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1 | INTRODUCTION

Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causes the ongoing
coronavirus disease 2019 (COVID-19) pandemic. Angiotensin-converting enzyme 2
(ACE2) is the functional receptor for SARS-CoV-2. In our current study, we found
that two types of deficient ACE2 isoforms from different mammals compete with
full-length ACE2 for association with S protein. One type of ACE2 is a natural soluble
isoform, the other type of ACE2 only associates with one loop of the receptor-bind-
ing domain (RBD) of the SARS-CoV-2 S protein. Mammals with either type of ACE2
will be deficient in support of SARS-CoV-2 entry. By combining S recognition and
isoform analysis of ACE2, we predict that felids, mustelids, hamsters, and sheep are
susceptible to SARS-CoV-2, while canids, swines, cattle, and goats are not permissive
for SARS-CoV-2. Thus, the differential susceptibilities of mammals with SARS-CoV-2
infection could be partially explained by the ACE2 isoform diversity. Our findings will

shed important light on predicting the host range of other zoonotic viruses.
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the potential association of S with ACE2 from different species
(Li, Qiao, & Zhang, 2020; Luan, Jin, Lu, & Zhang, 2020; Luan, Lu,

Corona virus disease 2019 (COVID-19) caused by severe acute re-
spiratory syndrome coronavirus 2 (SARS-CoV-2) is an ongoing global
pandemic, with over 1.6 million confirmed cases as of April 10, 2020.
Bats (Rhinolophus sinicus) are well accepted as SARS-CoV-2 original
hosts (Zhou et al., 2020). However, the host ranges and intermediate
hosts for SARS-CoV-2 are not clear.

Spike (S) protein determines the host range of SARS-CoV-2
because of its role in recognizing human angiotensin-convert-
ing enzyme 2 (ACE2) as the virus receptor (Zhou et al., 2020).
Functional ACE2 is assembled as heterodimer, with the C-terminal
collectrin-like domain of ACE2 mediating dimerization (Yan
et al., 2020). The SARS-CoV-2 receptor-binding domain (RBD) is
recognized by the extracellular N-terminal peptidase domain of

ACE?2. Several studies predicted the host range mainly based on

Shan Gao and Junwen Luan are co-first authors.

Jin, & Zhang, 2020). However, the recognition of ACE2 does not
guarantee that this ACE2 would support SARS-CoV-2 infection.
Susceptibility of potential hosts may not be only limited by the
binding ability of ACE2 to S protein. For instance, although ACE2
from both feline and canine species is predicted to associate with
S, SARS-CoV-2 was prone to infect felids rather than canine spe-
cies (Shi et al., 2020). This prominent phenomenon indicates that
other factors are involved in determining the host range of this
virus.

Until now, the known mammalian hosts which support SARS-CoV-2
infection are humans, felines, ferrets, hamsters, and rhesus macaques,
while ACE2 from canines and swines are non-permissive for SARS-
CoV-2 infection (Chan et al., 2020; Deng et al., 2020; Shi et al., 2020).

Alternative splicing increases the complexity of mammalian proteins,

1026 © 2020 Wiley-VCH GmbH

wileyonlinelibrary.com/journal/tbed

Transbound Emerg Dis. 2021;68:1026-1032.


mailto:﻿
https://orcid.org/0000-0002-7015-9661
mailto:armzhang@hotmail.com

GAO ET AL.

leading to existence of multiple isoforms of a single protein. One type
of alternative splicing causes insertions or deletions (indels). The other
type contains exon substitutions. Alternative splicing with indels gen-
erates isoforms of different sizes. In this study, we found that ACE2
proteins from different species have isoforms deficient in support of
SARS-CoV-2 entry. The differential SARS-CoV-2 susceptibilities of
mammals could be partially explained by the ACE2 isoform diversity.

2 | MATERIALS AND METHODS
2.1 | Sequence analysis of ACE2 isoforms

The isoforms of ACE2 from selected mammals were searched in
UniProt (https://www.uniprot.org/). These ACE2 proteins with
their corresponding species are listed as follows: five canine
(Canis lupus) isoforms (UnilD: dog1, J9P7Y2; dog2, F1P7C5; dog3,
C7ECVO; dog4, AOA5F4BS93; dog5, AOA5F4CXGY), three swine
(Sus scrofa) isoforms (UnilD: pigl, K7GLM4; pig2, AOA4X1UWQS8;
pig3, AOA4X1UXU4), three goat (Capra hircus) isoforms (UnilD:
goatl, AOA452EVJ5; goat2, AOA452EVUO; goat3, AOA452EVM?2),
two cattle (Bos taurus) isoforms (UnilD: cowl, Q58DDO; cow2,
AOA452DJEQ), two hamster (Mesocricetus auratus) isoforms
(UnilD: hamster1l, AOA1U7QTA1; hamster2, C7ECV1), one ferret
(Mustela putorius furo) isoform (UnilD: Q2WG88), one rhesus ma-
caque (Macaca mulatta) isoform (UnilD: F7AH40), one sheep (Ovis
aries) isoform (UnilD: W5PSB6), three feline (Feliscatus) isoforms
(UnilD: cat1, Q56H28; cat2, AOASF5XDN9; cat3, AOA384DV19),
one human (Homo sapiens) isoform (UnilD: Q9BYF1), two lago-
morph (Oryctolagus cuniculus) isoforms (UnilD: rabbitl, GITEF4;
rabbit2, C7ECU4), nine polar bear (Ursus maritimus) isoforms
(UnilD: polar bearl, AOA452TT30; polar bear2, AOA384ClJ9;
polar bear3, AOA452TT37; polar bear4, AOA452TTF7; polar
bear5, AOA452TT98; polar bear6, AOA452TTE2; polar bear7,
AOA452TT60; bear8, AOA452TTD2; bear9,
AOA452TTE1), one crab-eating macaque (Macaca fascicularis)
isoform (UnilD: AOA2K5X283), one golden snub-nosed mon-
key (Rhinopithecus roxellana) isoform (UnilD: AOA2K6NFG?7),
one drill (Mandrillus leucophaeus) isoform (UnilD: AOA2K5ZV99),

one sperm whale (Physeter macrocephalus) isoform (UnilD:

polar polar

AOA2Y9S5T9), one beluga whale (Delphinapterus leucas) isoform
(UnilD: AOA2Y9M9H3), two Sumatran orangutan (Pongo abelii)
isoforms (UnilD: orangutanl, Q5RFN1; orangutan2, H2PUZ5),
two Ord's kangaroo rat (Dipodomys ordii) isoforms (UnilD: kan-
garoo ratl, AOA1S3GHT7; kangaroo rat2, AOA1S3GFDé), two
guinea pig (Cavia porcellus) isoforms (UnilD: guinea pigl, HOVSFé6;
guinea pig2, C7ECU4), two chimpanzee (Pan troglodytes) isoforms
(UnilD: chimpanzeel, AOA2J8KU96; chimpanzee2, AOA2I3S8E3),
and two pygmy chimpanzee (Pan paniscus) isoforms (UnilD: pygmy
chimpanzeel, AOA2R9BKDS8; pygmy chimpanzee2, AOA2R9BJKO).
Analysis of ACE2 proteins was conducted by using Molecular
Evolutionary Genetics Analysis (MEGA) version X (Kumar, Stecher,
Li, Knyaz, & Tamura, 2018).
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2.2 | Structure simulation of ACE2-S complex

Based on the structure of full-length human ACE2 with SARS-
CoV-2 S RBD (Protein Data Bank [PDB]: 6M17) (Yan et al., 2020),
the structure of SARS-CoV-2 S RBD and ACE2 isoforms from
selected mammals were simulated by the SWISS-MODEL online
server (Waterhouse et al., 2018) and analysed by Chimera soft-
ware ver. 1.14 (Pettersen et al., 2004).

3 | RESULTS AND DISCUSSION

ACE2 isoforms from canine species were investigated. There are
five canine isoforms (Table 1), one of which (dog4) lacks a trans-
membrane domain, and so it is a soluble canine ACE2 (Figure 1a).
Soluble human ACE2 was recently reported to block the interaction
between ACE2 and SARS-CoV-2 S (Monteil et al., 2020). The simu-
lated structure shows that dog4 could associate with SARS-CoV-2
S (Figure 1b). Based on this, we think that dog4 could play a com-
petitive inhibitory role for interaction between full-length ACE2 and
SARS-CoV-2 S. Soluble ACE2 was no longer to mediate subsequent
viral entry. In this sense, the binding possibility of RBD to “effective”
canine ACE2 is reduced, leaving canines not susceptible for SARS-
CoV-2 infection, which is consistent with the experimental evidence
(Shi et al., 2020).

Swines have one ACE2 isoform (pig3) lacking 1-122 resi-
dues in the N terminus of ACE2, which is critical for binding one
of two loops of SARS-CoV-2 RBD protruding into the interface
(Figure 1c,d) (Lan et al., 2020). This pig3 isoform only associates
with the other loop of SARS-CoV-2 RBD. Thus, it would inhibit
the interaction between full-length ACE2 and S. In a recent study,
SARS-CoV-2 was not detected in samples collected from virus-in-
oculated pigs (Shi et al., 2020). This result suggested that swines
are not susceptible for SARS-CoV-2, which is supportive of our
prediction based on isoform analysis.

Humans, rhesus macaques, crab-eating macaques, and ferrets
have only one ACE2 isoform (Table 1). Their ACE2 proteins main-
tain the majority of critical amino acids (AAs) for associating with
S. For other species which have more than one ACE2 isoform, they
can be divided into two categories. The first category has AA dele-
tions or substitutions outside the binding domain. Hamsters have
two ACE2 isoforms with the short one containing a deletion in
the cytoplasmic tail. Previous work showed that the cytoplasmic
tail is not required for the receptor function of SARS-CoV (Inoue
et al., 2007). We propose that the cytoplasmic tail of ACE2 is not
critical for SARS-CoV-2 infection, thus this deletion will not have
much impact on receptor binding. Another species of this cate-
gory are felids which have three isoforms. However, these three
isoforms have similar lengths and show high identity in sequences.
They maintain the critical residues for S binding (Table 1), and
only isoform 3 has four AA substitutions. We speculate that all
of these isoforms have similar binding affinities for SARS-CoV-2

S. The above animals are predicted to support SARS-CoV-2
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TABLE 1 SARS-CoV-2 susceptibilities of selected mammals based on ACE2 isoforms

Host Length Extracellular S Transmembrane
Species range Isoforms UnilD (AA) domain binding domain
Canine (Canis lupus) - 1 J9P7Y2 804 Intact + 739-761
2 F1P7C5 765 667-705 deleted + 700-722
3 C7ECVO 804 Intact + 739-761
4 AOA5F4BS93 739 706-738 deleted + None
5 AOA5F4CXG9 777 Intact + 739-761
Pig (Sus scrofa) - 1 K7GLM4 805 Intact + 740-762
2 AOA4XIUWQS8 805 Intact + 740-762
3 AOA4X1UXU4 683 1-122 deleted = 618-640
Goat (Capra hircus) - 1 AOA452EV]5 804 Intact 739-761
2 AOA452EVUO 787 122-139 deleted 722-744
3 AOA452EVM2 743 1-61 deleted - 678-700
Cattle (Bos taurus) - 1 Q58DDO0 804 Intact + 739-761
2 AOA452DJEO 743 1-61 deleted = 678-700
Hamster (Mesocricetus auratus) + 1 AOA1U7QTA1 805 Intact + 740-762
2 C7ECV1 785 786-805 deleted  + 740-762
Ferret (Mustela putorius furo) 1 Q2WG88 805 Intact + 740-762
Rhesus macaque (Macaca mulatta) 1 F7AH40 805 Intact + 740-762
Crab-eating macaque (Macaca 1 AOA2K5X283 805 Intact + 740-762
fascicularis)
Golden snub-nosed monkey + 1 AOA2K6NFG7 805 Intact + 740-762
(Rhinopithecus roxellana)
Drill (Mandrillus leucophaeus) 1 AOA2K5ZV99 805 Intact 740-762
Sperm whale (Physeter 1 AOA2Y9S5T9 804 Intact 740-762
macrocephalus)
Beluga whale + 1 AOA2Y9M9H3 804 Intact + 739-761
(Delphinapterus leucas)
Sumatran orangutan + 1 Q5RFN1 805 Intact + 741-763
(Pongo abelii) 2 H2PUZ5 802 Intact + 738-760
Ord's kangaroo rat (Dipodomys - 1 AOA1S3GHT7 805 Intact + 741-763
g 2 AOA1S3GFD6 740 706-770 deleted ~ + None
Guinea pig (Cavia porcellus) + 1 HOVSFé 794 Intact + 729-751
2 C7ECU4 789 Intact + 740-762
Chimpanzee (Pan troglodytes) + 1 AOA2J8KU9%6 805 Intact + 741-763
2 AOA2I3S8E3 694 556-666 deleted aF 630-652
Pygmy chimpanzee (Pan paniscus) + 1 AOA2R9BKD8 805 Intact + 741-763
2 AOA2R9BJKO 694 556-666 deleted + 630-652
Sheep (Ovis aries) 1 W5PSB6é 805 Intact + 740-762
Feline (Feliscatus) 1 Q56H28 805 Intact + 740-762
2 AOA5F5XDN9 805 Intact + 740-762
3 AOA384DV19 803 Intact + 738-760
Human (Homo sapiens) 1 Q9BYF1 805 Intact + 741-761
Lagomorph (Oryctolagus cuniculus) 1 GI1TEF4 805 Intact + 741-763
2 C7ECU4 783 784-805 deleted  + 741-763

(Continues)
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TABLE 1 (Continued)

Species

Polar bear (Ursus maritimus)

(@ *
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FIGURE 1 Alignment of canine and swine ACE2 isoforms showing that some isoforms lack the critical region for receptor function.
(a) Five canine isoforms (UnilD: dog1, J9P7Y2; dog2, F1P7C5; dog3, C7ECVO; dog4, AOA5F4BS93; dog5, AOA5F4ACXG9). The dotted box
highlights the transmembrane region which is predicted by TMHMM 2.0. (b) Simulated structure of CIfACE2 (dog4) and SARS-CoV-2 S

2
x 2

10
10

20
20
98

770
131
770
705
770

RBD. Two SARS-CoV-2 S RBDs are coloured in green and lime green, CIfACE2 dimer in medium blue and cornflower blue. The inset shows

the detailed analysis of interface between RBD and ACE2. (c) Three swine isoforms (UnilD: pigl, K7GLM4; pig2, AOA4X1UWQS8; pig3,

AOA4X1UXU4). Dotted box shows missing region in the extracellular domain. (d) Simulated structure of SSACE2 (pig3) and SARS-CoV-2 S
RBD. The colour of SARS-CoV2 S RBD is the same as in Figure 1b. SSACE2 dimer is coloured in orange and orange red. The inset shows the
detailed analysis of interface between RBD and ACE2. The dotted cycle shows the loop that does not associate with SSACE2 (pig3). ACE2,
angiotensin-converting enzyme 2; RBD, receptor-binding domain; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2 [Colour
figure can be viewed at wileyonlinelibrary.com]
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infection, which is consistent with the experimental evidence
(Chan et al., 2020; Deng et al., 2020; Shi et al., 2020).

Next, we predicted the SARS-CoV-2 susceptibilities of other
mammals based on ACE2 isoforms. The only isoform in sheep,
golden snub-nosed monkeys, drills, sperm whales, and beluga
whales matches the majority of key residues in human ACE2 for
SARS-CoV-2 binding (Table 1), which is predicted to support SARS-
CoV-2 infection (Li et al., 2020; Luan, Jin, et al., 2020). Sumatran
orangutans and guinea pigs have two isoforms with minor AA

differences, which were both supportive for virus entry (Table 1).

(@) * 20 * 40 *

cow2 : L

{VLDPNTQECLALEPGLDDIMENS
LDPNTQECLALEPGLDDIME
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Lagomorphs have two isoforms, with the short one containing a
deletion in the cytoplasmic tail (Table 1). Similar to the case of ham-
sters, lagomorphs are predicted to support SARS-CoV-2 S infection.
Both chimpanzees and pygmy chimpanzees have two isoforms, with
one shorter than the canonical one. Since deletion at the extracel-
lular domain in the short isoform does not contain critical AAs for
S binding, we predict that the two isoforms can equally mediate
SARS-CoV2 infection (Table 1). As for Ord's kangaroo rats, the de-
letion of ACE2 is the same as that of canids, which leads to a lack

of the transmembrane domain. We hypothesize that this soluble
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FIGURE 2 Alignment of ACE2 isoforms from cattle, goats, and polar bears showing that some isoforms lack the critical region for
receptor function. (a) Two cattle isoforms (UnilD: cow1, Q58DDO; cow2, AOA452DJEO). Dotted box shows missing region in the extracellular

domain comprising critical residues for S binding. (b) Simulated structure of BtACE2 (cow2) and SARS-CoV-2 S RBD. The colour of SARS-
CoV2 S RBD is the same as in Figure 1b. BtACE2 dimer is coloured in purple and plum. The dotted cycle is the loop that does not associate
with BtACE2 (cow2). (c) Three goat isoforms (UnilD: goat1, AOA452EVJ5; goat2, AOA452EVUO; goat3, AOA452EVM2). Dotted box shows
missing region in the extracellular domain comprising critical residues for S binding. (d) Simulated structure of ChACE2 (goat3) and SARS-
CoV-2 S RBD. The colour of SARS-CoV2 S RBD is the same as in Figure 1b. ChACE2 dimer is coloured in gold and yellow. The dotted
cycle is the loop that does not associate with ChACE2 (goat3). (e) Nine polar bear isoforms (UnilD: polarbear1, AOA452TT30; polarbear2,
AOA384ClJ9; polarbear3, AOA452TT37; AOA452EVM2; polarbear4, AOA452TTF7; polarbear5, AOA452TT98; polarbearé, AOA452TTE2;
polarbear7, AOA452TT60; polarbear8, AOA452TTD2; polarbear9, AOA452TTE1). Dotted box shows missing region in the extracellular
domain comprising critical residues for S binding. (f) Simulated structure of UmACE2 (polar bear4) and SARS-CoV-2 S RBD. The colour of
SARS-CoV2 S RBD is the same as in Figure 1b. UmACE2 dimer is coloured in grey and dim grey. The dotted cycle is the loop that does not
associate with UmACE2 (polar bear4). ACE2, angiotensin-converting enzyme 2; RBD, receptor-binding domain; SARS-CoV-2, severe acute
respiratory syndrome coronavirus 2 [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Schematics of four representative species containing different types of ACE2 isoforms. (a) Humans have a single type of
ACE2. (b). Species such as felines have more than one isoform, all of which are able to bind S. (c) Canines have four ACE2 isoforms. One of
them loses the transmembrane domain; so it exists in soluble form and competitively binds S with its intact ectodomain. (d) Species such

as pigs have multiple isoforms. One or more of them lack N-terminal fragment containing critical AAs for RBD binding and only recognize
one loop of RBD. Therefore, these isoforms of ACE2 will compete with full-length ACE2 for association of S. The yellow oval represents S
trimer, and ACE2 dimers from different species are coloured in green or cyan. AA, amino acid; ACE2, angiotensin-converting enzyme 2; RBD,
receptor-binding domain [Colour figure can be viewed at wileyonlinelibrary.com]

isoform may also protect kangaroo rats from SARS-CoV-2 infection
(Table 1).

Cattle have two ACE2 isoforms and goats have three (Table 1).
Both of them have one isoform (cow2, goat3) that lacks 61 residues
in the N terminus, which is critical for interacting with one of two
loops of S protein (Figure 2a-d).

Polar bears have nine ACE2 isoforms (Table 1). Isoform 4, iso-
form 6, and isoform 9 all contain a deletion in 28-36 residues,
which is critical to associate with one of two loops of SARS-CoV-2 S
(Figure 2e,f). Those isoforms will compete with full-length ACE2 for
association with S protein, leading to reduced SARS-CoV-2 entry in
cattle, goats, and polar bears.

Our previous studies predicted the host range based on the
interaction between SARS-CoV-2 S and full-length ACE2 (Luan,
Jin, et al., 2020; Luan, Lu, et al., 2020). However, full-length ACE2
with S-binding ability alone does not guarantee the host suscep-
tibility because some species encode multiple ACE2 isoforms.
In this current study, we classified four types of mammals based
on ACE2 isoforms analysis (Figure 3). The first ones have a single
ACE2, which maintains the intact receptor function (Figure 3a).
The second ones, such as felids, have more than one isoform, all
of which are capable to bind S (Figure 3b). The third ones, such
as canids, have one ACE2 isoform that loses the transmembrane
domain. This soluble form of ACE2 maintains the capacity of S

binding, while it fails to mediate virus entry. It will compete with

full-length ACE2 for association of S (Figure 3c). Swines, the rep-
resentatives of the fourth type of mammals, contain one or more
isoforms lacking N-terminal fragments containing critical AAs for
RBD binding. Therefore, the deficient ACE2 isoforms will compete
with full-length ACE2 for association of S and inhibit its normal
function (Figure 3d). The first and second types of mammals will
likely be permissive for SARS-CoV-2 infection, while the third and
fourth types of mammals will be non-permissive or less permissive
for SARS-CoV-2 infection.

In conclusion, we propose that ACE2 isoform diversity could play
an important role in determining the host range of SARS-CoV-2. We
predict that felines, ferrets, hamsters, rhesus macaques, sheep, lag-
omorphs, crab-eating macaques, golden snub-nosed monkeys, drills,
sperm whales, beluga whales, guinea pigs, chimpanzees, and pygmy
chimpanzees are susceptible to SARS-CoV-2, while canines, swines,
cattle, goats, polar bears, and Ord's kangaroo rats are resistant to
SARS-CoV-2. Our findings not only explain the known potential
hosts for SARS-CoV-2 but also predict the SARS-CoV-2 susceptibili-
ties of other mammals. The strategy of isoform analysis will provide
novel important clues to predict the host range of other zoonotic

viruses.
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