structures of
small molecules was performed using one of the tools
implemented in Schrodinger Suite 2020—4 (Schrodinger,
LLC, New York, NY).

In the case of full-length ASO, the method of conformational
search implemented in MacroModel force field-based molec-
ular modeling tool*® that uses brief MD simulations followed
by minimization and normal-mode search steps was used. For
structures consisting of 4—6 bases, the LigPrep tool and
MacroModel minimization were used using OPLS3e force field
with the generation of tautomers and stereoisomers.”* ¢

Molecular dynamics was simulated using the Desmond
module®” of the Schrodinger Suite 2020—4 (Schrddinger,
LLC, New York, NY). The RNA model was placed in an
orthorhombic box with a buffer zone of 40 A from the surface.
The simulation area was filled with a model solvent simulating
saline (water, SPC model). The charge of the system was
neutralized by adding additional sodium ions. The molecular
system was preminimized and equilibrated. Simulation
parameters: time 50 ns; NPT environment; temperature 298
K; and registration step SO ps. The OPLS3e force field was
used.

4.3. Ligand-Protein Docking. To parametrize the binding
of modified oligonucleotides to target RNA, we used the
methods of flexible molecular docking implemented in the
Glide program®® and protein—protein docking program
PIPER.”®
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The grid for molecular docking was generated in such a way
that with a size of 34 A the entire surface of the RNA molecule
considered was utilized, at the same time we got S regions. Up
to 10 poses were generated for each structure. The optimality
of posing was determined based on the GlideScore and
Emodel indicators, as well as on the clustering ability of
docking solutions. The ligand’s Docking Score, which was
automatically calculated in the Glide program by adding the
state penalty for a given protonation or tautomeric state of a
ligand to the empirical scoring function GlideScore, was used
to quantitatively compare the interaction of oligonucleotides to
target RNA.

In the case of protein—protein docking, no restraints were
imposed; up to 30 poses were considered with 70,000 ligand
rotations to probe.
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