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Bat coronaviruses related to SARS-CoV-2: what about their 3CL proteases (MPro)?
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ABSTRACT
Despite a huge effort by the scientific community to determine the animal reservoir of SARS-CoV-2, which
led to the identification of several SARS-CoV-2-related viruses both in bats and in pangolins, the origin of
SARS-CoV-2 is still not clear. Recently, Temmam et al. reported the discovery of bat coronaviruses with a
high degree of genome similarity with SARS-CoV-2, especially concerning the RBDs of the S protein, which
mediates the capability of such viruses to enter and therefore infect human cells through a hACE2-
dependent pathway. These viruses, especially the one named BANAL-236, showed a higher affinity for the
hACE2 compared to the original strain of SARS-CoV-2. In the present work, we analyse the similarities and
differences between the 3CL protease (main protease, Mpro) of these newly reported viruses and SARS-
CoV-2, discussing their relevance relative to the efficacy of existing therapeutic approaches against COVID-
19, particularly concerning the recently approved orally available Paxlovid, and the development of
future ones.
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Introduction

Since its outbreak in December 2019, the COVID-19 pandemic has
caused to date the death of almost 6 million people all around
the world1,2. This worldwide-spread disease is caused by a beta-
coronavirus known as SARS-CoV-2, which infects the respiratory
system of the host organism compromising its health status3. The
symptoms of this illness range from the ones typical of influenza
(cough, fever, and headache) to very serious complications such
as breathing difficulty, pneumonia, and hypoxia, eventually lead-
ing to respiratory failure and death4. The high transmissibility of
the SARS-CoV-2 virus allowed its fast diffusion all around the
world, rapidly attracting the interest of experts in the medical, bio-
logical, and pharmaceutical environments, who have extensively
worked and are still putting relevant efforts into the elaboration
of proper solutions to fight this pathogen.

The first approach to finding viable therapeutic options was
the so-called “drug-repurposing”, i.e. the use of drugs that are
already marketed for the treatment of different diseases to cure
COVID-19 patients. Concerning this, particular attention was
directed towards HIV protease inhibitors such as Kaletra (thera-
peutic combination of Lopinavir and Ritonavir)5 and antimalarial
drug Plaquenil (commercial name of hydroxychloroquine)6.
Unfortunately, despite the promising premises (especially from a
timescale perspective7), this approach was unsuccessful, with
investigated drugs showing little to no efficacy in randomised clin-
ical trials8.

Parallel to the first approach, a considerable amount of labour
by both the industry and academia has been spent on developing
tools that prevent the detrimental effect of the pathology and has
resulted in the approval by the Food and Drug Administration
(FDA) of several vaccines9. These therapeutic entities can be div-
ided into three different classes10: the first one is composed of
the inactivated virus vaccines, such as Chinese CoronaVac and the

Russian CoviVac, the second family is formed by the ones based
on adenovirus vectors, likeVaxzevria, Sputnik V, and the Janssen
COVID-19 vaccine, while the third and final family consists of the
mRNA-based ones such as the Pfizer-BioNTech “Comirnaty” and
the Moderna “Spikevax”.

While vaccines based on inactivated viruses have given poor
results, several studies have proven the efficacy of vaccination
campaigns with the other two classes of vaccines (especially m-
RNA ones) all around the world11,12. Despite the success of said
vaccines, the SARS-CoV-2 Spike protein is often subjected to
immune system-escaping mutations which lead to the develop-
ment of new viral variants13, obliging the vaccines to be periodic-
ally updated to maintain their efficacy.

The high variability of the Spike protein among different cor-
onavirus strains, which threatens the efficacy of already approved
vaccines in the long period, led the scientific community to join
forces to identify effective treatments for ongoing infections and
to prevent future pandemic waves. Regarding this, a remarkable
example is portrayed by the COVID Moonshot consortium, a col-
laborative project that involved scientists from all over the world
in an attempt to design and develop an orally available drug
against COVID-1914,15. COVID Moonshot aside, the great amount
of knowledge accumulated on the target since the SARS-CoV epi-
demic in 2002/2003 rapidly resulted in the approval of the first
COVID-19 specific treatments.

The first drug to be approved was Remdesivir, a polymerase
inhibitor that was initially designed against the Ebola Virus and
has then been repositioned against COVID-19. This drug, unfortu-
nately, has an unfavourable pharmacokinetic profile, which limits
its administration to the intravenous route in a hospital set-
ting16,17. Tocilizumab, an interleukin-6 receptor monoclonal anti-
body originally developed to cure rheumatoid arthritis, obtained
the emergency use authorisation (EUA) for the treatment of
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COVID-19 in the United States in June 202118. The oral RNA-poly-
merase inhibitor Favipiravir has also been approved for marketing
in countries such as Japan, China, India, Saudi Arabia, and the
United Arab Emirates, but is still under examination from
the FDA19.

An important milestone has been achieved at the end of 2021
with the FDA approval of the therapy based on the SARS-CoV-2
main protease (Mpro) inhibitor Nirmatrelvir (also known as PF-
07321332) in combination with Ritonavir, sold under the commer-
cial name “Paxlovid” (which is available also in Europe since the
end of January 2022)20. Thanks to its efficient, reversibly covalent
inhibition of Mpro, the Nirmatrelvir-based therapy demonstrated to
lower of 89% the risk of severe complications after COVID-19
infection in symptomatic, unvaccinated, non-hospitalized adults21.

Recent scientific work by Temmam et al.reported the discovery
of a high level of sequence similarity between the SARS-CoV-2
genome and that of other coronavirus species infecting cave bats
living in North Laos22, raising serious concerns about the potential
threat to public health that these coronaviruses could portray.
Despite giving an in-depth analysis on the similarities and differ-
ences between the S protein of these newly reported viruses, no
consideration is reported in the original work about their main
proteases. For this reason, to assess the impact that these bat
coronaviruses could have on public health, we performed a com-
putational analysis to shed light on similarities and differences
between the main protease of SARS-CoV-2 and that of these
newly discovered bat coronaviruses, discussing the role that these
alterations could have on the efficacy of existing therapies
(Paxlovid, in particular) and the development of future ones.

Materials and methods

The genome sequence for SARS-CoV-2, BANAL-52, BANAL-103,
BANAL-236, and RaTG13 was obtained through GenBank. Table 1
reports the accession codes for each of the considered genomes.
The protein sequence associated with the 3CL protease (main pro-
tease, Mpro), was extracted, aligned using the appropriate tool
from MOE 2019.0123, and used for the generation of the corres-
pondent homology model (except for SARS-CoV-2, for which sev-
eral crystal structures are available in the Protein Data Bank).

The structure of SARS-CoV-2 main protease in its unliganded
state was retrieved from the Protein Data Bank (PDB ID: 6Y2E24)
and prepared using MOE 2019.01. At first, the functional dimer
was restored applying the symmetric crystallographic transform-
ation to each asymmetric unit. Secondly, residues with fractional
occupancy values were assigned to the most probable state. Then,
missing hydrogen atoms were added to the system according to
the most probable protonation state at pH 7.4 for each titratable
residue exploiting the “Protonate3D” tool. Afterward, hydrogen
atoms coordinates were energy minimised according to the
AMBER10: EHT force field until a gradient of 0.1 kcal mol�1Å � 2

was reached. Finally, crystallographic water molecules
were removed.

Four different homology models were generated exploiting the
“Homology Model” tool, one for each bat coronavirus considered

in the present work. The sequences used for the generation of
homology models are reported in Table 1, while the structure
6Y2E, prepared as described before, was used as a template for
the model generation.

Results

To compare similarities and dissimilarities between the SARS-CoV-
2 Mpro and correspondent proteases in the most closely related
bat coronaviruses, four different homology models (one for each
different virus considered in this work) were generated, as
reported in Materials and Methods. Due to the high degree of
sequence identity (99,7% for BANAL-52, BANAL-103, and BANAL-
236, 99,4% for RaTG13) between considered bat coronaviruses
and SARS-CoV-2 Mpro, homology modelling is expected to give a
representative result, very closely related to the experimental
data. As illustrated by Figure 1, there are only two differences in
the primary sequences of considered viruses. These small changes
to the amino acid sequences led to the generation of homology
models that are practically superimposable to the reference struc-
ture (6Y2E), as is also depicted in Figure 1.

Figure 2, instead, reports a comparison between the four hom-
ology models and SARS-CoV-2 Mpro from structure 6Y2E, mapping
the differences between various proteases onto their three-dimen-
sional structure.

The first difference is related to residue 96, which in the case
of SARS-CoV-2 is a proline. This residue is conserved in each
BANAL coronavirus reported by Temmam et al. but is not con-
served in RaTG13, which was previously considered to be the
most closely related bat coronavirus to SARS-CoV-2. Instead of a
proline, RaTG13 presents a threonine residue at the 96 position,
which is expected to increase both the flexibility and the hydro-
philicity of the surroundings.

The second structural alteration is referred to residue 180,
which in the case of SARS-CoV-2 is an asparagine. In this case,
there is a higher variability between different coronavirus strains,
with each BANAL virus presenting a hydrophobic residue (alanine,
in the case of BANAL-52 and BANAL-236, isoleucine in the case of
BANAL-103), while RaTG13 once again differentiate from both
BANAL viruses and SARS-CoV-2 presenting a hydrophilic threo-
nine residue.

Discussion

The comparison between the crystal structure of SARS-CoV-2 and
homology models of bat coronaviruses Mproshowed that there are
two main structural differences, both of which do not involve the
catalytic site.

In the native SARS-CoV-2 structure, Phe96 is involved in a ser-
ies of hydrophobic contacts with the side chain of Trp31, Thr93,
and Lys97 through its pyrrolidine core. In the case of RaTG13, the
only bat coronavirus that presents an alteration at this position,
the presence of a threonine causes a reduction of possible hydro-
phobic contacts with the surrounding amino acids but does not
cause the loss of any crucial interaction for structural integrity.

Table 1. The protein sequences used in this work and their origin.

Organism Isolate Accession Code Product Protein ID Residues

SARS-CoV-2 “Wuhan-Hu-1” NC_045512.2 ORF1ab polyprotein YP_009724389.1 S3264-Q3569
Bat coronavirus “BANAL-20-52/Laos/2020” MZ937000.1 ORF1ab polyprotein UAY13216.1 S3255-Q3560
Bat coronavirus “BANAL-20-103/Laos/2020” MZ937001.1 ORF1ab polyprotein UAY13228.1 S3256-Q3561
Bat coronavirus “BANAL-20-236/Laos/2020” MZ937003.2 ORF1ab polyprotein UAY13252.1 S3256-Q3561
Bat coronavirus RaTG13 “RaTG13” MN996532.2 ORF1ab polyprotein QHR63299.2 S3263-Q3568

1078 M. PAVAN ET AL.



Moreover, this residue is located in a solvent-exposed flexible
loop region that connects between two beta-sheets, a further
indication that this substitution should not compromise the struc-
tural integrity of the protease.

Concerning the second structural alteration, in the native
SARS-CoV-2 structure Asn180 is involved in a double interaction
with the sidechain of two charged residues, namely Asp176 and
Arg105. Both of these interactions happen with the backbone of
Asn180 and do not involve its sidechain, which is stretched
towards the solvent. Intriguingly, in this case, the newly discov-
ered bat coronaviruses all present a hydrophobic residue at pos-
ition 180: in all these cases, no loss of native interaction happens,
coherently with the fact that they do not involve the sidechain of
residue 180 and only occur through its backbone. Once again,
RaTG13 is the most diverse one, being the only analysed bat cor-
onavirus that presents a polar amino acid (a threonine) at this
position. As previously mentioned, the sidechain of residue 180 is
not involved in any structurally relevant interaction, and therefore
the presence of a hydroxyethyl sidechain does not give a particu-
lar advantage to this virus strain. Furthermore, as is the case for
Pro96, this structural modification is also located in a solvent-
exposed, non-structured loop region, indicating that no critical
harm to the protease integrity should be provoked by
this alteration.

Altogether, our structural analysis reveals that neither of these
two structural differences between SARS-CoV-2 and bat coronavi-
ruses Mpro should determine any relevant structural alteration of
the main protease. Notably, this observation is in agreement with
a recent article that characterised the effect of each possible Mpro

mutation on its functionality: both Pro96 and Asn180 are marked
as highly tolerant to mutations25.

Concerning the implications of these two mutations on the
efficacy of Mpro inhibitors, several elements point to the conclu-
sion that neither mutation should have a relevant effect. As can
be seen from Figure 2, which gives a depiction of the localisation
of these two mutations relative to the position of the catalytic site
(which is also the binding site of most protease inhibitors, includ-
ing PF-07321332, the active principle of Paxlovid) shows that both
these mutations are not directly linked to the catalytic site, indi-
cating that the binding cleft that harbours PF-07321332 should
not be altered. Moreover, as thoroughly assessed in previous sci-
entific work from our laboratory, neither of these two residues is
in any way involved in the recognition process of PF-0732133226,
complementing the structural information provided by crystal
structures 7VH827, 7RFS, and 7RFW which clearly show how none
of this two residues contributes to the interaction with PF-
07321332 in the final bound state.

The fact that the SARS-CoV-2 main protease and the one from
closely related bat coronaviruses are very similar and practically
identical at the catalytic site supports the idea that targeting this
protease is still a viable therapeutic option not only for the pre-
sent but also for the prevention of future pandemic waves.

To date, several studies have contributed to thoroughly charac-
terising the nature of the shallow and solvent-exposed catalytic
site of the SARS-CoV-228, which has proven to be readily investig-
able with both time-dependent and time-independent structure
based-approaches such as molecular docking29 and molecular

Figure 1. Comparison between SARS-CoV-2 3CL protease (Mpro) from crystal structure 6Y2E (blue) and homology models of Mpro from four different bat coronaviruses,
reported in Table 1. In Panel A, the pairwise RMSD matrix derived from the superposition of each bat coronavirus homology model to the template structure 6Y2E is
reported. Panel B and C summarise the differences in the primary sequence between SARS-CoV-2 and bat coronaviruses Mpro.
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dynamics30, leading to the development of compounds with affin-
ities in the low nanomolar range31,32.

All these factors, combined with the fact that striking 3D struc-
ture similarities exists also with other coronaviral Mpro such as the
one from Porcine transmissible Gastroenteritis virus (TGEV)33,
Human coronavirus strain 229E (HCoV)34, Infectious bronchitis
virus (IBV)24and MERS-CoV35, validate the pursue of novel Mpro

inhibitors that could increase the pool of available treatment for
COVID-19 and also for future coronavirus-related diseases, acting
as pan-coronaviral drugs.

Conclusions

Recently, a scientific work by Temmam et al. reported the discov-
ery of bat coronaviruses closely related to SARS-CoV-2 that can
infect human cells. This scientific work raised the attention of
both the scientific community and the general audience to the
possible threat to public health that these newly discovered coro-
naviruses could represent. Despite a thorough characterisation of
Spike protein of these bat coronaviruses, no information was
given in the original work about their main proteases, which is
considered the main target for the development of COVID-19 spe-
cific active principles.

In the present scientific work, we performed a computational
analysis to characterise structural similarities and differences
between the main proteases of SARS-CoV-2 and closely related
bat coronaviruses. A comparison between the crystal structure of
SARS-CoV-2 Mpro and homology models of bat coronavirus Mpro

shows that two main differences exist, involving the mutation of
Pro96 and Asn180. None of these structural alterations are pre-
dicted to have an impact on the protease structural integrity,
functionality, or affinity for existing inhibitors (especially the
recently approved orally available Paxlovid), nor towards the
development of novel protease inhibitors. Furthermore, the high
degree of structural conservation among main proteases from dif-
ferent coronaviruses suggests that Mpro is not only a valid target
for the treatment of COVID-19, but that the knowledge acquired
on this target could be useful in the identification and develop-
ment of pan-coronaviral drugs that can cure different diseases
and prevent future pandemic waves.
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