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Abstract
COVID-19, the clinical syndrome caused by the SARS-CoV-2 virus, has rapidly spread globally causing

tens of millions of infections and over a million deaths. The potential animal reservoirs for SARS-CoV-2
are currently unknown, however sequence analysis has provided plausible potential candidate species.
SARS-CoV-2 binds to the angiotensin | converting enzyme 2 (ACE2) to enable its entry into host cells
and establish infection. We analyzed the binding surface of ACE2 from several important animal
species to begin to understand the parameters for the ACE2 recognition by the SARS-CoV-2 spike
protein receptor binding domain (RBD). We employed Shannon entropy analysis to determine the
variability of ACE2 across its sequence and particularly in its RBD interacting region, and assessed
differences between various species’ ACE2 and human ACE2. As cattle are a known reservoir for
coronaviruses with previous human zoonotic transfer, and has a relatively divergent ACE2 sequence,
we compared the binding kinetics of bovine and human ACE2 to SARS-CoV-2 RBD. This revealed a
nanomolar binding affinity for bovine ACE2 but an approximate ten-fold reduction of binding compared
to human ACE2. Since cows have been experimentally infected by SARS-CoV-2, this lower affinity
sets a threshold for sequences with lower homology to human ACE2 to be able to serve as a

productive viral receptor for SARS-CoV-2.
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Introduction

COVID-19, caused by the novel coronavirus SARS-CoV-2, is a zoonotic disease(1-3) that has thus far
resulted in over one million deaths worldwide and over 42 million infections (4). The virus crossed the
species boundary, possibly from bats and potentially through an intermediate species, to humans and
has spread through the respiratory route across the globe in the past year. SARS-CoV-2 is a member
of the betacoronavirus genera, which includes other coronaviruses like SARS-CoV, that caused severe
acute respiratory syndrome in a pandemic in 2002-2004 (resulting in approximately 800 deaths in 37
countries), and MERS-CoV which caused Middle Eastern Respiratory Syndrome in 2012 (resulting in
over 800 deaths in 27 countries). Both of these viruses originated in other species, SARS-CoV in bats,
and MERS-CoV in camels, and crossed the species barrier to humans. Other coronaviruses like
HCoV-NL63, HCoV-229E, HCoV-HKU1, and HCoV-043 are known to cause mild respiratory disease in
humans and also crossed the species barrier(5-7). Interestingly, the latter two viruses which cause
more clinically mild disease appear to have derived from bovine coronavirus (BCoV)(8-10), which
causes respiratory and intestinal disease in cattle (7,11-13). Betacoronaviruses as a group have a
wide host range including several agricultural and companion animal species(8). Thus, coronavirus
disease in humans appears to largely be through zoonotic transfer and has resulted in enormous

worldwide morbidity and mortality as well as significant economic loss.

Given that coronaviruses appear to have crossed the species barrier several times in human history
with devastating consequences, there is a need to understand the interactions between coronaviruses
and their receptors in different animal species. This is particularly important since humans interact with
companion animals as well as many agricultural species, often in close quarters where respiratory
spread can easily occur. In addition to the impact of spread from species to species on human health,
coronaviruses can cause devastating effects to animals resulting in morbidity, mortality, and major
economic losses (5,7,11,14). Indeed SARS-CoV-2 has been documented to infect dogs (Canis lupus),
cats (Felis catus) (15), and mink (Mustela lutrola) (16) in nature, and ferrets (Mustela putoris) (15),
hamsters (Cricetulus griseus) (17) and cows (Bos taurus) (18) have been experimentally infected.
Human to tiger transfer occurred at the Bronx Zoo (19,20). A mink farm in the Netherlands was
ravaged by SARS-CoV-2 infection and farms in the U.S. and Spain were also recently infected (16,21).
Additionally, SARS-CoV-2 is now studied in vivo in hamsters (Cricetulus griseus) and ferrets (Mustela
putoris) as animal models to understand viral pathology and evaluate therapeutics. The need to
understand animal susceptibility to coronavirus infection is therefore important to public health, the
economy, as well as to establish well understood animal models for therapeutic and vaccine

development.
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SARS-CoV-2 utilizes its trimeric spike protein to bind to the angiotensin | converting enzyme 2 (ACE2)
on target pneumocytes or other host cells (22-28). This interaction occurs with high affinity, and results
in viral membrane fusion to the host cell and initiates the infectious process. SARS-CoV-1 also utilizes
ACE2 as a receptor, however their spike proteins bind with lower affinity (31 nM Kp) than SARS-CoV-2
(4.2 nM Kp)(23). Crystal structure and electron microscopy analysis of SARS-CoV-2 with ACE2 has
revealed the interacting amino acid residues of the spike receptor binding domain (RBD) and the
human ACE2 surface(23,25,29,30). With sequences available for many companion and agriculturally
important species, the ability to assess potential spike RBD binding is an important first step towards
prediction of infection of these alternative hosts. Here we analyze the conservation and diversity of the
ACE2 protein in multiple important animal species, with particular emphasis on the region that interacts
with SARS-CoV-2 spike RBD. We confirm that an ACE2 from Bos taurus, which is somewhat divergent
from human ACEZ2 in its binding region, interacts with SARS-CoV-2 spike RBD with high affinity,

suggesting that multiple mammalian species may be susceptible to infection with this coronavirus.

Results

In order to assess the potential of SARS-CoV-2 to interact with ACE2 of important companion and
agricultural species, we assembled the ACE2 sequences of several species (Table 1 and Supplemental
Table 1). The human ACE2/RBD cocrystal structure (PDB: 6M17)(27) was utilized to visualize
interacting residues between the SARS-CoV-2 spike RBD and human ACE2 (Figure 1). In ACE2, 8
residues on two helices make direct contact with spike RBD and an additional 17 residues are within 5
angstroms of the RBD. These 25 residues are color coded in Figure 1 as purple (contact) and cyan
(nearby), respectively. We focused our evaluation on these interacting residues in the following

analyses.

In order to determine the overall differences between ACE2 of different species, we employed protein
sequence alignment as well as variability analysis (Supplemental Figures 1 and 2). All vertebrate
ACE2 sequences showed significant homology to human ACE2, with cynomologous and rhesus
monkeys being 95% and 94% identical to human (Table 1). Other mammals were between 80-87%
identical to human. Horseshoe bats, a potential reservoir for SARS-CoV-2 (28,31) was only 81% and
76% identical through the entire sequence and interacting residues, respectively. Surprisingly, the
percent identity across the entire ACE2 sequence did not fully correlate with percent identity of the
interacting residues. For example, cows show lower homology throughout the entire ACE2 sequence

at only 79% compared to the other species, but is 84% identical within the identified interacting
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residues. In contrast, dogs are 83.3% identical across the entire sequence, but only 76% identical in
the interacting residues. A similar lower identity in binding site interacting residues is also seen for
rabbits (Table 1). The relative contribution of the interacting residues versus residues outside the RBD
binding site is currently not known, although it is expected that the interacting residues are far more

important to infection relative to the residues outside of the RBD binding site.

For variability analysis, the structural importance of protein regions, and even individual amino acid
residues, can be compared across multiple species. Such diversity analyses initially identified the
complementary determining regions within antibodies as important interacting domains with antigen by
Kabat and Wu(32,33), and more recently Shannon entropy evaluation has been employed to identify
conserved and diverse domains of multiple proteins through multiple sequence analysis(34,35). First,
we aligned the ACE2 sequences and determined their percent identities (Table 1 and Supplemental
Table 1). Then, we calculated Shannon entropy (SE) across the ACE2 sequences. Of note, ACE2 is

remarkably conserved across its sequence, with few residues exhibiting high variability (Figure 2).

Within the interacting residues, 21 of 25 are highly conserved, with SE values below 2. Significantly, no
residues had values above 3. The more variable residues are colored red and conserved residues blue
in Figure 2. Five residues, N330, G352, D355, R357, and R393, are completely conserved, with SE
values of zero (Figure 2 and Supplemental Table 1). Four of these are nearby residues with RBD, with
only R357 being a contact residue. The complete conservation of these residues suggests that they
play an important role in the protease function or structural integrity of ACE2. Residues with values
between 0 and 1 are K353, which is a contact residue, and L45, Y83, T324, which are nearby residues
(Supplemental Table 1). Amino acids with SE values between 1-2 are K26, T27, D30, K31, E35,
D38, Q42, M82, and G354. The most diverse residues, with SE values over 2, are Q24, H34, L79, and
Q81. Of these, Q24 and H34 are contact residues, with H34 found in a central location in the ACE2-
RBD interface (Figure 1, B), and having by far the highest SE value at 2.88 . Others have analyzed the
evolution of ACE2 residues and have found positions 24 and 34 to be undergoing positive evolutionary
selection pressure (36), and suggested that these positions could play a role in predicting infectivity by
SARS-CoV-2 (36).

Since the interacting residues are likely most important for viral interaction with ACE2 on the host cell,
we evaluated the residues that differed between the various species’ ACE2 and human ACEZ2 in this
region (Figure 3 and Supplemental Figure 3). As mentioned, horseshoe bat (Rhinolophus sinicus)
shares only 19/25 interacting residues (76%) with human ACEZ2, and only 5/8 contact residues.
Specifically, D30E, H34T, Y41H, and M82N (contact residues), and T27M, E35K (nearby residues) are
mutated in horseshoe bat ACE2 relative to human ACE2 (Figure 3, upper left), suggesting potentially
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lower affinity for spike RBD. Pangolin, a possible intermediate host of SARS-CoV-2, has only one
contact residue (M82N) and three nearby residues (D38E, L79I, and G354H) altered, and both D38E
and L79Il are conservative changes (Figure 3, upper right). Felines, which have had documented
natural infection (15,20), have only two active site residues mutated (D38E and M82T), and only M82T
is a contact residue (Figure 3, middle left). Dogs, which also have been infected naturally, have similar
binding site residues as cat but with the notable exception of H34Y (Figure 3, middle), a residue
reported to be important in binding. Cow has three interaction site residues mutated, of which M82T is
a contact residue, and pig has 5 mutations where Q24L, D30E, H34L, M82T are contact residues
(Figure 3 bottom).

Cows serve as a reservoir for bovine coronavirus (BCoV) a respiratory infection of cattle that is a
betacoronavirus (11,12) distantly related to SARS-CoV-2(7). Of considerable note, two BCoV-related
coronaviruses, HCoV-OC43 and HCoV-HKU1, have crossed the species barrier, with OC43 likely from
cows to humans to cause “common cold” respiratory disease in humans(37). Whereas BCoV, HCoV-
0C43 and HCoV-HKU1 utilize 9-O-acetylated sialoglycans as cellular receptors(38), and SARS-CoV-2
utilizes ACE2, cows are a potential important species to evaluate for possible SARS-CoV-2 infection as
they are a known coronavirus reservoir and they could theoretically serve as host for SARS-CoV-2 and
other coronaviruses like BCoV, which could potentially provide a host for coronavirus recombination,
selection, and evolution. From a biochemical standpoint, cows have a somewhat more distantly related
ACE2 protein compared to many other vertebrates (78.8% compared to most other species which are
over 80%), however their binding site residues are more conserved (84%)(Table 1). Therefore, it would
be useful to know whether the lower homology across the entire ACE2 sequence prohibits productive
ACEZ2/RBD interaction. To address this question, we expressed human and bovine ACE2 as antibody
Fc fusion proteins and compared their interaction with SARS-CoV-2 by enzyme linked immunosorbent
assay (ELISA) and further quantified their binding kinetics by surface plasmon resonance analysis
(Figure 4). By ELISA, bovine ACE2 had an approximately ten-fold worse binding ECso (0.129 nM for
human ACE2 compared to 1.299 nM for bovine ACE2)(Figure 4, A). This lower apparent affinity for
bovine ACE2 was confirmed by surface plasmon resonance analysis which showed a Kp for bovine
ACE2 of 36.25 nM versus 7.5 nM for human ACE2 (Figure 4, B and Supplementary Table 1). This
dissociation constant difference relates primarily to a faster off-rate for bovine ACE2 compared to
human ACE2 (Supplementary Figure 5). Of note, despite this lower Kp for bovine ACE2, this affinity is
very similar to the Kp for human ACE2 for the RBD of SARS-CoV-1. Interestingly, for both human and
bovine ACE2, the SPR data fit more consistently with a two-site model for interaction, suggesting that
the RBD may be multimerizing to produce avidity effects on the chip surface. A potential second site

would have ten-fold lower Kp values (Supplemental Figure 5), which interestingly, are more in line with
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the ECso values of the ELISA (Figure 4, A). Such interactions would be important to explore to
understand the details of interaction between coronavirus spike RBD and ACE2 on the cell surface.
These interactions would be important to inhibit by therapeutic agents, for example by monoclonal
antibodies targeting the virus. The avidity interaction may decrease the Kp (increase the affinity) of
bovine ACE2 with spike RBD from 36 nM to 2.5 nM, and 7.5 nM to 0.4 nM for human ACE2, a
substantial enhancement of the interaction. Regardless of the mechanisms of interaction, it is clear that
bovine ACE2 still has high affinity towards SARS-CoV-2 RBD, albeit with five to ten fold worse binding

than human ACE2, but yet can still mediate infection of bovine cells(18).

Discussion

The recent COVID-19 pandemic has spread rapidly across the globe through human populations, but
additionally has also infected several animal species. While zoonotic in origin, it is still unclear which
species provided the reservoir for transfer to humans. Coronaviruses as a group have a very wide
range of host species, and have jumped the species barrier multiple times to humans(39,40). While
bats appear to be a host species for coronaviruses related to SARS-CoV and SARS-CoV-2, it is
possible that an as yet unidentified species serves as the reservoir for this virus. Additionally, it is clear
that SARS-CoV-2 can naturally infect other species, such as cats, dogs, and mink. In order to
understand the host range of SARS-CoV-2 as well as identify potential reservoirs for the virus it is
critically important to understand (i) details about the identity and binding properties between the virus
and its host cell receptor and possible co-receptors, (ii) other biological requirements needed for the
virus to replicate and transmit, for example host cell enzymes needed for viral processing, replication,
and assembly. For SARS-CoV-2, ACE2 appears to be the major receptor required for cell entry, so
understanding its interaction with ACE2 from humans as well as other species is important to enable
predictive methods for viral host range. Here we analyze ACE2 diversity across several species, and
specifically evaluate binding of SARS-CoV-2 RBD to bovine ACEZ2, finding key interacting residues to

be highly conserved.

Several studies have used sequence homology and/or structural modeling to attempt to predict SARS-
CoV-2 RBD binding to various species’ ACE2 in order to predict the virus host range(15,36,39-43). In
an effort to predict species permissive to infection, Damas et.al. developed a five-tiered scoring scheme
based on percent identity of 410 vertebrate species, as well as specific structural features of SARS-
CoV-1 or SARS-CoV-2 interactions with ACE2(36). They also focused on 25 amino acid residues at
the RBD binding interface, however their 25 residues differed from ours in that they included S16, N53,
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N90, and N322, with the asparagines included as potential glycosylation sites that may impact RBD
binding. However, our approach was agnostic in choosing residues that were either (i) known contact
residues with the RBD, or (ii) within 5 angstroms of contact residues. Residues included in our analysis
which were not included in Damas et.al. were K26, Q81, and N352. Damas et. al. also note that the
host range of SARS-CoV-2 might be quite broad and suggest new species that should be evaluated for
animal models of virus infection, which notably include cows, which scored in their “medium” category
for predictive binding to RBD. Like our assessment of homology, they find that bats score very low in
predicted ACEZ2 binding. Interestingly, using sequence evolution and selection analysis, they identify
Q24 and H34 as positions undergoing positive selection and evolution. We identified these as amongst
the most variable residues by Shannon entropy analysis, and these also appear to be important
residues at the ACE2/RBD interface. As in our analysis, pangolins scored low in potential RBD binding
based on interacting residue homology, suggesting that SARS-CoV-2 may bind other pangolin
receptors, or have other mechanisms to interact with ACE2. As pangolins are thought to be a possible
intermediate host for SARS-CoV-2, much more biochemical and infectivity data with this controversial

species should be obtained.

In a different approach, Lam et.al. used structural modeling to predict the change in free energy, AAG,
for 215 ACE2 sequences derived from different species(44). They correlated the AAG with published
infectability information to provide a framework to predict which species may be susceptible to SARS-
CoV-2 infection. Like other studies, their work suggests a broad range of mammal susceptibility, with
the exception of non-placental mammals. They similarly find that horseshoe bats have higher AAG
values (i.e. lower affinity), calling into question their susceptibility and potential as a reservoir for SARS-
CoV-2.

There have been several studies that have measured the Kp between SARS-CoV-2 spike (or RBD) and
ACE2, with values ranging from 1.2 to 44 nM (23,25,29,30). In these studies, differences in the
experimental conditions, such as whether ACE2 or RBD was immobilized, and technique used such as
biolayer interferometry versus surface plasmon resonance, could account for differences in kinetic
values. In our study, we immobilized ACE2 and measured RBD interaction as the analyte using
surface plasmon resonance, which is similar to Lan et. al. who reported a value of Kp = 4.6 nM, which is
close to our value of 7.5 nM. However, Lan et.al. as well as all of the other studies utilized a 1:1 model
for binding, whereas we found evidence for a two site complexation on the surface, and applied a two
site model that gave Kp1 and Ko values of 7.5 nM and 0.4 nM, respectively. Of considerable note,
Forssen et.al. reanalyzed the binding data from Lan et.al. and Tian et.al. and found evidence of

multimeric interactions, similar to our study(45). Since the RBD exists in close proximity to two other
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