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a b s t r a c t

The rapid spread and public health impact of the novel SARS-CoV-2 variants that cause COVID-19 con-
tinue to produce major global impacts and social distress. Several vaccines were developed in record time
to prevent and limit the spread of the infection, thus playing a pivotal role in controlling the pandemic.
Although the repurposing of available drugs attempts to provide therapies of immediate access against
COVID-19, there is still a need for developing specific treatments for this disease. Remdesivir, molnupi-
ravir and Paxlovid remain the only evidence-supported antiviral drugs to treat COVID-19 patients, and
only in severe cases. To contribute on the search of potential Covid-19 therapeutic agents, we targeted
the viral RNA-dependent RNA polymerase (RdRp) and the exoribonuclease (ExoN) following two strate-
gies. First, we modeled and analyzed nucleoside analogs sofosbuvir, remdesivir, favipiravir, ribavirin, and
molnupiravir at three key binding sites on the RdRp-ExoN complex. Second, we curated and virtually
screened a database containing 517 nucleotide analogs in the same binding sites. Finally, we character-
ized key interactions and pharmacophoric features presumably involved in viral replication halting at
multiple sites. Our results highlight structural modifications that might lead to more potent SARS-CoV-
2 inhibitors against an expansive range of variants and provide a collection of nucleotide analogs useful
for screening campaigns.

� 2022 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Following the first reports in late 2019, the emergence and
rapid spread of the novel coronavirus SARS-CoV-2 has led to a glo-
bal pandemic infecting more than 530 million persons, killing over
six million people, and severely disrupting social and economic
order worldwide [1]. Unfortunately, with few exceptions, most
countries have been unable to control the spread of the virus, rely-
ing on a combination of vaccination campaigns and non-
pharmaceutical interventions such as lockdown and travel restric-
tions measures.

Despite the unprecedented speed with which various vaccines
have been developed, our optimism has been tempered by several
issues, including the vaccination rollout, dose shortages, and their
glaringly uneven distribution. Even though most of the available
vaccines can prevent hospitalizations and deaths, the duration of
immunity is still unknown, and not even the best mRNA-based
vaccines provide full protection [2]. In addition, although the
mutation rate of the SARS-CoV-2 and other coronaviruses (�10-6

substitutions per nucleotide per cell infection) is relatively low
compared to other RNA viruses [3–6], new variants with high
transmission potential and antibody-escape mutations are contin-
uously emerging, e.g. the Delta and Omicron subvariants. The
development of vaccines and antivirals with broad-spectrum pro-
tection against many human coronaviruses and their variants
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could prevent and treat new infections and future pandemics [7,8].
Public health systems are becoming aware that COVID-19 has
developed as an endemic and seasonal disease, in addition to the
significant number of patients who have developed long-COVID,
highlighting the need for pharmacological therapies [9].

1.1. The SARS-CoV-2 RNA-dependent RNA polymerase as a therapeutic
target

Coronaviruses are positive-sense, single-stranded RNA
(+ssRNA) viruses with a roughly spherical and enveloped architec-
ture of 120–160 nm diameter [10]. They are all part of the family
Coronaviridae, which consists of five genera, including the Alpha-,
Beta-, Gamma-, Delta-coronavirus, and the Alphaletovirus [11].
Along with the planarian secretory cell nidovirus (PSCNV) (Saberi
et al., 2018), coronaviruses are endowed with the largest known
RNA viral genomes, ranging from 27 to 32 kb in length [12], and
share a similar genome organization, composed of two large open
reading frames (ORF1a and ORF1b) plus several structural and
accessory proteins nested in the C-terminal end. SARS-CoV-2 has
29 proteins classified as (i) structural proteins, (ii) nonstructural
proteins (nsp), and (iii) accessory proteins. Many nonstructural
proteins participate in viral replication and transcription, making
them attractive therapeutic targets against the SARS-CoV-2.

SARS-CoV-2 replication and transcription processes depend on
a multi-subunit complex with structural and functional similarities
to the eukaryotic cellular replisome. The RNA-dependent RNA
polymerase (RdRp) is a monomeric unit formed by 932 amino acids
and is a key component of the SARS-CoV-2 RNA-synthesis molecu-
lar machinery. Although there is no evidence of a single origin of
RNA viruses, available information shows that all of them have a
homologous monomeric RdRp. As of now, the RdRp is the sole rec-
ognized universally conserved protein in all RNA viruses and exhi-
bits a remarkable degree of sequence and structural conservation
around the active site [13–16]. The RdRp amino acid residues
located in the active site participate in metal coordination, binding
of the incoming nucleotide, and ribose discrimination [13]. Crystal
structures of RdRps of Coronaviridae family members [17], includ-
ing SARS-CoV-2 [18], have confirmed their p hylogenetic relation-
ship with those of currently known RNA viruses [13,18,19]. An
important difference between the coronaviral and other viral
RdRps is the presence of the nidovirus RdRp-associated
nucleotidyltransferase domain (NiRAN) in its N-terminus, which
is connected to the RdRp by the interface domain [20]. The highly
conserved architecture of viral RdRps described above underlines
the recognition of this enzyme as a critical target for the design
or repurpose of broad-spectrum antiviral drugs in the struggle
against the COVID-19 pandemic and future life-threatening
viruses.

1.2. The viral proofreading system of exoribonuclease as a therapeutic
target

Like other nidoviruses, SARS-CoV-2 encodes a 30-50 exoribonu-
clease, whose proofreading activity contributes to the maintenance
of its large genome integrity and high genetic stability compared to
other RNA viruses [21]. The coronaviral exoribonuclease, also
known as nsp14, is composed of two functional domains, the exori-
bonuclease (ExoN) and a methyl-transferase (N7-MTase), which
mediate proofreading during genome replication and support
mRNA capping, respectively. Comparisons of the primary and ter-
tiary structures of nidoviral exoribonucleases reveal a high conser-
vation level comparable to that of RdRps. CoV ExoN belongs to the
superfamily of exonucleases DnaQ-like endowed with four con-
served acidic residues (DEDD) crucial for catalytic activity [22].
Experiments with murine coronavirus lacking ExoN activity have
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demonstrated the high susceptibility to the disturbance of the
virus replication process, suggesting ExoN as a therapeutic target
[23]. However, despite these proofreading capabilities, the even-
tual appearance of drug-resistant mutants is an inevitable evolu-
tionary process.

A structural model of nsp14-nsp10 suggests a reduced stability
of the hydrolyzed form of Remdesivir (monophosphate RDV) in
SARS-CoV-2 ExoN. The steric clash between the bulky cyano group
on the 10 position of the ribose in RDV with the amide group of the
ExoN Asn104 in SARS-CoV-2 models apparently protects RDV from
ExoN excision [24]. Furthermore, as opposed to all known cellular
exoribonucleases, it has zinc fingers, which opens the possibility of
antiviral therapeutic strategies for treating COVID-19 patients [4].

The importance of developing pan-coronavirus antivirals has
become clearer with the current pandemic [8]. However, only a
few studies have focused on several viral targets as a strategy to
stop the proliferation of coronaviruses, such as SARS-CoV-2 [25].
As Rona et al. (2021) demonstrated, the efficacy of remdesivir
increases by the combined use of chalcone compounds, such as
isobavachalcone or sofalcone. Furthermore, the extraordinary suc-
cess of drug combinations for treating viral infections provides
valuable information for designing treatment guidelines against
SARS-CoV-2 [26]. Accordingly, coronaviral exoribonucleases
should be considered as a potential target in the designing or
repurposing of antiviral drugs, even in combination with RdRp
inhibitors [27]. The long-term public health benefits of the use of
therapies based on combinations of anti-SARS-CoV-2 inhibitors
cannot be ruled out.

1.3. Nucleoside analogs as therapeutic agents

The increased awareness that started in the 1960s of the thera-
peutic significance of modified nucleosides in the treatment of
viral and bacterial infections quickly led to the syntheses of small
molecules that do not destroy viral pathogens but rather inhibit
their replication and transcription [28,29]. The study of nucleoside
analogs as antiviral agents has undergone extraordinary advance-
ments, from the original empirical viral infection inhibition with
purine analogs painstakingly synthesized in the laboratory [30],
to in silico methodologies that allow the rapid identification of
nucleoside analogs with potential antiviral activity by inhibiting
viral replication or transcription [31].

The cryo-EM and molecular modeling studies have led to a sub-
stantial understanding of the mechanism of inhibition of RdRp at
atomic resolution. Moreover, nucleotide analogs have been pro-
posed as RdRp modulators, based on protein tertiary structure
comparisons, molecular modeling studies, virtual screening cam-
paigns, in vitro assays, and clinical trials [26,32–35]. The cryo-EM
structures reported by Yin et al., which include the monophos-
phate form of Favipiravir, Ribavirin, and penciclovir covalently
linked to the primer strand, show that they act as immediate chain
terminators [36]. Similarly, other nucleotides, such as RDV and b-
D-N4-hydroxycytidine, bind in the pre-catalytic state [37]. The
post-translocation stage has been observed only for the natural
nucleoside triphosphate NTPs [36]. The cryo-EM structure of
Remdesivir monophosphate (RDV-MP) bound to the SARS-CoV-2
RdRp shows that it blocks RNA translocation after incorporating
three bases following RDV-MP, resulting in delayed chain termina-
tion [38]. Additional studies showed that mutations of nsp12
(Ser861) reduce the inhibitory effect of RDV [39,40]. The structure
also revealed that the cyano group, which is located at the 10 car-
bon of the ribose of each RDV-MP molecule, is readily accommo-
dated in the active site, without apparent steric interactions.
Thus, a steric interaction is expected to occur as the RNA duplex
attempts to translocate to allow the binding and incorporation of
UTP. Nevertheless, the inhibition mechanism of RDV is not simple.
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Studies with MERS-CoV have shown that the arrest of RNA synthe-
sis occurs three nucleotides after RDV is incorporated into the nas-
cent RNA [40]. This suggests that the nsp14 exoribonuclease
proofreading domain might detect a base pair mismatch and acti-
vate its exonuclease activity, thus resulting in the stalling of the
polymerase complex [39].

RNA viruses are well-known for their high mutation rates [32].
However, this is a broad generalization, as coronaviruses display a
lower mutation rate than expected since they are the only known
RNA viruses that encode a proofreading exonuclease (nsp14)
[3,4,41]. Nsp14 is also present in SARS-CoV, where it has been
found to exert its exonuclease activity associated with nsp10
[26]; the nsp14 protein has a second domain with methyltrans-
ferase activity for mRNA capping [33,42]. The presence of a large
complex of nsp7-nsp8-nsp12-nsp14 suggests that the polymeriza-
tion and the proofreading activities occur simultaneously [34].

A large clinical trial demonstrated that following the infection,
by day 29, RDV reduced mortality in hospitalized COVID-19
patients from 15.2 % to 11.4 % [43] and has reached clinical
approval by public agencies in the treatment of severe COVID-19
[44]. Nucleotide analogs appear to inhibit the replication of
SARS-CoV-2 in early clinical trials [26,41,43,45–47]. The list
includes Sofosbuvir (SOF), Favipiravir (FPV), Molnupiravir (MPV),
Ribavirin (RBV), and RDV which are ribonucleic analogs that, in
principle, could act as inhibitors of RdRp and stop viral RNA syn-
thesis. While RDV is a new generation drug that failed to prove effi-
cacy against the Ebola virus in clinical trials [48], SOF is an FDA-
approved drug recognized as an effective treatment against chronic
infection by the hepatitis C virus [49].

Based on in silico and in vitro assays, many molecules, mainly
nucleoside analogs, have been proposed as antivirals to fight
COVID-19, but only a handful of them have been approved as ther-
apeutic options against the SARS-CoV-2. Remdesivir (RDV) is an
adenosine analog that is incorporated into the growing viral RNA
chain resulting in the stalling of the RNA-dependent RNA poly-
merase (RdRp) [50,51]. The efficacy of this drug is still controver-
sial due to the uncertain effectiveness of hospitalized patient
recovery, the null reduction of mortality, and its high cost. How-
ever, the FDA approved RDV as an emergency drug use, while the
CDC recommended its use in hospitalized adult patients with
COVID-19 that require minimal supplemental oxygen (https://
www.covid19treatmentguidelines.nih.gov/management/clinical-
management/hospitalized-adults–therapeutic-management/), and
the WHO included a conditional recommendation against the use
of this antiviral. More recently, the FDA and the MHRA approved
molnupiravir (MNV) to treat adult patients with mild-moderate
COVID-19 who are at risk of severe forms of the disease. MNV is a
cytidine analog that also affects the RdRp activity, albeit by a differ-
ent mechanism, i.e. lethal mutagenesis [52]. MNV triphosphate, the
active form of the drug, is incorporated into the growing RNA chain
in the place of cytidine. However, in its imino form,MNV serves as a
template for adenosine, which leads to the binding of uracil in the
next round of replication, resulting in an increase of C to U muta-
tions [50,53]. Preliminary results (Merck’s report – October 1,
2021) of MNV’s clinical trials were encouraging, yielding a 50 %
reduction in the rate of hospitalization and/or death from COVID-
19 [54]. However, the results of the trial reported a more discrete
30 % reduction (Merck’s report - November 26, 2021) [55]. Sofosbu-
vir (SOF), another nucleoside analog, has a proven safety profile, is
used to treat chronic hepatitis C, and has been proposed as a poten-
tial alternative to treat the SARS-CoV-2 infection [56]. SOF is a uri-
dine analog that binds to the RdRp active site and blocks the
conformational changes of S282, preventing the incorporation of
incoming nucleotides [57], arresting RNA synthesis.

In this work, we report the potential binding of a comprehen-
sive build-to-purpose nucleotide analog database at three key
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positions of the replication process of SARS-CoV-2 and report the
outcomes building upon previous studies on RDV, SOF, FPV, MPV,
and RBV.
2. Results

The five reference RdRp nucleotide inhibitors (RDV, SOF, FPV,
MPV, and RBV) were docked and analyzed in three key positions
on the RdRp-ExoN complex (RdRp-catalytic site, RdRp-cat; nucleo-
tide in position i + 4 of nascent RNA in RdRp, RdRp-p4; and cat-
alytic site of exonuclease, ExoN-cat). Graphical representations of
the binding pose at each position are depicted in Fig. 1. Then, a
database of 3D nucleotide analogs assembled from PubChem was
docked at each position. Based on a combined score, we identified
seven computational hits that are predicted to fit into the three
explored key locations and with the potential to block replication
by steric hindrance with relevant residues. In addition, we ana-
lyzed the effect of the substituents in the predicted binding posi-
tions; our results provide useful hits and may assist in the design
of new nucleotide analogs.

2.1. Docking into the RdRp catalytic site

To explore the mode of interaction of the reference drugs (SOF,
RDV, FPV, MLV, and RBV) in the catalytic site of the RdRp, two
docking simulations were performed with distinct RdRp crystallo-
graphic structures (see Fig. S1). The first one corresponds to the
complex with FPV in its triphosphate form (PDB ID: 7CTT), and
the second one is a complex with RDV in its monophosphate form,
bound to the template-primer RNA (PDB ID: 7BV2). Table 1 shows
the docking scores obtained for the reference drugs in three rele-
vant binding sites of the protein complex. In all cases, nucleotides
were used in monophosphate form.

As expected, RDV has the highest docking score among the five
drugs. Interestingly, RDV is the only molecule that interacts with
Lys545 through a hydrogen bond interaction (2.4 Å). Lys545 is
involved in the nucleotide triphosphate entry (NTP) of the RdRp.
In all cases, side-chain acceptor interactions with Arg555 are pre-
sent. For all triphosphate forms of the drugs, the interaction of
the phosphate groups with Arg553, Asp618, Asp760, and Lys798
are observed, suggesting that the conformation adopted in the cat-
alytic site is favorable for hydrolysis of the pyrophosphate group,
preceding a conformational change to coordinate the divalent
cations [58]. In addition, in the five drugs analyzed, hydrogen
bonds are formed between the complementary base in the tem-
plate RNA chain and the drug heterocyclic base. The results
obtained from the docking studies with the RdRp co-crystallized
with RDV-MP suggest that, with the sole exemption of MPV, all
drugs are predicted to bind in a similar manner.

2.2. Nucleotide analogs database

A total of 517 compounds were virtually screened in the sys-
tems described above: RdRp-cat, RdRp-p4, and ExoN-cat. Of them,
167 have one ring and 350 have two or more rings in the nitroge-
nous base, thus corresponding to pyrimidine or purine analogs,
respectively. Interestingly, purines seemed to have overall better
scores in the three systems (see Fig. 2). Not surprisingly, the scores
of purine analogs were not as good when the complementary base
was also a purine. In addition to the canonical substitutions, we
explored the performance of nucleotides with substitutions in
the ribose scaffold, (see Fig. 2). Overall, the nucleotides substituted
at C10 have a better fit in the three studied systems. Moreover, the
cyano substitution improved the consensus binding score. Substi-
tutions at the C20 position did not improve docking scores in gen-
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Fig. 1. Relevant positions for binding in the RdRp – exonuclease system. The catalytic and i + 1 positions are shown in panel A a 90 rotation in the z-axis is shown in panel B.
Images underneath show each of the binding poses obtained for the reference nucleotides at the three relevant positions of the protein complex.
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eral but had a more positive effect when the complementary
nitrogenous base was a purine. In the molecules studied, substitu-
tions at the C30 position do not seem to impact docking scores at
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RdRp-cat, while leading towards worse scores at RdRp-cat, but
only 12 were substituted in this position. Molecules with C40

non-canonical substitutions have better docking scores when the



Table 1
Docking scores calculated for the five drugs at three relevant binding sites of the
protein complex.

RdRp-cat RdRp-p4 ExoN-cat

FPV �19.07 �19.27 �16.18
MOL �17.98 �17.37 �16.80
RDV �26.74 –23.29 �17.94
RBV �16.66 �20.47 –22.80
SOF �19.22 �17.25 �17.30
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complementary base is a purine, but they showed no overall differ-
ence at the different docking sites. Lastly, substitutions at the C50

position led to worse scores in the studied systems, also with pos-
itive effects when the complementary base was a purine. Consider-
ing that a clash at the RdRp-p4 is desirable for disrupting the
Fig. 2. Substituent analysis. The chemical structure of ATP is shown above, highlighting
sites, and with the nitrogenous base shown in blue (note that adenine is a purine, i.e.,
consensus scores. Consensus scores include the three docked sites (RdRp-cat, RdRp-p4
cytosine, guanine, or adenine). Different subgroups are compared in the boxplots: comp
purine, respectively), and substitutions in the ribose carbons other than the canonical (b
representation, all variables were standardized by subtracting the mean and dividing by
molecules with the canonical substitution; in red, molecules with other substitutions; in c
compounds are presented in blue letters as a reference (R: Remdesivir, S: Sofosbuvir, F: Fa
first and third quartile, whereas the thick middle line depicts the median. The whisker
presented above the corresponding panel. (For interpretation of the references to colou
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enzyme’s activity, C30 substitutions might be worth exploring in
further studies, as they seem to still fit well at RdRp-cat. Notewor-
thy, this analysis predicts unfavorable scores for C20, C40, or C50

substitutions.
2.3. Consensus scoring

Given the non-linearity of docking scores (RMSEA: 0.085; CFI:
0.53), the model for consensus scoring had an acceptable fit. Tables
2 and 3 show the point estimates for the loadings of latent vari-
ables and their covariance matrix, respectively. Of note, the covari-
ances between site scores are all positive, implying that molecules
having better scores in one site are expected to have better scores
in the others as well.
in red the common scaffold for the molecules in the database and the substitution
it has two connected rings). The box plots depict the distribution in the different
and ExoN-cat), and the score when using a certain complimentary base (uracil,

ounds with one vs more rings in the nitrogenous base (i.e., similar to pyrimidine or
eing the canonical form the one shown for ATP above). To ensure a better graphical
the standard deviation. For all variables, a lower value implies a better fit. In white,
yan, molecules with a cyano group in C10 or a fluorine in C20 . The scores of reference
vipiravir, M: Molnupiravir, I: Ribavirin). In all box plots, the box limits represent the
s extend up to the minimum and maximum observed values. The subgroup size is
r in this figure legend, the reader is referred to the web version of this article.)



Table 2
Latent variables loadings estimated for the model in Fig. 1. *: p < 0.05. NB: nitrogenous base.

RdRp-cat RdRp-p4 ExoN-cat

Load A C U G A C U G A C U G

APF site 1.00 1.16* 1.13* 1.4* 1.00 91.10 77.5 74.47 1.00 2.75* 1.49* 0.56*
NB 1.00 1.00 1.00 1.00 98.52 �0.09* 0.21* 0.05 �50.19 �0.10* 0.01 0.07*

DockingScore site 0.13* 0.11* 0.26* 0.12* 2.38 60.05 68.24 62.94 0.68* 1.47* 0.64* 0.40*
NB 42.43 4.73 0.39 * 0.25* 120.18 0.03 0.50* 0.18* 39.66 0.01 �0.01 0.13*

HB site 0.02* 0.02 0.05* 0.03* �2.63 0.691 9.68 4.69 0.12* 0.16* 0.07* 0.14*
NB 3.82 0.04* 0.12* 0.09* 13.58 �0.00 0.13* 0.03* 2.42 �0.01 0.02* �0.01*

S861 site – – – – 1.50 �1.21 2.5 3.69 – – – –
NB – – – – 2.01 0.01 0.01* �0.00 – – – –

N104 site – – – – – – – – 0.04* 0.08* 0.06* 0.02*
NB – – – – – – – – �1.03 �0.00 0.01 �0.00

Table 3
Covariance matrix between latent variables. *: p < 0.05.

cat i + 4 ExoN U C G A

cat 69.62 0.297 10.187* – – – –
i + 4 0.297 0.003 0.079 – – – –
ExoN 10.187* 0.079 5.394 – – – –
U – – – 74.014 �3.071 �1.852 �0.102
C – – – �3.071 12.328 1.949 0.009
G – – – �1.852 1.949 141.934 0.107
A – – – �0.102 0.009 0.107 0.001
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2.4. Best computational hits

The selection of the most promising hits relied on the assump-
tion that any effective compound must be incorporated into the
nascent RNA strand. Therefore, we selected only molecules with
a consensus RdRp-cat (7CTT) latent score below two standard devi-
ations from the mean, and both RdRp-p4 and ExoN-cat consensus
scores below one standard deviation. Seven molecules (Table 4)
passed these consensus filters. Hence, we propose the seven mole-
cules shown in Table 4 as promising candidates against SARS-CoV-
2 RdRp. Fig. 3 shows the distribution of the molecules in the con-
sensus scores for the three studied systems and Fig. 4 shows their
chemical structures and details of their interaction with the RdRp-
ExoN systems.
3. Discussion

We report an integrative approach for exploring the structural
features relevant for designing nucleotide SARS-CoV-2 RdRp inhi-
bitors. Docking poses of the co-crystallized ligands RDV-MP and
FPV-MP reproduced the corresponding experimental conforma-
tions with RMSD values below 1.0 Å. Then, we modeled a database
of nucleotide analogs as an exploratory tool to determine their
potential inhibitory activity. Under the conditions studied here,
RDV exhibited the best docking scores among the 517 nucleotide
analogs analyzed in RdRp-cat. Our results highlight RDV as a
potentially dual RdRp and ExoN inhibitor against SARS-CoV-2
[59]. As detailed below, we identified a number of molecules with
high predicted affinities towards RdRp-p4 and ExoN-cat, thus rep-
resenting potential candidates for developing new antivirals. The
extent to which the ExoN inhibition would be beneficial in combat-
ing the SARS-CoV-2 infection remains to be explored [4,42].

These last two years have shown that the SARS-CoV-2 and
COVID-19 are far trickier than originally thought. Clearly, the
major significant shift was the development of numerous safe
and effective vaccines and the massive vaccination campaigns
implemented throughout the world. However, different factors
have demonstrated that vaccination by itself is not going to be
the coveted panacea, and that research efforts aimed at better
5186
understanding the disease and finding alternatives to treat it are
far from over.

Long COVID, also known as Post COVID-19 condition, defined as
the persistence of symptoms 12 weeks after the first acute SARS-
CoV-2 infection, affects millions of individuals worldwide [60]
and over 50 different symptoms have been associated with this
condition [61]. The ultimate cause of this pathology remains an
open issue, and different ideas have been posited as its main con-
tributors, including the formation and deposition of blood clots,
alterations in the immune system, the persistence of replicating
virus in various tissues including the intestinal epithelium, or a
combination of all of them [62–65]. A related, but slightly different
scenario, is represented by immunocompromised patients, in
which the virus continues its replication for months [66,67]. One
of the consequences of the prolonged viral replication is the inevi-
table intra-host SARS-CoV-2 evolution. The regular viral sequenc-
ing of these patients revealed, perhaps not surprisingly, the
presence of several of the immune-escape mutations which would
later characterize the variants of interest and of concern, a phe-
nomenon that may have been associated with the emergence of
some of the circulating variants of concern [68].

Major efforts to find effective drugs against SARS-CoV-2 were
undertaken by the scientific community around the globe during
the first months of the pandemic [69]. The current COVID-19 ther-
apeutic panorama is encouraging, with drugs approved for each
phase of the disease, including antivirals, Janus kinase inhibitors,
IL-6 receptor blockers, corticosteroids, monoclonal antibodies
[70]. Nonetheless, the elevated vaccination rates and the predom-
inance of VOCs like Omicron and its subvariants, which are charac-
terized by relatively milder clinical manifestations, have been
diminishing the interest in the search for antivirals [71]. Moreover,
from a strategic perspective, the extremely high number of previ-
ously infected persons and the existence of approved antivirals
against the COVID-19, e.g. molnupiravir and nirmatrelvir/rriton-
avir, have complicated the recruitment of ‘‘naive” individuals
which might be included in proposed antivirals clinical trials.
And yet, the quest for a wider array of anti-COVID drugs should
be warranted by several factors, including the inevitable evolution
of the SARS-CoV-2, which has led to new infection waves caused by
recently-emerged variants with higher transmissibility and better-



Table 4
References and most promising compounds (hits) against SARS-CoV-2 RdRp and ExoN in the nucleotides database. Only latent variables related to the docking site consensus are
shown.

Molecule name or PubChem CID DB1 Consensus RdRp-cat Consensus RdRp-p4 Consensus ExoN-cat

FPV REF �0.15 �0.51 �0.33
MPV REF �0.44 0.07 �0.18
RBV REF �0.06 0.09 �1.16
SBV REF 0.53 �0.19 �0.43
RDV REF �3.85 �2.18 �1.47
24,763,257 RDV �2.46 �1.28 �1.26
25,245,386 FPV, MPV, RBV �2.14 �1.40 �1.68
440,059 MPV �2.44 �1.23 �1.45
46,874,980 RDV �2.22 �1.19 �1.06
68,658,112 RDV �2.44 �2.64 �1.69
70,587,122 RDV �3.72 �2.84 �1.72
70,907,629 RDV �2.46 �2.00 �1.70

1 DB: Source database of molecules. REF: reference drugs; RDV: analog to Remdesivir; FPV: analog to Favipiravir; MPV: analog to Molnupiravir; RBV: analog to Ribavirin.

Fig. 3. Pairwise plots of the consensus scores at the three docking sites. RDV-MP is marked in red, and the other references in orange. Note that RDV-MP has excellent
performance in all docking sites. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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tuned immune escape capabilities; the fact that immunocompro-
mised patients may benefit from shorter infections hindering the
possibility of incubating potential new variants; and the growing
evidence that Long COVID might be partly due to a persistently
replicating virus. Hence, the importance of in silico and in vitro
studies such as those reported here that allow us to test new treat-
ments and model their plausible molecular interactions.

The strong selective pressures from the immune system and the
introduction of vaccines have driven the spike protein to display a
faster evolution. However, the nsps encoded by ORF1a/b have had
two mutations so far, at least in the RNA-dependent RNA
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polymerase, and the key role that these proteins play in viral repli-
cation and maturation reduces the possibility that drug-resistant
variants will emerge as fast as mAb-escape variants did [72].
Therefore, a combinational approach of nucleoside analogues,
including favipiravir, ribavirin, and remdesivir (but also sofosbuvir
and molnupiravir as shown in this study) may have a synergistic
effect to inhibit the viral replication as seen in other RNA viruses
[73]. Moreover, a therapy based on rational combinations of
anti-SARS-CoV-2 inhibitors against different viral components
such as the RdRp, the exonuclease or the proteases, might help
enhance the treatment’s potency, mitigate side effects as much



Fig. 4. Binding modes of selected nucleotide analogs. Upper panel: the top seven selected molecules, identified by its PubChem CID. Lower panel: details of binding mode for
(A) analogue 68,658,112 (cyan sticks) and (B) analogue 24,763,257 (olive sticks) into RdRp-Cat system (grey cartoon and white sticks); (C) analogue 70,587,122 (green sticks)
into RdRp-p4 system (grey cartoon and grey sticks); and (D) analogue 70,907,629 (orange sticks) into the ExoN-Cat system (grey cartoon and grey sticks). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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as possible, and avoid drug-resistant mutants [74]. Notably, the
effect of nucleotides at the exonuclease proofreading site has
not been extensively explored or used as a strategy for RdRp
regulation [28,39]. Based on this area of opportunity, we show in
this work that the simultaneous targeting of multiple sites in the
replication process seems feasible and worth pursuing. To evaluate
this hypothesis, we are performing in vitro evaluations of
nucleotide analogues, the results will be publicly available in due
course.
4. Conclusion

In summary, we presented the structural analysis of five rele-
vant nucleotide drugs against the RdRp and ExoN of SARS-CoV-2.
To extend the study to other similar molecules, a database of 517
analogs of these drugs was curated. Through the analysis of this
database, we anticipated that, besides the classical C10 substitution
exemplified by RDV, C30 substitutions might be of interest in the
development of SARS-CoV-2 RdRp inhibitors. The resulting collec-
tion of molecules could be a starting point for other projects aim-
ing at studying nucleotide analogs through molecular modeling, as
we considered phosphorylation status and stereochemistry in the
assembly of the data.
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Approaches that target or modulate essential and well-
conserved nonstructural proteins such as the RdRp and the exonu-
clease can be capable of a pan-coronavirus antiviral activity against
emergence and re-emergence of highly pathogenic diseases.
5. Materials and methods

5.1. Nucleotides database: compilation, curation, and R-group
decomposition

A molecular database of nucleotide analogs was built by search-
ing the PubChem (https://pubchem.ncbi.nlm.nih.gov/) database
using as a template the three-dimensional structures of RDV,
SOF, RBV, FPV, and MPV. The SMILES (Simplified Molecular Input
Line Entry System) codes of drugs and analogs were retrieved
and saved in SDF format. The nucleotide database was organized
as an R-group table. The remaining compounds were automatically
phosphorylated using SMIRKS in RDkit, version 2020.09.1 (https://
www.rdkit.org/). Mono- and tri-phosphorylated forms of all except
five nucleotides, which lack an accessible hydroxyl group, were
obtained. After eliminating duplicates from the database, 517
phosphorylated nucleotides remained and were used for molecular
modeling studies (Supplementary Table S1).

https://pubchem.ncbi.nlm.nih.gov/
https://www.rdkit.org/
https://www.rdkit.org/
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5.2. Docking simulations

Docking simulations of RDV, SOF, FPV, MPV, RBV, and their ana-
logs from the curated database were performed using the software
ICM (Internal Coordinate System, Molsoft Inc.) 3.9-2b [75]. The ter-
tiary structures of RdRp in complex with FPV (PDB ID: 7CTT) and
RDV in the catalytic site (PDB ID: 7BV2) were retrieved from the
PDB database. These systems include the NSP12-NSP7-NSP8 com-
plexes, as well as a translocated RNA molecule. Docking in exori-
bonuclease was prepared following the same protocol but using
a homology-modeled protein built as described below. The pro-
teins were prepared in ICM, setting the protonation at pH = 7.0,
checking for protomers, assigning tautomers, and performing a
geometry minimization. The docking was performed by a two-
step protocol: a placement process by a flexible alignment; and a
docking scoring refinement calculation. The docking score was
obtained directly from ICM software, which is a GBSA/MM-type
scoring function augmented with a directional hydrogen bonding
term [76]. The predicted pose was compared to the conformation
of the natural nucleotide and measured by the atomic property
field (APF) approach [77]. Using this methodology, seven molecular
properties are calculated: (hydrogen bond donors and acceptors,
sp2 hybridization, lipophilicity, size, charge and electropositivity
or electronegativity). That information is used for the superposi-
tion of ligands on one or multiple molecular templates by
Monte-Carlo minimization in the atomic property fields potentials
combined with standard forcefield energy. As a result, an APF value
(APF score) is obtained and related to 3D-conformational similarity
with a molecule reference. In addition, a score that takes into
account the hydrogen bonds that are formed between the ligand
and the residues of the protein in the binding site was calculated.
This score, denoted as ‘‘HB”, was calculated for those hydrogen
bonds between the nucleotide of the complementary base and
the docked nucleotide analog. In both cases, the lower the score
value, the better conformation (APF) or better HB formation (HB).
Finally, from the docked poses, we measure the distances of each
docked nucleotide (center of mass) to the residues involved in
known steric clashes related to potential inhibition of the RdRp
activity. These residues are serine 861 (S861) in the system
RdRp-p4, and asparagine 104 (N104) in the ExoN-cat system.

5.3. RdRp mutants with the different nitrogenous base combinations

In order to set the correct nitrogenous base pair between the
docked molecule and the RNA template, the corresponding nucleo-
tide mutations were performed in each of the three systems stud-
ied (RdRp-cat, RdRp-p4, ExoN-cat). For this endeavor and following
the canonical Watson-Crick pairing adenine-uracil and guanine-
cytosine, a total of twelve systems were built. The resulting models
were prepared for docking simulations as previously described.

5.4. Flexible alignment

Nucleoside drugs (RDV, SOF, FPV, MPV, and RBV) were placed
into the binding site of RdRp, using a flexible alignment protocol
available in MOE, taking as reference the co-crystalized ligand,
Table 5
Variables considered for the consensus model.

Site Variables Systems with

RdRp-cat APF, Docking score, HB 4
RdRp-p4 APF, Docking score, HB, S861 4
ExoN-cat APF, Docking score, HB, N104 4
Total – –
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FPV, in the catalytic binding site (PDB ID: 7CTT). The calculation
was terminated when at least 50 conformers were collected
throughout 200 iterations. The conformations were chosen by ran-
dom rotations in the rotatable bonds, with a limit of 100 configu-
rations. The orientation was found by minimizing the similarity
function, where F is the similarity feature of the property densities
between pairs of atoms, and U is the average potential energy with
the force field MMFF94x.
5.5. Homology modeling of SARS-CoV-2 exoribonuclease

We built a homology model of SARS-CoV-2 NSP14 using the
publicly accessible Swissmodel suite [78]. The crystallographic
structure of SARS-CoV NSP14 guanine-n7 methyltransferase (PDB
ID: 5C8S) was taken as a template, according to the alignment
search (basic local alignment search tool, BLAST) performed with
the SARS-CoV-2 NSP14 sequence obtained from Uniprot database
(accession code: P0DTD1; ‘‘Replicase polyprotein 1ab”). The result-
ing modeled protein was analyzed using MolProbity for clashes
[79]; Ramachandran favored torsion angles; rotamer outliers;
and bad angles and bonds. Next, a superposition of modeled
SARS-CoV-2 NSP14 and the crystallized SARS-CoV NSP14 (PDB
ID: 5NFY) was performed in order to assess the correct tertiary
structure of the model. The RNA and the magnesium and zinc ions
were added to the SARS-CoV-2 ExoN model using as a template the
crystallographic structures of Lassa nucleoprotein with triphos-
phate RNA (PDB ID: 4FVU and PDB ID: 4GV9). Finally, the model
was energy-minimized using the Amber10:EHT forcefield with
charges from the force field and a gradient cutoff of 0.01 RMS kcal/-
mol/A2. The resultant model was analyzed using MolProbity. By
the time of this work, the X-ray structure of the ExoN became
available. The RMSD value between the X-ray structure and our
homology model is 0.23 Å, indicating nearly identical structures.
5.6. Consensus scoring through structural equation modeling

The variables investigated through docking simulations are:
APF, docking score, hydrogen bond interactions, predicted energy,
and the distance to selected residues (only in i + 4 and ExoN). As
mentioned above, docking systems were built by mutating pair
bases in the template RNA sequence; in total, 44 variables were
obtained (Table 5).

To generate consensus scores that considered all the variables
while reducing the dimensionality of the data, we constructed a
structural equations model through lavaan R’s package with the
factorial design [80] presented in Fig. 5. This model estimates
latent (not directly observable) site consensus variables that can
be indirectly measured through the variables observed in docking.
In the model, we also include latent variables to account for the
effect of mutations in the template chain. As depicted in Fig. 5,
the model estimates correlations among the latent variables for
mutations and site consensus separately, but not between muta-
tions and site consensus. Root mean square error approximation
(RMSEA) and comparative fit index (CFI) were measured as
goodness-of-fit statistics.
different pair bases in the template RNA Number of variables

12
16
16
44



Fig. 5. Factorial design for the structural equations model used for estimating site consensus variables. This is a compact depiction presenting only 11 variables for one
nitrogenous base system, but each of the four nitrogenous bases in the template RNA would have an identical structure (hence the dashed arrows). The rectangles represent
observed variables, while circles are latent variables. Double-headed arrows represent admitted correlations; single-headed arrows represent factorial loadings. Cat: RdRp-
cat; i + 4: RdRp-p4; ExoN: ExoN-cat; NB: nitrogenous base; ura: uracil; cyt: cytosine; gua: guanine; ade: adenine. D. score: docking score, APF: atomic property field, HB:
hydrogen bonds score.
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