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A B S T R A C T   

Recent reports have shown that small and big felines could be infected by SARS-CoV-2, while other animals, like 
swines and mice, are apparently not susceptible to this infection. These findings raise the question of the role of 
cell factors associated with early stages of the viral infection in host selectivity. The cellular receptor for SARS- 
CoV-2 is the Angiotensin Converting Enzyme (ACE2). Transmembrane protease serine 2 (TMPRSS2) has been 
shown to prime the viral spike for its interaction with its receptor. GRP78 has also been proposed as a possible co- 
receptor. In this study, we used several bioinformatics approaches to bring clues in the interaction of ACE2, 
TMPRSS2, and GRP78 with SARS-CoV-2. We selected several mammalian hosts that could play a key role in viral 
spread by acting as secondary hosts (cats, dogs, pigs, mice, and ferrets) and evaluated their predicted permis-
siveness by in silico analysis. Results showed that ionic pairs (salt bridges, N–O pair, and long-range interactions) 
produced between ACE2 and the viral spike has an essential function in the host interaction. On the other hand, 
TMPRSS2 and GRP78 are proteins with high homology in all the evaluated hosts. Thus, these proteins do not 
seem to play a role in host selectivity, suggesting that other factors may play a role in the non-permissivity in 
some of these hosts. These proteins represent however interesting cell targets that could be explored in order to 
control the virus replication in humans and in the intermediary hosts.   

1. Introduction 

The recent outbreak associated with Severe Acute Respiratory Syn-
drome Coronavirus 2 (SARS-CoV-2) has made a deep impact on modern 
science. Several research groups have been working to achieve two main 
goals: to obtain a vaccine and/or pharmacological targets that could 
help to control the pandemic (Ahn et al., 2020; Amanat and Krammer, 
2020; Liu et al., 2020; Ricke and Malone, 2020; Tu et al., 2020). How-
ever, as it happened in previous outbreaks, we need to fully understand 
the viral biology/host interaction to reach these goals (Parvez and 
Parveen, 2017). In this report, we are focused on the early stages driving 
host selectivity for SARS-CoV-2. Similar to SARS-CoV, SARS-CoV-2 
infection starts with the interaction between the viral spike protein and 
its counterpart, the ACE2 cell receptor (Wang et al., 2020,). Previously, 
we predicted that the changes in the SARS-CoV-2 viral spike protein 
improved its ability to bind to ACE2, compared to SARS-CoV (Ortega 
et al., 2020). Nevertheless, more scientific data have been published 
since then, helping us to better understand the main factors associated 
with these interactions. First, several crystals structures detailing the 

interaction between the viral spike protein and ACE2 are available in the 
Protein Data Bank (Lan et al., 2020; Wang et al., 2020, ; Yan et al., 
2020). Also, new receptors, such as GRP78, are described as possible 
co-receptors for SARS-CoV-2 (Ibrahim et al., 2020). GRP78 is a chap-
erone protein related to the unfolded protein response in the Endo-
plasmic Reticulum (ER) (Ge and Kao, 2019). Under stress conditions, 
GRP78 is over expressed and translocated to the cell membrane (Wang 
et al., 2009); there, the substrate-binding domain (SBD) serves as a re-
ceptor for viral entry (Ibrahim et al., 2020). Furthermore, these re-
ceptors have been correlated with other CoVs such as MERS, Bat-HKU9, 
and other viral species (Dengue and Human papillomavirus) (Nain et al., 
2017; Chu et al., 2018; Jindadamrongwech et al., 2004; Elfiky, 2020). 

After the virus interacts with its receptor, several changes occur driving 
viral internalization via endocytosis (Letko et al., 2020). Nonetheless, the 
proteolytic processing of the viral spike protein is a key step to expose the 
fusion motif and release the virus to the cytoplasm (Hoffmann et al., 2020); 
this process is well known for other coronaviruses (SARS and MERS) 
(Belouzard et al., 2009; Glowacka et al., 2011; Kleine-Weber et al., 2018). 
Recently, Hoffman et al. (2020) described that SARS-CoV-2 priming 
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through proteolytic processing is driven by Transmembrane protein 2 
(TMPRSS2). However, there is no clear evidence of whether or not ACE2, 
GRP78, or TMPRSS2 are crucial to determine the host selectivity for 
SARS-CoV-2. Interestingly, recent reports showed that SARS-CoV-2 could 
infect domestic cats and ferrets, partially dogs but not pigs (Shi et al., 2020). 
Thus, there is a need to know the possible reservoirs or alternative viral 
hosts to fully control the pandemic. Moreover, a better understanding of the 
viral infection in these hosts could provide some clues to control the virus in 
humans. Based on this, we established a comparative in silico analysis of the 
main factors (ACE2, GRP78, and TMPRSS2) associated with SARS-CoV-2 
entry to understand the structural mechanism related to the host selectivity. 

2. Methods 

2.1. Sequence analysis 

Sequences for ACE2 and TMPRSS2 were retrieved from GenBank; 
accession numbers are shown in the sequence alignments. Sequences 
used for GRP78 are shown in the respective alignment. Multiple 
sequence alignments and phylogenetic analysis were generated using 
DNAMAN with default parameters. 

Fig. 1. Sequence analysis for ACE2 receptor from several mammalian species, including some SARS-CoV-2 putative host. A) Phylogenetic analysis of ACE2 proteins. 
Distance was calculated with Poisson correction. Each protein is named with its accession number and percent homology with human protein is shown. B) Protein 
alignment of ACE2 regions showing the important (blue) and critical (red) residues involved in the interaction with SARS-CoV-2 RBD. 
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2.2. Protein modeling 

The crystal structures of the SARS-CoV-2 viral spike protein bound to 
human ACE2, PDB code 6M0J, 6LZG, 6M17, were retrieved and 

analyzed. Homology structural models of mice, cat, pig, ferret, and dog 
for ACE2 were determined. The data obtained for the crystal structure 
6M0J were selected for the comparative analyses between the different 
viral spike protein-ACE2 interactions. The homology models for the non- 

Fig. 2. Docking between the SARS-CoV-2 spike protein and ACE2 for some mammalian hosts. The best-docked structure between the viral spike protein and the hosts 
ACE2 is presented. Also, the main interacting atoms are shown for each protein. Residues involved in the formation of ionic pairs are colored differently. The chains 
alpha and beta as the main interaction regions on ACE2 are showed. 
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human ACE2 enzymes were generated using the crystal structure of 
human ACE2 as a template (PDB code 6M17). On the other hand, the 
structural modeling of TMPRSS2 was developed using the crystal 
structure of Serine protease Hepsin (PDB code 5CE1) as a template 
(Ortega et al., 2020c). All models were obtained with the SWISS-MODEL 
modeling server and the DeepView/Swiss-PdbViewer 4.01 software 
(Arnold et al., 2006). Hydrogen atoms on each structure were added and 
partial charges were assigned for energy refinement. The obtained 
models were subjected to a MD simulation using NAMD 2.9 (Phillips 
et al., 2005), as described by Ortega et al. (2019) using the CHARMM 22 
force field (Vanommeslaeghe et al., 2010) and Gasteiger charges. The 
obtained structures represent the lowest energy frame of the MD simu-
lations. The quality of the models was established via ProSA (Wieder-
stein and Sippl, 2007) and PROCHECK programs (Laskowski et al., 
1993). 

2.3. Protein-protein docking 

The crystal structure for SARS-CoV-2 viral spike protein bound to 
human ACE2 (PDB code 6M0J), human ACE2 (PDB code 6M17) and for 
human GRP78 (PDB code 5E84) were downloaded from Protein Data 
Bank. Protein preparation was carried out as described above. Human 
ACE2 was used as a template for the different ACE2 hosts. These models 
were also evaluated against the viral spike protein through molecular 
docking. Then, the obtained binding patterns and affinity estimations 
were analyzed and compared. The docking was developed in two steps: 
first, the structure of the complex between the ligand (viral spike pro-
tein) and receptor (ACE2 or GRP78), delimiting the Receptor Binding 
Domain (RBD) to that described for human ACE2 6M0J or the Substrate 
Binding Domain (SBD) β for GRP78, was performed using Z-dock 3.0.2 
software (Pierce et al., 2014). Second, the resulting docking data were 
processed and analyzed employing the tools from PRODIGY software 
(Xue et al., 2016). Finally, these results were processed, clustered, and 
analyzed considering binding energies and interacting residues for each 
viral spike protein-ACE2 or GRP78 complex. 

2.4. Molecular docking 

TMPRSS2 homology models from different hosts were used to eval-
uate the binding of TMPRSS2 human inhibitors. The initial models were 
optimized through addition of hydrogen atoms and partial charges. The 
obtained structures were further submitted to restrained molecular 
mechanic refinement via NAMD software (Phillips et al., 2005), using 
the CHARMM22 force field (Vanommeslaeghe et al., 2010). Next, a 
structural analysis of the binding pocket was performed using the Swiss 
PDB viewer server (Guex and Peitsch, 1997). The ligand-binding pocket 
located in the catalytic site was acquired manually and then verified by a 
priori docking approach with camostat mesylate through the Achilles 
Blind Docking server (Sánchez-Linares et al., 2012). The 3D structure of 
each inhibitor was taken from PubChem and ZINC databases. Molecular 
docking was performed with VINA/Vega ZZ 3.1.0.21 (Pedretti et al., 
2004) and 30 runs conducted for each compound (Ortega et al., 2020b). 
Results were prioritized according to the predicted free energy of 
binding energy in kcal/mol. Docking results were visualized via the 
Biovia Discovery Studio Visualizer 17.2.0 software. 

3. Results 

Within this study, we developed a bioinformatics analysis of three 
proteins (ACE2, TMPRRS2, and GRP78) described as main factors 
associated with the early steps of SARS-CoV-2 infection in several hosts. 
First, sequence analysis was carried out for a broad range of hosts, 
emphasizing our interest in the main interacting regions related to 
SARS-CoV-2 spike protein recognition and establishing comparison to 
the well-known susceptible hosts. Then, proteins of hosts with known 
susceptibility to SARS-CoV-2 were evaluated for homology modeling 

and docking studies. Altogether, these bioinformatics approaches help 
to gain deeper understanding of the molecular interactions between the 
viral spike and these proteins and their relation to host susceptibility. 

3.1. ACE2 

The viral spike protein mediates coronavirus entry into host cells. 
SARS-CoV-2 spike protein contains a receptor-binding domain (RBD) 
that specifically recognizes ACE2, which appears to be the key func-
tional receptor for the SARS-CoV-2. The receptor recognition of the 
spike protein is an important determinant of viral infectivity, patho-
genesis, and host range. In the present study, we developed homology 
models of a series of ACE2 proteins from different hosts (mice, cat, pig, 
ferret, and dog) in order to gain insight about the structural mechanism 
related to host selectivity. Then, a computational protein-protein 
docking approach was performed to predict the structure of complexes 
with the SARS-CoV-2 RBD and compared it with that of the human ACE2 
complex. Phylogenetic analysis of the ACE2 from different mammalian 
hosts reveals a high sequence identity among them (with more than 80 
% identity in comparison to the human protein) (Fig. 1A and Table S1). 
Comparison of the amino acid sequences of the contact residues directly 
involved in the recognition of the SARS− CoV-2 RBD domain are shown 
in Fig. 1 B. The ACE2 enzyme showed substitution of specific amino 
acids residues of the contact region and particularly of those involved in 
the recognition of the SARS-CoV-2 RBD domain. The amino acid resi-
dues Lys31, Glu35, Asp38, Met82, and Lys353 from the human cell re-
ceptor have been linked to recognition of viral spike protein (Shang 
et al., 2020). Based on the homology observed between the different 
proteins and the known degree of susceptibility of each host previously 
reported (Shi et al., 2020), the structural models of ACE2 enzymes 
(mice, cat, pig, ferret, and dog) were established using the human 
enzyme as a template (PDB code 6M17). Comparison of homology 
models of ACE2 from selected mammalian hosts with that of human 
suggested that the structures are very similar, with a root mean square 
deviation (RMSD) ranging from 0.09 to 0.77 (708 C-α atoms). In addi-
tion, an examination of the Ramachandran plot (not shown) indicated a 
good overall geometry for ACE2 models. The protein folding energy 
from the protein models exhibited typical features of native structures 
(Table S1). These resulting ACE2 models (peptidase domain (PD) of 
ACE2) were employed to collect the complexes with the SARS-Co− V-2 
RBD domain. The hACE2 receptor recognition of the SARS− CoV-2 RBD 
domain has been extensively studied and these studies showed that the 
SARS-Co− V-2 RBM forms a large binding interface with 20 amino acids 
of hACE2 (Lan et al., 2020; Shang et al., 2020; Yan et al., 2020). The 
overall structures of ACE2 from different mammalian hosts in conjunc-
tion with the RBD domain are similar to those of the 
hACE2/SARS-CoV-2 RBD complex (Table S2). These results show that 
ACE2 enzymes recognize the RBD domain of the viral spike protein with 
the putative binding domain, including mainly the arch-shaped α1 helix. 
The α2 helix and the loop that connects the β3 and β4 antiparallel 
strands also make limited contributions to the coordination of RBD 
(Fig. 2 and Table S3). Despite the overall similarity, some 
non-synonymous sequence variations are found on their respective 
interface. In the ACE2 α1 helix: Gln24→Leu24 (dogs, pigs, cats, and 
ferrets), Asp30→Asn30 (mice) and His34→Tyr34 (dogs and fer-
rets)/Leu34 (pigs). In the ACE2 α2 helix: Leu79→Thr79 (mice)/His79 
(ferrets), Met82→Ser82 (mice)/Thr82 (dogs, pigs, cats and ferrets) and 
Tyr83→Phe83 (mice). Variations found in the α1 helix between the 
different mammalian hosts reduce the hydrogen bonds formed with the 
RBD domain of the viral spike protein in mice and dogs complexes 
(Fig. 2D and 2E). The variations found at the end of the α2 helix leaves 
this region without any hydrogen bond in the mice ACE2/SARS-CoV-2 
RBD complex (Fig. 2D). The formation of ionic pairs (salt bridges, 
N–O pair, and long-range interactions) (Kumar and Nussinov, 2002) 
between ACE2/SARS-CoV-2 RBD complexes was also examined 
(Table 1). Linking the arch-shaped α1 helix of ACE2 with the RBD 
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domain in the human complex generates a strong salt bridge interaction 
between Asp30 and Lys417 (Lan et al., 2020; Yan et al., 2020), and three 
long-range interactions between Lys31-Glu484, His34-Glu406, and 
Glu37-Arg403. Less ionic pairs are present for mice, dogs, and pigs 
complexes with RBD; moreover, for the mice complex only one 
long-range interaction is seen. In cats and ferrets ACE2/SARS-CoV-2 
RBD complexes we detected four ionic pairs; although, in the ferret 
complex the third ion pair is absent, due to a non-synonymous mutation, 
a salt bridge interaction is observed between Arg354 and Asp405. 

Altogether, the results showed here suggest that the ionic pairs 
produced between the host ACE2 and the viral spike play a pivotal role 
in the complex stabilization, then, allowing the virus to attach into the 

target cell. However, other cellular factors could play a secondary role 
that allows them to finally establishing a successful infection. Some of 
these factors are discussed in the following sections. 

3.2. TMPRSS2 

The proteolytic processing of the viral spike protein is a key step 
during the infection process of SARS-CoV-2. Several reports showed that 
this reaction could be driven by the transmembrane serine protease 
TMPRSS2. This protein had been described with an intracellular domain 
(residues 1–84), transmembrane spanning domain (residues 84–106), 
low-density lipoprotein receptor domain (LDLRA: residues 133–147) 

Table 1 
Differences based on key residues describes as fundamental for host selectivity.  

Host Persimitivity for SARS-CoV-2 Number of ionic pairs Residues ACE2 and Spike (length in Å) 

Human Infected 4 Asp30-Lys417 
3.14 

Lys31-Glu484 
5.1 

His34-Glu406 
6.67 

Glu37-Arg403 
6.4  

Mice Non-infected 1    Glu37-Arg403 
6.1  

Dog Partially infected 3 Glu29-Lys417 
1.79 

Lys30-Glu484 
5.19  

Glu36-Arg403 
5.46  

Pig Non-infected 3 Glu30-Lys417 
3.93 

Lys31-Glu484 
4.06  

Glu37-Arg403 
6.03  

Cat Infected 4 Glu30-Lys417 
3.36 

Lys31-Glu484 
4.1 

His34-Glu406 
6.58 

Glu37-Arg403 
6.0  

Ferret Infected 4 Glu30-Lys417 
3.3 

Lys31-Glu484 
4.1  

Glu37-Arg403 
6.09 

Arg354-Asp405 
3.4  

Fig. 3. Sequence analysis of TMPRSS2 protein in different mammalian species, including some SARS-CoV-2 putative host. A) Phylogenetic analysis of TMPRSS2 
proteins. Distance was calculated with Poisson correction. Each protein is named with its accession number and percent homology with human protein is shown. B) 
Protein alignment of the Serine protease domain of TMPRSS2 showing the residues of the binding site (blue) and the catalytic (red) residues. 
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and two extracellular domains. The homology models of TMPRSS2 from 
different hosts (mice, cat, pig, ferret, and dog) showed the two extra-
cellular domains; the cysteine-rich domain (residues 148–242) and the 
serine protease domain (residues 255–489) with the presence of the 
residue Ser441 as a catalytic residue. Here, we performed multiple 
sequence alignments and phylogenetic analysis of TMPRSS2 for several 
mammalian hosts. These proteins display a certain degree of homology 
(more than 70 %) with the human protein (Fig. 3A). Of note, the cata-
lytic triad is conserved among all the proteins and in the amino acid 
residues of the active site (Fig. 3B), no major differences were observed. 
Thus, it can be speculated that the viral spike could be enzymatically 
processed in a similar pattern in all described hosts. Currently, there is 
no crystal structure for TMPRSS2; we applied computational algorithms 
to develop models for selected mammalian host. The template serine 
protease Hepsin (PDB code 5CE1) showed 35.7 % identity with the 
human TMPRSS2 sequence. TMPRSS2 serine protease domain from 
different hosts (mice, cat, pig, ferret, and dog) shares~83 % identity 
with the human protein. Interestingly, few structural differences were 
evident between the TMPRSS2 for each host. Fig. 4 displays the 3D 
structure of the serine protease domain generated for each enzyme 
where the residues His296, Asp345 and Ser441 are present as a catalytic 
triad. Table S4 summarizes the main structural parameters evaluated for 
each structure. The RMSD for the whole enzyme was around 1 Å and 2 Å 
for the serine protease domain. Assessment of the Ramachandran plots 
indicates a good overall geometry for the models, with ~ 83 % of the 
residues in the most favored regions. The energy of protein-folding, as 
determined with ProSa-web, showed typical features of native structures 
with a z-score value of –7.00. All these structural parameters are in 
agreement with the homology between the models. 

Some reports described that TMPRSS2 inhibition could be related to 
an antiviral effect. Indeed, for SARS-CoV-2 this was demonstrated in 
vitro (Hoffman et al., 2020). Based on that, this study was established to 
evaluate through molecular docking whether or not the inhibitors of 
human TMPRSS2 may affect the enzyme from other hosts. A small li-
brary was built by using Camostat and Nafamostat pharmacophore 

structures. The structural similarity search was carried out on the ZINC 
database, choosing only compounds that have already been evaluated in 
humans; in total, fifteen compounds met our criteria. Table 2 reveals the 
docking results with the serine protease domain of the mammalians 
TMPRSS2. The best-docked compound in all the structures was Nafa-
mostat (ZINC3874467), with a binding energy around -7.5 Kcal/mol. 
Furthermore, the binding pose of Nafamostat in each active site for the 
mammalian hosts TMPRSS2 is shown in Fig. 5 (see also Figure S1). All 
compounds could produce pi-pi interactions and other electrostatic in-
teractions allowing their position close to the catalytic residues (His296 
and Ser441 in human). Thus, in theory, Nafamostat could interact with 
the mammalian TMPRSS2 and inhibit the proteolytic processing of the 
SARS-CoV-2 spike protein. 

Fig. 4. Overall shape of the Serine protease domain of TMPRSS2 for some mammalian host. Residues of the catalytic triad are displayed. Regions showing significant 
differences are marked (*). 

Table 2 
Docking score for TMPRSS2 inhibitor and TMPRSS2 for each host.  

Compound TMPRSS2  

Human Dog Pig Cat Ferret Mice 

ZINC348 − 6,6 − 6,4 ¡6,7 − 5,5 − 6,3 − 6,7 
ZINC865 − 6,7 − 6,2 − 6,4 ¡6,6 − 6 − 6,7 
ZINC1003 − 6,8 ¡6,9 − 6 − 5,1 − 6,1 − 5,9 
ZINC2062 − 6,5 − 6,5 − 6,6 − 5,6 − 6,3 − 6,5 
ZINC22315 − 7 ¡6,8 − 6,5 − 5,7 − 6,2 − 6,6 
ZINC38545 − 6,4 − 5,9 − 5,9 − 5 − 5,9 − 6 
ZINC119905 − 6,7 − 6 − 6,5 − 5,4 − 6,7 − 6,6 
ZINC519080 − 6,6 − 5,9 − 5,8 − 5 − 5,8 − 6,2 
ZINC1567130 − 7,2 − 6,3 ¡7 − 5,6 − 6,2 − 6,9 
ZINC1665640 − 7 − 6,4 − 6,4 − 5,8 − 6,5 − 6,3 
ZINC1692348 − 6,2 − 6,3 − 6,1 ¡6,9 − 6,1 − 6,1 
ZINC1850213 − 7,4 − 6,6 − 6,7 − 5,9 ¡6,8 − 6,6 
ZINC3871842 ¡7,6 − 6,4 − 6,4 − 5,7 − 6,5 ¡7,2 
ZINC3874467** ¡8,1 ¡7,1 ¡8 ¡7,2 ¡7,4 ¡8,5 
ZINC5419379 ¡7,6 − 6,5 − 6,6 − 6,5 ¡7,2 ¡7,1 

Results are expressed in Kcal/mol; The best interacting compounds are high-
lighted in bold; 

** Best inhibitor in all the hosts. 
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3.3. GRP78 

GRP78 is an ER chaperone that also has homeostatic functions by 
acting as a receptor in the cell membrane (Ge and Kao, 2019). MERS and 
HKU9, a bat coronavirus, use this protein as a co-receptor to improve the 
attachment to the cell. Recent reports indicated that GRP78 could serve 
as a secondary receptor for SARS-CoV-2. Therefore, we wanted to gain a 
deep understanding of GRP78 putative key role in host selectivity for 
SARS-CoV-2. 

First, we did a sequence alignment between GRP78 derived from the 
different hosts evaluated in this work. GRP78 exhibit a very high degree 
of conservation: except for some differences in the N- and C- terminal 
regions of the protein, not involved in the interaction with SARS-CoV-2, 
the proteins from different mammalian hosts exhibit more than 99 % 
homology. In particular, the residues critical for the interaction with the 
spike were conserved in all the mammalian proteins (Fig. 6). Based on 
that, we employed the crystal structure for human GRP78 (PDB code 
5E84) as a pattern to identify the binding site for the viral spike protein 
and its respective sequence and then to compare it to the other 
mammalian hosts. As shown in Fig. 7, GRP78 could be divided into three 
subunits: the alpha subdomain, the nucleotide-binding site, and the beta 
subdomain. Some reports established that the binding site for viral 
proteins is located in the beta subdomain. Our docking analysis 
confirmed that the SARS-CoV-2 viral spike protein could bind to the beta 
region with a binding energy around -14 Kcal/mol. The main residues 
and the binding pose are shown in Fig. 7 and Table S5. Moreover, this 
study performed a sequence analysis of the binding site for GRP78 to 
compare if there could occur any change affecting the viral spike protein 
binding. Our results pointed out that GRP78 displays a high homology 
sequence, over 95 %, in this region. 

4. Discussion 

SARS-CoV-2 gains access to the cell through interactions with the 
ACE2 receptor on the cell surface (Ortega et al., 2020; Zhang et al., 

2020). Some studies argue that interaction with ACE2 is the most 
important factor to determine host selectivity (Demogines et al., 2012; 
Li, 2013; Shang et al., 2020). As for SARS-CoV, mice cannot be infected 
with SARS-CoV-2. Hela cells transfected with mice ACE2 do not support 
SARS-CoV-2 replication (Zhou et al., 2020). However, if mice are 
genetically modified and express the human ACE2 receptor they become 
permissive to the infection (Bao et al., 2020; Dediego et al., 2008). 
Consequently, studying the interaction between the residues present in 
ACE2 and the viral spike protein may help us to understand better the 
factor associated with the host infection. Our sequence analysis of the 
ACE2 enzyme of several mammalian hosts showed substitution of spe-
cific amino acids residues of the contact region and particularly of those 
residues involved in the recognition of the SARS-CoV-2 RBD domain. 
The significance of the amino acid substitution of key residues Lys31, 
Glu35, Asp38, Met82, and Lys353 (from the human cell receptor) in the 
recognition of viral spike protein on ACE2 from several mammals, 
including bats, have been previously pointed out (Hou et al., 2010; Luan 
et al., 2020; Shang et al., 2020). This study evaluated the ACE2 protein 
for humans, mice, pigs, cats, and dogs. These proteins display a ho-
mology over 80 % and in the interacting domain around 70 % in com-
parison to the human counterpart. Our docking analysis showed that the 
viral spike protein could interact with all ACE2 proteins evaluated with 
a binding energy around -13Kcal/mol with the higher binding energy 
(lees stable complexes) for ACE 2 from mice and pig, in agreement with 
their no susceptibility to this infection. Nonetheless, a lower binding 
energy (more stable complex) was achieved with ACE2 from dogs. 
Meanwhile, the highest binding energy was detected with ACE2 from 
mice. Interestingly, neither mice nor pig could be infected by 
SARS-CoV-2 and dogs have low susceptibility. These results are in 
agreement with previous reports for the interaction of the SARS-CoV-2 
viral spike protein and these hosts (Luan et al., 2020; Shen et al., 
2020; Shi et al., 2020). The non-synonymous changes in mice and dogs 
ACE2 sequences reduce the hydrogen bonds between the α1 and α2 
helixes and the viral spike. Thus, we proceeded to evaluate the 
permissive hosts, humans, cats, and ferrets. Some differences were found 

Fig. 5. Docking of Nafamostat on TMPRSS2 for the mammalians host. The best-docked compound with a binding energy around -7.5 Kcal/mol was Nafamostat. The 
active site for TMPRSS2 interacting with Nafamostat is shown for each enzyme. The main interaction and residues are shown for each complex. The residue (Ser) 
associated with the catalytic activity is shown in yellow (Ser441 in human). 

H.R. Rangel et al.                                                                                                                                                                                                                               



Virus Research 289 (2020) 198154

8

in terms of ionic interactions, between mice, dogs, and pigs (salt bridges, 
N–O pair, and long-range interactions) related to changes in some res-
idues. In the human complex four ionic pairs are observed (a strong salt 
bridge and three long-range interactions); also, in cats and ferrets four 
ionic pairs are present. In non-permissive or less permissive species, only 
three of these ionic pairs are preserved. Altogether, the hydrogen bonds 
in the interface and the presence of ionic pairs between 
ACE2/SARS-CoV-2 RBD complexes appear to be an important stabili-
zation factor. 

The interaction with ACE2 seems essential for host selectivity. 
Nevertheless, the low-level expression of ACE2 in lungs compared to 
other tissues, such as the small intestine or colon, suggest that the virus 
uses other secondary receptors, increasing the probability to interact 
with ACE2 (Fagerberg et al., 2014). Recently, it was described that 
GRP78 could act as a secondary receptor for SARS-CoV-2 (Ibrahim et al., 
2020). Also, this receptor had been reported as a secondary receptor for 
other coronaviruses (Chu et al., 2018). After the coronavirus spike 
protein interacts with ACE2 receptor occurs the formation of an endo-
cytic vacuole. Subsequently, the viral spike protein is cleaved by 
TMPRSS2 and the fusion motif is exposed, allowing the fusion between 

viral and lysosome membranes and the release of viral RNA into the 
cytoplasm (Fehr and Perlman, 2015; Millet and Whittaker, 2015). These 
early stages in viral infection are essential to allow the virus infection in 
a specific host. However, less is known about whether TMPRSS2 and/or 
GRP78 may contribute to SARS-CoV-2 permissiveness in other hosts, 
modulating its viral infectivity. Some reports showed that TMPRSS2 is a 
host factor essential for pneumotropism and pathogenicity of H7N9 and 
H1N1 influenza virus in mice by cleaving of the hemagglutinin (Tarnow 
et al., 2014). Of note, SARS-Cov-2 can use both cathepsins and TMPRSS2 
to prime the S protein for cell entry, depending on the target cell type, 
but only TMPRSS2 is required for SARS-Cov-2 infection of primary 
human lung cells (Hoffmann, 2020). Thus, as for H7N9 and H1N1, 
TMPRSS2 play main role in SARS-CoV2 activation in the lungs. In this 
study, was analyzed the TMPRSS2 protease in the different mammalian 
hosts through sequence analysis and structural modeling. Curiously, this 
protein appears to be conserved in these host species. The homology was 
around 70 % compared to humans. Benzoic acid derivatives as Camostat 
mesylate or Nafamostat can block the human protease in vitro and in 
vivo. Indeed, previous reports demonstrated that Camostat could block 
the entry of SARS-CoV-2 (Hoffman et al., 2020). Currently, clinical trials 

Fig. 6. Sequence analysis for GRP78 receptor from several mammalian species, including some SARS-CoV-2 putative host. Protein alignment of GPR78 regions 
showing in red the important residues involved in the interaction with SARS-CoV-2 RBD. 
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are evaluating the efficacy of these compounds against SARS-CoV-2 in 
vivo (Clinicaltrials.gov code NCT04321096, NCT04353284, 
NCT04353284). Since the proteases evaluated here exhibit a high ho-
mology in the active site, these compounds could block TMPRSS2 by a 
similar mechanism. Our molecular docking results showed that Nafa-
mostat was the best-docked compound in the catalytic site of the 
mammalian TMPRSS2. SARS-CoV-2 can infect cats and, with low 
permissiveness, dogs thus these domestic animals could play an 
important role as reservoirs of the virus. The fact that TMPRSS2 is being 
evaluated as a possible alternative therapeutic against SARS-CoV-2 let 
us hypothesize that these proteases could be evaluated as targets in these 
intermediary hosts. These therapeutic options may have a significant 
impact on the pandemic control. Modulating the viral replication 
through cell targets would have several advantages in the development 
of new therapeutic agents (Ortega et al., 2013). Besides, understanding 
if other host factors produce an increase or decrease in the susceptibi-
lity/infectivity to SARS-CoV-2 could help us identify new therapeutic 
targets. 

For its part, GRP78 was described recently as a possible secondary 
receptor for SARS-CoV-2. In theory, this receptor helps the virus to 
concentrate on the cell membrane and then interact with ACE2. This 
protein was also assessed in this work as a possible key factor in host 
selectivity. The sequence analysis demonstrated that this receptor is also 
highly conserved in mammalians. In fact, the region that was reported as 
a possible binding site for SARS-CoV-2 exhibit over 95 % homology 
between all mammal species examined. Therefore, in theory, SARS-CoV- 
2 could interact with GRP78 in all these hosts, enhancing its interaction 
with ACE2. 

Collectively, the results present in this work help to clarify some 
important aspects related to SARS-CoV-2 host susceptibility. These 
findings contribute to explain the infection events that occurred recently 
in some pets and additionally to identify possible therapeutic targets. 
These targets would also help to control the pandemic distribution in 
intermediary hosts like cats and dogs. 

Finally, one interesting outcome of this work was related to the dog 
infection permissiveness. Sequence analysis and docking results showed 
that this host could be infected. However, the available in vivo data 

indicate that this host has low susceptibility (Shi et al., 2020). Thus, 
changes or variation in other secondary receptors (such as integrin 
Sigrist et al., 2020 and/or CD147, Wang et al., 2020,) or cellular re-
striction factors associated with the immune innate response could be 
related to this low susceptibility. Therefore, we need further studies to 
understand better the early stages of this viral infection and the role of 
the host restriction factors. Altogether, this novel knowledge about the 
virus biology will contribute to propose new therapeutic targets. 
Furthermore, our investigation enhances the search for other putative 
targets that may have a significant impact on the control of the current 
SARS-CoV-2 pandemic. 
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Fig. 7. GRP78 and SARS-CoV-2 interaction region for some mammalian hosts. The crystal structure for the human GRP78 PDB code 5E84 is showed. A) The three 
main structural regions are denoted in the structure. The nucleotide-binding domain (NBD) and the substrate-binding subdomains betha (SBDβ) and alpha (SBDα). B) 
The best interaction pattern for GRP78 and the viral spike protein is showed. A closed-up of the interacting region and the residues involved are denoted. C) An 
alignment of the residues present in the binding site for GRP78 is shown. 
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