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Abstract

In comparison to previously known severe respiratory syndrome coronavirus 2 (SARS-CoV-2) variants, the newly emerged
Omicron (B.1.1.529) variant shows higher infectivity in humans. Exceptionally high infectivity of this variant raises concern
of its possible transmission via other intermediate hosts. The SARS-CoV-2 infectivity is established via the association of
spike (S) protein receptor binding domain (RBD) with host angiotensin I converting enzyme 2 (hACE2) receptor. In the
course of this study, we investigated the interaction between Omicron S protein RBD with the ACE2 receptor of 143 mam-
malian hosts including human by protein—protein interaction analysis. The goal of this study was to forecast the likelihood
that the virus may infect other mammalian species that coexist with or are close to humans in the household, rural, agri-
cultural, or zoological environments. The Omicron RBD was found to interact with higher binding affinity with the ACE2
receptor of 122 mammalian hosts via different amino acid residues from the human ACE2 (hACE2). The rat (Rattus rattus)
ACE2 was found to show the strongest interaction with Omicron RBD with a binding affinity of -1393.6 kcal/mol. These
distinct strong binding affinity of RBD of Omicron with host ACE2 indicates a greater potential of new host transmissibil-
ity and infection via intermediate hosts. Though expected but the phylogenetic position of the mammalian species may not
dictate the Omicron RBD binding to the host ACE2 receptor suggesting an involvement of multiple factors in guiding host
divergence of the variant.
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Introduction

In December 2019, a novel coronavirus, severe respira-
tory syndrome coronavirus 2 (SARS-CoV-2), had emerged
causing coronavirus disease 2019 (COVID-19) pandemic
in Wuhan, China (Gorbalenya et al. 2020; Zhu et al. 2020).
Middle East Respiratory Syndrome (MERS) CoV and
SARS-CoV-2 are exceptionally dangerous viruses that have
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been observed to spread from bats to people via intermedi-
ate hosts such as palm civets and dromedary camels (Guan
et al. 2003; Azhar et al. 2014). Owing to the first reported
sequence of SARS-CoV-2 from Wuhan, the reference variant
has been named Wuhan-Hu-1 (Pavan et al. 2022). The same
nomenclature has been used in the present study.

Since the declaration of SARS-CoV-2 as a pandemic in
February 2020, the World Health Organization (WHO) has
been closely monitoring its progress till date. The WHO
has categorised the emerging variants of SARS-CoV-2 into
currently circulating variants of concern (VOCs), previ-
ously circulating VOCs, variants of interest (VOI), variants
under monitoring (VUMs), and formerly monitored variants
(FMV). According to WHO’s most recent update on July 18,
2022, there is only one variant listed under currently circu-
lating VOCs; 4 variants under previously circulating VOCs,
8 variants under previously circulating VOI, and 15 variants
are under formerly monitored variants (https://www.who.int/
activities/tracking-SARS-CoV-2-variants).
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The WHO categorised Omicron variant (B.1.1.529),
a highly mutated novel version of SARS-CoV-2 initially
found in South Africa, as one of the VOCs on November
26, 2021. Currently, Omicron is the only VOC and there are
seven subvariants of it that are considered under monitoring.
Reportedly, Omicron carries more than 50 mutations, 32 of
which are specific to the Spike (S) protein with respect to the
Wuhan-Hu-1 variant. These changes involve the substitution,
deletion, and insertion of amino acids (Poudel et al. 2022).
The receptor binding domain (RBD) contains some of these
substitutions and mutations, posing interesting intervention
in altered interactions with host receptor protein, the angio-
tensin I converting enzyme 2 (ACE2) (Samanta et al. 2022).
These mutations at the RBD led to increased binding affin-
ity with human ACE2 (hACE2) in a unique fashion with
potential implications in high infectivity and immune/vac-
cine evasion (Nasrin and Ali 2021; Samanta et al. 2022). The
entry of the virus can be a potential therapeutic target which
can be used in combination with other approaches for better
results (Lian et al. 2022).

Despite several predictions, the precise route of SARS-
CoV-2 transmission to humans, including the intermediate
host, remains elusive. There are limited reports on SARS-
CoV-2 animal reservoirs or the potential that the virus
may spread to other species that coexist with or are near
humans in the household, rural, agricultural, or zoological
contexts (Lam et al. 2020). Coronaviruses are key multi-
host viruses, and SARS-CoV-2 is one such with potentially
diverse infective host range potential including a multitude
of animals (Guan et al. 2003; Wang and Eaton 2007; Shaw
et al. 2020). The betacoronavirus family that includes SARS-
CoV-2 have been identified to infect economically significant
animals like cows (Saif 2010) and pigs (Vlasova et al. 2020),
as well as mice (Wang et al. 2015), rats (Lau et al. 2015),
rabbits (Lau et al. 2012), and wildlife like antelope and
giraffe (Hasoksuz et al. 2007). Therefore, it is envisaged
that a range of species is expected to be affected by SARS-
CoV-2. In vitro experiments have also revealed that many
more animals might get infected with SARS-CoV-2 (Zhao
et al. 2020; Lam et al. 2020). The basic premise for the
wide SARS-CoV-2 host range is the possibility of using
orthologues of ACE2 for cell entry, as the sequence of
ACE?2 is substantially conserved among vertebrates (Lam
et al. 2020).

The identification of animals who are vulnerable to
SARS-CoV-2 infection is crucial in order to grasp the
virus’s probable host range. Studying the structural interac-
tion between the S protein RBD and host ACE2 provides
the predictive basis for the same. A recent study proposed
a wide variety of probable hosts for SARS-CoV-2 based on
RBD:ACE2 interaction (Lam et al. 2020). The Omicron
variant with highly mutated S protein has been found to
establish unique interaction between RBD and the hACE2
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receptor. Therefore, it is hypothesised that this variant by
forming new interactions with host ACE2 proteins might
infect new hosts expanding the viral host range. The pre-
sent study assesses the patterns of interactions and binding
affinity of RBD of Wuhan-Hu-1 and Omicron variants of
SARS-CoV-2 with a broad range of 143 mammals, including
hACE2 receptors to identify the most susceptible potential
hosts for the variant.

Materials and methods

Retrieval of hACE2 and S protein RBD complex
structure

The RBD of the B chain of the SARS-CoV-2 S protein binds
with the A chain of the ACE2 receptor in a host cell during
infection. As a result, analysis was restricted to the RBD
region of the S protein. The crystal structure of the SARS-
CoV-2 S protein RBD coupled to the hACE2 receptor (PDB
ID: 6M0J) was obtained from the Protein Data Bank (http://
www.rcsb.org/) as a reference (Lan et al. 2020). Using BIO-
VIA discovery studio, the hACE2 structure was obtained
from the reference complex (BIOVIA, Dassault Syst“emes,
BIOVIA Discovery Studio, San Diego, 2021).

Retrieval of ACE2 protein sequences

This study included a total of 143 mammalian species
including primates, rodents, tree shrews, rabbits and hares,
pangolins, odd-toed, marsupials, insectivores, even-toed,
carnivores, bats, afrotheria, and armadillos. For further in
silico analysis, the ACE2 protein sequences for 142 spe-
cies were extracted from the NCBI gene database (https://
www.ncbi.nlm.nih.gov/) and saved in FASTA format. In
Supplementary Table S1, all information regarding ACE2
sequences of the selected hosts is provided.

In silico structural homology modelling

Using BIOVIA Discovery Studio, the structure of hACE2
was retrieved from the PDB structure (PDB ID: 6M0J). The
3D structural models of ACE2 proteins of other 142 mam-
malian species were built by using the homology modelling
service SWISS-MODEL (https://swissmodel.expasy.org/)
(Waterhouse et al. 2018).

Model validations

Each 3D model of ACE2 receptors generated on the SWISS-
MODEL server was checked to confirm the quality using
two separate web servers. The Ramachandran plot, verify
3D score, and ERRAT score had been used by the SAVES
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Fig. 1 Binding energy of RBD of Omicron variant against ACE2
receptors of 142 mammalian hosts. The binding affinities of Omicron
RBD against the ACE2 receptors of potential mammalian hosts were
predicted by performing protein—protein docking using the ClusPro
web server

version 6.0 server (https://saves.mbi.ucla.edu/) to analyse the
models. The Protein Structure Analysis (ProSA) web server
(https://prosa.services.came.sbg.ac.at/prosa.php) was used
to evaluate the models using the Z-score which represents
the overall model quality.

Protein—protein docking

ACE2 receptor of all species was docked with the RBD of
the Wuhan-Hu-1 and Omicron variants of SARS-CoV-2 by
using the ClusPro web-server (https://cluspro.org) (Kozakov
et al. 2017). The RBD of Wuhan-Hu-1 and Omicron vari-
ants were docked against the modelled ACE2 receptors from
all mammalian species following the previously described
procedure (Samanta et al. 2022).

Analysis of direct contact residues of S protein RBD:
ACE2 of all species

The direct contact residues between RBD and ACE2 recep-
tors of all species were examined using PDBSum webserver
(https://www.ebi.ac.uk/thornton-srv/databases/pdbsum/
Generate.html) (Laskowski 2001). In order to evaluate and
further analyse the interactions between RBD and ACE2 of
each species, the best cluster models of docking between
those two proteins were chosen and uploaded into PDBSum
as described in the previous study (Samanta et al. 2022).

Phylogenetic tree constructions
The sequences of ACE2 proteins from various species were

aligned using MGEA X. The MGEA X Neighbor-Joining
strategy was used for the phylogenetic study, which entailed

many comparisons. The phylogenetic tree was generated as
previously described (Laskar and Ali 2021a; Samanta et al.
2022). The tree was then visualised by an online tool, iTOL
(Letunic and Bork 2021).

Results and discussion
Validation of models

The 3D structure of the RBD of the Omicron variant was
generated by homology modelling using the SWISS-
MODEL web server and authenticated using SAVES ver.
6.0 and the ProSA web servers. Similarly, the 3D structures
of the ACE2 protein of 142 mammalian hosts were gener-
ated and validated. The sequence coverage, resolution, iden-
tity, and similarity to the query sequence derived using the
SWISS-MODEL are provided in Supplementary Table S2.
The QMEAN and GMQE values for each model were
checked in order to examine the best-fit biological models.
The QMEAN value often called “degree of nativeness,”
indicates how closely the model corresponds to the experi-
mental structures. The QMEAN value of a decent model
should be at least— 4.0 and close to zero (Benkert et al.
2011). The QMEAN scores of the projected protein models
were found to fall within the intended range, demonstrat-
ing the high quality of the modelled structures (Supplemen-
tary Table S2). Furthermore, the obtained values of GMQE
were within the typical range of O to 1, further validating the
structures (Biasini et al. 2014). All the host ACE2 models
had appropriate parameters, as checked by SAVES version
6.0 and the ProSA web servers (Supplementary Table S3).
According to the Ramachandran plot, the ACE2 models of
all variants have more than 78% of their residues in the per-
mitted zone (Supplementary Fig. S1) (Prajapat et al. 2016).
These findings further confirmed the high quality of the pro-
tein model. To visualise the interaction of the S protein RBD
of Wuhan-Hu-1 and Omicron variants, these 3D structures
of ACE2 receptors of 142 hosts were considered.

Omicron RBD shows a stronger affinity for a large
number of host ACE2

Protein—protein docking was used to predict the interactions
of molecules between the ACE2 receptor and the RBD of the
S protein of SARS-CoV-2 using the ClusPro web server. The
binding affinities of ACE2 receptor of most of the hosts were
found to be higher than that of hACE2 for the RBD of the
Omicron variant. In Supplementary Table S4, the binding
affinities between the ACE2 receptors and RBD of the Omi-
cron variant are shown in terms of the lowest energy. The
rat (Rattus rattus) ACE2 interaction with the Omicron RBD
had the lowest energy score of — 1393.6 kcal/mol among all
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Fig.2 Interactions of Omicron RBD with host ACE2 receptors
obtained by protein—protein docking. The interactions between the
RBD of Omicron S protein with the ACE2 receptor of hosts were
analysed using PDBSum web server as described in the text. The fig-

ure represents the interaction of Omicron RBD and the potential hosts
with higher affinity. [Chain A: ACE2 of hosts; chain B: RBD of Omi-
cron; red line: salt bridges; blue line: hydrogen bond; yellow dash:
non-bonded interactions]
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Fig.3 Comparative interacting residues of host ACE2 with the Omi-
cron RBD with respect to hACE2. By using the ClusPro server for
molecular docking, the interactions between hACE2 and other mam-
malian host ACE2 against Omicron RBD were evaluated and ana-

the 143 tested hosts, including humans. This indicates that
ACE?2 of rat binds to the Omicron RBD more strongly than
ACE?2 in other hosts, implying a higher risk of infection.
Previous studies have also reported a strong binding affin-
ity of Omicron RBD for ACE2 receptors of several other
mammalian hosts including rat, mouse, palm-civet and least
horseshoe bats, and a weak yet detectable binding affinity for
lesser hedgehog tenrec (Li et al. 2022).
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lysed in PDBSum as described in the text. The number of interacting
residues of host ACE2 receptors and the identical residues to that of
the hACE2 were calculated

After these docking studies, an intriguing finding was
made where Omicron variant RBD was found to have
higher binding affinities to ACE2 receptor of some domes-
tic animals like dogs and cats and some zoo animals like
pandas, leopards, bears, tiger, bison, and lion than hACE2
(—1216.2 kcal/mol) (Supplementary Table S4). Among
the 143 selected hosts, 122 had higher binding affinities to
the RBD of Omicron than humans, and only 20 had lower
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binding affinities than humans (Fig. 1). It indicates that
Omicron may transmit to these hosts via ACE2-mediated
cell entry causing a threat to a higher risk of infection. Our
results are further corroborated by a study in Spain which
showed the transmission of the Omicron variant from
infected humans to domestic cats and dogs. It should be

noted that the animals exhibited a lesser level of virulence
(Sanchez-Morales et al. 2022).

Though we have summarised the ACE2:RBD interaction
in terms of binding energy so far, it is important noting that
this is one of the many facets of viral entry. This is just the
first step of the membrane fusion process and the accruing
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mutations in the Omicron variant have the potential to alter
the subsequent steps leading to viral infection as has been
reported (Yang et al. 2022). Presently, we further dwell upon
the interaction between the Omicron RBD and host ACE2.

Omicron RBD interacts with the host ACE2
in a unique way

The current research also aimed to look at the pattern of
contacts between the RBD of Omicron and the ACE2 of
all selected hosts, since this interaction is critical for viral
infectivity. The PDBSum web server was used to examine
the amino acid residues implicated in direct contact between
ACE2 and RBD. In 2D format, the most likely interacting
residues of both interaction partners were retrieved and ana-
lysed. Supplementary Fig. S2 depicts all of these interac-
tions. The interacting amino acids of ACE2 of all hosts to
the RBD of Wuhan-Hu-1 were isolated and studied in detail
to determine how extensive and diverse these interactions
are. The interacting amino acid residues of ACE2 of all
selected hosts with the RBD of Omicron and Wuhan-Hu-1
variants were compared. The RBD of the Omicron variant
showed unique interaction using 30 amino acid residues of
RBD with 41 residues on hACE2 as reported in our previous
study (Samanta et al. 2022).

Among the 142 hosts, 134 showed completely unique
binding residues with Omicron. For instance, rat (Rattus rat-
tus) ACE2 interacts with RBD of Omicron with 8.1% identi-
cal residues with that of the hACE2 (Fig. 2). Other hosts like
chimpanzee (Pan troglodytes), bat (Hipposideros armiger),
hedgehog (Erinaceus europaeus), giant panda (Ailuropoda
melanoleuca), spanish mole (Talpa occidentalis), cape ele-
phant shrew (Elephantulus edwardii), and tupaia (Tupaia
chinensis) used 7.14%, 3.6%, 3.03%, 2.94%, 2.5%, 2%, and
2% identical residues to that of hACE2 to interact with RBD
of Omicron variant respectively (Fig. 3). The unique and
stronger interaction of hosts ACE2 and Omicron RBD indi-
cates the possibility of higher viral transmission.

Comparative binding energy analysis
of Wuhan-Hu-1 and Omicron variants

Several studies had reported that the Wuhan-Hu-1 variant
is capable to infect some domestic animals like dogs (Shi
et al. 2020), cats (Shi et al. 2020), hamsters (Liu et al. 2021),
and rabbits (Liu et al. 2021), zoological animals (Lam et al.
2020), and wildlife (Hasoksuz et al. 2007). In this study,
we compared the binding energy of each host with Wuhan-
Hu-1 and Omicron variants. From the ClusPro web server
results, it was evident that the binding efficiency of each host
ACE?2 to Omicron RBD was much greater than their bind-
ing efficiency to Wuhan-Hu-1 RBD (Fig. 4). The available
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data shows that the novel variant, Omicron, interacts more
strongly to each selected host. These findings suggest that
the Omicron variant is more potent to infect these mamma-
lian hosts than the Wuhan-Hu-1 variant.

Omicron host adaptation is independent
of the phylogenetic position of hosts

The overall sequence variation across the ACE2 of all the
selected mammalian species has been studied in order to bet-
ter understand the molecular basis of the varied ACE2 recep-
tor functions. A phylogenetic tree based on the sequences
of ACE2 protein was created for this purpose using MEGA
X software (Fig. 5). We observed that the ability of ACE2
receptors to assist SARS-CoV-2 entrance is independent
of their evolutionary clustering. For example, if we see the
binding energy between the RBD of S protein and ACE2
receptor, the binding energy is not correlated with evolution-
ary clustering. This indicates that, despite their close evo-
lutionary relationship to humans, those hosts do not always
carry a higher risk of infection. The phylogenetic relation-
ship has no or very little impact on the binding efficiency
or infection risk suggesting alternate driving forces for evo-
lution therein. This is expected because the SARS-CoV-2
pandemic might be altering the course of viral evolution but
in terms of host evolution; so far, it remains inconsequential
(Laskar et al. 2021; Laskar and Ali 2021b).

Conclusion

The SARS-CoV-2 Omicron variant interacts with the
ACE2 receptor of several mammalian hosts with stronger
affinity than hACE2 involving unique amino acid residues
indicating the possibility of the viral transmission in new
hosts. Rat ACE2 showed the strong binding with the high-
est affinity towards Omicron RBD. Several other mammals
including domestic and zoo animals showed binding affin-
ity greater than hACE2. These mammals inhabit in close
contact with humans, and therefore, the possible transmis-
sion of Omicron into these hosts poses a greater threat of
viral spread and may aggravate the ongoing pandemic.
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