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Abstract

Coronavirus (CoV) pandemics have become a huge threat to the public health world-
wide in the recent decades. Typically, severe acute respiratory syndrome CoV (SARS-
CoV) caused SARS pandemic in 2003 and SARS-CoV-2 caused the ongoing COVID-19
pandemic. Both viruses are most likely originated from bats. Thus, direct or indirect
inter-species transmission from bats to humans is required for the viruses to cause
pandemics. Receptor utilization is a key factor determining the host range of viruses
which is critical to the inter-species transmission. Angiotensin-converting enzyme 2
(ACE2) is the receptor of both SARS-CoV and SARS-CoV-2, but only ACE2s of certain
animals can be utilized by the viruses. Here, we employed pseudovirus cell-entry
assay to evaluate the receptor-utilizing capability of ACE2s of 20 animals by the two
viruses and found that SARS-CoV-2 utilized less ACE2s than SARS-CoV, indicating a
narrower host range of SARS-CoV-2. Especially, SARS-CoV-2 tended not to use mu-
rine or non-mammal ACE2s. Meanwhile, pangolin-CoV, another SARS-related coro-
navirus highly homologous to SARS-CoV-2 in its genome, yet showed similar ACE2
utilization profile with SARS-CoV rather than SARS-CoV-2. Nevertheless, the actual
susceptibility of these animals to the coronaviruses should be further verified by in
vivo studies. To clarify the mechanism underlying the receptor utilization, we com-
pared the amino acid sequences of the 20 ACE2s and found 5 amino acid residues po-
tentially critical for ACE2 utilization, including the N-terminal 20th and 42nd amino
acid residues that might determine the different receptor utilization of SARS-CoV,
SARS-CoV-2 and pangolin-CoV. Our studies enhance the understanding of receptor
utilization of pandemic coronaviruses, potentially contributing to the virus tracing,

intermediate host screening and epidemic prevention for pathogenic coronaviruses.
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1 | INTRODUCTION

Coronaviruses are enveloped non-segmented positive-sense RNA
viruses. In the recent two decades, human coronaviruses (HCoVs)
have caused at least three major pandemics and posed a huge threat
to the public health worldwide (Zhou et al., 2020). Severe acute re-
spiratory syndrome coronavirus (SARS-CoV) and SARS-CoV-2 are
the most pathogenic HCoVs (Meo et al., 2020). SARS-CoV caused
the SARS pandemic in years of 2002-2003, resulting in more than
8,000 clinical cases with a mortality of 10% (Parry, 2003; Stadler
et al., 2003). After the SARS pandemic, plenty of research and mea-
surements have been done to prevent the re-emergence of coro-
navirus epidemics (de Wit, van Doremalen, Falzarano, & Munster,
2016). Nevertheless, 17 years later, SARS-CoV-2 brought a much
more severe and widespread pandemic of coronavirus disease
2019 (COVID-19) to the world (Wu et al., 2020; Zhu et al., 2020).
Up to 17 June 2020, about 6 months after the first reported case
of COVID-19, SARS-CoV-2 has caused 8,179,520 confirmed infec-
tions and 441,491 deaths worldwide, far surpassing the SARS pan-
demic. SARS-CoV-2 emerges a high transmissibility whose RO value
is currently estimated as 2.3 but could be as high as 5.7 when more
infection cases are identified (Bulut & Kato, 2020). The high trans-
missibility of SARS-CoV-2 is probably a major reason for the rapid
development of COVID-19 epidemic and more studies on the trans-
mission of pathogenic HCoV is urgently required.

Inter-species transmission from wide animals to humans is a
major cause of the epidemics of highly pathogenic coronaviruses.
Previous studies have shown that Chinese horseshoe bats are nat-
ural reservoirs of SARS-CoV (Ge et al., 2013; Hon et al., 2008), and
a recent phylogenetic analysis has revealed that SARS-CoV-2 might
also be originated from bat-SARSr-CoV (Lu et al., 2020). Some small
mammals, such as civets and raccoon dogs, can serve as the inter-
mediate hosts of SARS-CoV and might be the direct sources of the
SARS epidemic in early 2003 (Guan et al., 2003). Similarly, SARS-
CoV-2-like CoVs were detected in Malayan pangolins, indicating
pangolins might serve as an intermediate host for SARS-CoV-2 (Lam
et al., 2020; Zhang, Wu, & Zhang, 2020). The host range of a virus
is an essential factor determining its intermediate hosts. Thus, re-
search on the host range of viruses is of great importance for virus
tracing and epidemic control.

A main factor determining the host range of viruses is the
recognition and binding between viral particles and their recep-
tors on the host cells. Angiotensin-converting enzyme 2 (ACE2)
is utilized by SARS-CoV and SARS-CoV-2 as their cellular recep-
tor (Xiao, Chakraborti, Chakraborti, Dimitrov, Gramatikoff, &
Dimitrov, 2003; Zhou et al., 2020). Discovered in the year 2000,
ACE?2 was initially identified as an exopeptidase that catalyses the
conversion of angiotensins (Donoghue et al., 2000; Ferrario, Trask,
Trask, & Jessup, 2005). ACE2 is ubiquitously expressed in most
vertebrates, but not all ACE2s can serve as the receptor for SARS-
CoV and SARS-CoV-2. For instance, SARS-CoV can use mouse
ACE2 as its receptor but SARS-CoV-2 cannot, indicating that
mouse is a potential host for SARS-CoV but not for SARS-CoV-2
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(Zhou et al., 2020). Our previous study predicted the ACE2 utiliza-
tion of SARS-CoV-2 and 9 amino acid (aa) residues in ACE2 critical
for SARS-CoV-2 utilization (Qiu et al., 2020). However, this study
was mainly based on the aa sequence analysis and lacked experi-
mental evidence, which could be hardly referred to clarify the host
range of SARS-CoV-2.

In this study, we ectopically expressed ACE2 of 20 different
animals in Hela cells, a cell line lacking ACE2 expression naturally,
and then infected the cells with HIV-based pseudoviral particles
carrying coronavirus spike proteins to test their utilization of these
ACE2s. The result showed that both SARS-CoV and SARS-CoV-2
could use most mammalian ACE2s as their receptors but not fish or
reptilian ACE2s. Interestingly, similar to mouse ACE2, SARS-CoV
but not SARS-CoV-2 was capable of using chicken ACE2, indicat-
ing a narrower host range of SARS-CoV-2, especially in murine and
birds. By alignment of the aa sequence of the 20 ACE2 orthologs,
we further confirmed several aa residues critical for SARS-CoV-2
utilization, including T20, K31, Q42 and Y83. Especially, T20 of
ACE2 probably played critical roles in spike-ACE2 binding by in-
teracting with S477 and T478 within the receptor-binding motif
(RBM) of SARS-CoV-2 spike protein. These aa residues might par-
tially determine the unique receptor utilization and host range of
SARS-CoV-2. In summary, our study provides a more clear view of
ACE2 utilization by SARS-CoV-2, which may contribute to a better
understanding about the virus-receptor interaction and the host
range of SARS-CoV-2.

2 | METHODS AND MATERIALS
2.1 | Celllines and plasmids

HEK293T and Hela cells were obtained from the American Tissue
Culture Collection and cultured in Dulbecco's modified Eagle's me-
dium (DMEM; Gibco) supplemented with 10% fetal bovine serum
(FBS) in a humidified 5% CO, incubator at 37°C.

Full-length SARS-CoV-2 spike (GenBank accession number
MN908947.3), SARS-CoV BJO1 spike (GenBank accession number
AY278488.2) and pangolin-CoV GD1 spike (GISAID accession num-
ber: EPI_ISL_410721) were all synthesized by Sangon and subcloned
into the pcDNA3.1 vectors with a C-terminal HA tag. The cDNAs
encoding different ACE2 proteins (Table S1) were synthesized by
Sangon and subcloned into pcDNA3.1 vectors with a C-terminal
6XHis tag. All the plasmids were verified by Sanger sequencing.

2.2 | Western blot analysis

Lysates of cells or filtered supernatants containing pseudoviruses
were separated by SDS-PAGE, followed by transfer to a nitrocel-
lulose membrane (Millipore). For detection of S protein, the mem-
brane was incubated with anti-HA tag mouse monoclonal antibody
(Bimake, 1:2,000), and the bound antibodies were detected by
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FIGURE 1 Validation of pseudovirus preparation and ACE2 expression. (a) Schematic structure of the spike protein of SARSr-CoVs
(upper panel) and alignment of the amino acid sequences of the receptor-binding motifs (RBMs) of SARS-CoV, SARS-CoV-2 and pangolin-
CoV spike proteins (lower panel). (b) Western blot detection of spike proteins of SARS-CoV-BJ01, SARS-CoV-2 and pangolin-CoV in the
pseudovirus stock solutions using an antibody against the HA tag conjugated to the viral spike proteins. HIV-1 p24, a protein of the carrier
pseudovirus, was detected as the loading control. "Mock" indicates the cells without any treatment. "NC" indicates the cells packaging

the negative-control pseudovirus that does not carry any spike. (c) Detection of different ACE2 orthologs in Hela cells after transfecting
the corresponding plasmids using an antibody against the 6XHis tag conjugated to the ACE2 proteins. -actin was detected as the loading
control. All the Western blots were repeated for three times and the results were subjected to densitometric measurement to quantify the
intensity of the bands using ImageJ program. [Colour figure can be viewed at wileyonlinelibrary.com]

horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG
(Abbkine, 1:5,000). For detection of HIV-1 p24 in supernatants, mon-
oclonal antibody against HIV p24 (p24 MADb) was used as the primary
antibody at a dilution of 1:8,000, followed by incubation with HRP-
conjugated goat anti-mouse IgG at the same dilution. To detect the
expression of 20 ACE2s in Hela cells, mouse anti-6XHis tag mono-
clonal antibody (BioWorld, 1:5,000) was used as the primary anti-
body, followed by incubation with HRP-conjugated goat anti-mouse
IgG at the same dilution.

All the Western blot analyses were repeated for at least three
times. The results were subjected to densitometric measurement to

quantify the intensity of the bands by ImageJ program.

2.3 | Pseudovirus preparation and cell-entry assay

The pseudovirus cell-entry assay was performed as described previ-
ously (Yang et al., 2014). In brief, HEK293T cells were co-transfected
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with a luciferase-expressing HIV-1 plasmid (pNL4-3.Luc.R-E-) and a
plasmid encoding HA-tagged SARS-CoV-BJO1 spike, SARS-CoV-2
spike or pangolin-CoV spike. The supernatant containing pseudovi-
ruses was collected 48 hr after transfection, and the remaining cell
pellet was lysed for Western blot detection of HA-tagged spike pro-
teins. In cell-entry assay, pseudoviruses were incubated with recipient
cells at 37°C for 6 hr, the medium was changed and cells were incu-
bated for an additional 42 hr. Cells were then washed with PBS buffer
and lysed. Lysates were tested for luciferase activity (Promega). Each

infection experiment was carried out on for three times.

2.4 | Phylogenetic analysis

Multiple sequence alignment was performed for the whole aa se-
quences of ACEs using MAFFT with a local alignment strategy
FFT-NS-2. The phylogenetic tree was constructed by MEGA7 using
the neighbour-joining (NJ) method with 1,000 bootstrap replicates
and visualized using FigTree.

3 | RESULTS AND DISCUSSION

3.1 | Validation and normalization of pseudovirus
stocks and ACE2 expression

In this study, we investigated the ACE2 utilization of three SARSr-
CoVs, including SARS-CoV-BJO1, SARS-CoV-2 and pangolin-CoV.
Pangolin-CoV was tested since pangolins were suspected to be a po-
tential intermediate host of SARS-CoV-2 (Zhang et al., 2020). Notably,
the RBM of pangolin-CoV spike is almost identical with SARS-CoV-2
spike except for the 498th (484th for SARS-CoV) aa residue, but they
are different from SARS-CoV spike on multiple aa sites (Figure 1a).

In order to validate the successful preparation of the three
pseudoviruses and normalize their amount, same volume of pseudo-
virus stocks were loaded to SDS-PAGE and subjected to Western
blot detection of HA-tagged spike proteins. As shown in the upper
panel of Figure 1b, SARS-CoV and pangolin-CoV showed typical
bands (about 180 kDa) of SARSr-CoV spike proteins, and SARS-
CoV-2 showed a smaller band since SARS-CoV-2 spike contains
a unique cleavage site of furin protease and was cleaved during
package of the pseudovirus (Hoffmann et al., 2020; Shang, Wan,
et al., 2020; Wang et al., 2020). These results indicated the success
of pseudovirus preparation. Meanwhile, the levels of all the three
spikes were measured and normalized for the following cell-entry
assays (Figure 1b, lower panel).

Then, we continued to validate the ectopic expression of 20
ACE2s from different animals in HelLa cells, an ACE2-negative
human cell line. We transfected the Hela cells with plasmids
harbouring the coding gene of ACE2s from different animals.
At 48 hr post-transfection, the cells were lysed and subjected
to Western blot detection of 6XHis-tagged ACE2 protein. As
shown in the upper panel of Figure 1c, bands of all ACE2s (about
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150 kDa) could be observed, indicating the successful expression
of all ACE2s in Hela cells. Meanwhile, the levels of all ACEs were
measured and normalized for the cell-entry assays (Figure 1c,

lower panel).

3.2 | Difference in the ACE2 utilization by SARS-
CoV and SARS-CoV-2

We transfected the Hela cells with the 20 plasmids expressing dif-
ferent ACE2s individually or the empty vector as a control. At 48 hr
post-transfection, the cells were infected with SARS-CoV-BJO1,
SARS-CoV-2 or pangolin-CoV pseudovirus. After 48 hr of infection,
the cells were lysed and subjected to luciferase assay to evaluate
the cell-entry efficiency of the pseudoviruses mediated by differ-
ent ACE2s. As shown in Figure 2, little luminescence signals could
be observed in samples from Hela cells transfected with the empty
vector and infected by any of the three pseudoviruses, indicating
that native HelLa without ACE2 could not mediate the pseudovirus
entry. Luminescence signals from cells expressing crucian, crocodile
or viper snake ACE2 were also low, indicating that fish and reptilian
ACE2s could barely mediate the pseudovirus entry. Cells express-
ing chicken or mouse ACE2 showed a strong luminescence signal
when infected by the SARS-CoV-BJO1 pseudovirus but not by the
SARS-CoV-2 pseudovirus, indicating that SARS-CoV-BJO1 could
use chicken or mouse ACE2 for cell entry but SARS-CoV-2 could
not. Pangolin-CoV was capable of utilizing both chicken and mouse
ACE2s, but its utilizing efficiency of chicken ACE2 was much lower
than SARS-CoV-BJO1. On the contrary, SARS-CoV-2 pseudovirus
ignited a stronger luminescence than SARS-CoV-BJO1 or pangolin-
CoV pseudovirus in cells expressing bat ACE2, indicating the highest
utilizing capability of bat ACE2 by SARS-CoV-2. For the other ACE2s,
infection of all the three pseudoviruses led to strong luminescence
signals, implying that all the three SARSr-CoV were capable of utiliz-
ing a broad range of ACE2s.

A broad host range is supposed to lead to effective inter-spe-
cies transmission of virus and more potential to cause a pandemic.
The COVID-19 pandemic caused by SARS-CoV-2 is the most severe
worldwide pandemic in the recent years, surpassing the SARS pan-
demic in 2003, so it is likely to speculate that SARS-CoV-2 has a
broader host range. Surprisingly, our cell-entry result showed that
SARS-CoV-2 had a smaller range of ACE2 utilization than SARS-CoV.
SARS-CoV-2 could not utilize mouse or chicken ACE2 which could be
used by SARS-CoV, indicating a narrower host range of SARS-CoV-2,
especially in murine and birds. The reason is probably that the host
range of SARS-CoV-2 is broad enough to support its transmission
from bats to humans, and lack of infection to some kinds of animals
does not affect such transmission due to redundant routes. Thus,
it is not suggested to over-interpret the determination of the host
range on the possibility of a virus to cause pandemics, especially for
the viruses with broad host ranges.

Notably, SARS-CoV-2 has a better utilization of bat
ACE2 than SARS-CoV. Though SARS-CoV originates from
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FIGURE 2 Entry efficiency of
SARS-CoV-BJO1, SARS-CoV-2 and
pangolin-CoV pseudoviruses into ACE2-
expressing cells. Hela cells expressing
different ACE2 orthologs were infected
by SARS-CoV, SARS-CoV-2 or pangolin-
CoV pseudoviruses. At 48 hr post-
infection, pseudovirus entry efficiency
was determined by measuring luciferase
activity in cell lysates. The results were
presented as the logarithm (base 10) of
the mean relative luminescence units
(RLUs) and the error bars indicated the
logarithm (base 10) of the standard
deviations of the RLUs (n = 9) [Colour
figure can be viewed at wileyonlinelibrary.
com]

bat-SARSr-CoV, the utilization of bat ACE2 by SARS-CoV is SARS-CoV-2 and its ancestor. This speculation is supported by

quite limited which is supported by the previous reports (Ge the phylogenetic analysis of viral genomes in the previous study
et al., 2013; Ren et al., 2008). According our current results, (Zhou et al., 2020).
SARS-CoV-2 utilizes Chinese horseshoe bat ACE2 much bet- Our cell-entry result showed that SARS-CoV and SARS-CoV-2

ter than SARS-CoV, indicating a higher homology between could use a wide variety of mammalian ACE2s, which is further
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FIGURE 3 Phylogenetic analysis of the 20 ACE2 orthologs and the key amino acid residues for SARS-CoV-2 utilization. (a) The
phylogenetic tree was constructed on the whole aa sequences of ACE2s using NJ method by MEGA7 with 1,000 bootstrap replicates (left
panel) and the amino acids on the 9 critical sites predicted previously were listed (right panel). The colours in the figure do not contain

any biological or technical meaning but just for easy reading. (b) The structure of the complex of SARS-CoV-2 spike and human ACE2

was adapted from Protein Data Bank (PDB ID: 6VW1). S477, T478 and Q498 of SARS-CoV-2 spike were labelled in green, blue and cyan,
respectively. T20 and Q42 were labelled in red and yellow, respectively [Colour figure can be viewed at wileyonlinelibrary.com]

supported by the reports about the susceptibility of various
mammals to SARS-CoV-2 infection (Shi et al., 2020). However,
the utilization of fish and reptilian ACE2s was quite poor for
both SARS-CoV and SARS-CoV-2. This can be explained by the
remote phylogenetic relationship between fish/reptilian ACE2s

and mammalian ACE2s. By comparison, bird ACE2s have closer

phylogenetic relationship with mammalian ACE2s, and thus, bird
ACE2s could be used by some but not all SARSr-CoVs, such as
SARS-CoV. This indicates that SARSr-CoVs are more likely to be
transmitted by mammals and birds but not fish and reptiles, and
more attention should be paid to domestic mammals and birds to

prevent CoV pandemic.
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3.3 | Phylogenetic analysis of ACE2s and key amino
acids for SARS-CoV-2 utilization

To evaluate the phylogenetic relationship of the 20 ACE2s assessed
above, we built a phylogenetic tree based on the aa sequences of all
the ACE2s (Figure 3a). In the tree, we observed no branches corre-
sponding to the ACE2 utilization by SARS-CoV-BJO1 or SARS-CoV-2
pseudoviruses, indicating that the whole sequence analysis could
hardly reveal the key factors underlying the receptor utilization by
the viruses.

In our previous study, we predicted 9 key aa sites on human
ACE2 potentially critical for the receptor utilization, including
T20, K31, Y41, Ké8, Y83, K353, D355, R357 and M383, based on
the SARS-CoV-2 utilization of human, bat, civet, swine and mouse
ACE2s (Qiu et al., 2020). Here, we tested 15 more species to val-
idate the role of the 9 sites. As shown in Figure 3a, Y/H41, D355,
R357 and R383 were conserved in all ACE2s, and K68 was con-
served in both mouse and chicken ACE2s which could not be used
by SARS-CoV-2, indicating that these sites were not determining
the receptor utilization by SARS-CoV-2. Q42 was conserved in
mouse ACE2 but was substituted by E42 in chicken ACE2, indicat-
ing a complicated role of this site. On the contrary, T20, K31 and
Y83 in usable ACE2s were distinct from the corresponding aa in
unusable ACE2s, indicating their critical role in determining SARS-
CoV-2 utilization.

Among the three key sites, substitutions of K31 and Y83 have
been reported to abolish or strongly inhibit SARS-CoV binding and
the mechanism has been well documented (Li et al., 2005; Wan,
Shang, Shang, Graham, Baric, & Li, 2020). Remarkably, our study
revealed T20 of ACE2 as a potential key aa residue for SARS-CoV-2
utilization. T20 has not been reported to affect SARS-CoV utili-
zation but mouse ACE2 with T20L and chicken ACE2 with T20V
could not be used by SARS-CoV-2. T20 is located at the N termi-
nus of most mature mammalian ACE2s. According to the structure
of SARS-CoV-2 receptor-binding domain complexed with human
ACE2, the N-terminal T20 of ACE2 is close to S477 and T478 of
SARS-CoV-2 RBM (Figure 3b; Shang, Ye, et al., 2020). Both thre-
onine and serine contain hydroxyl radicals that allow them to form
hydrogen bonds with each other. Thus, T20 of human ACE2 is
likely to bridge with S477 and T478 of SARS-CoV-2 spike via hy-
drogen bonds, which stabilizes the ACE2-spike binding. However,
L20 on mouse ACE2 and V20 on chicken ACE2 are both aliphatic
aa that cannot form hydrogen bonds to support the ACE2-spike
binding, which may impair the utilization of these two ACE2s by
SARS-CoV-2. In SARS-CoV spike, the two aa residues are substi-
tuted by G463 and K464. K464 can form hydrogen bonds with
threonine and G463 is a non-polar aa that can interact with valine
or leucine via hydrophobic bond together with the adjacent A461.
Therefore, SARS-CoV spike can interact with various N-terminal
aa of ACE2s, and this may be the reason why SARS-CoV can uti-
lize mouse and chicken ACE2s while SARS-CoV-2 cannot. Pangolin
CoV spike shares high similarity with SARS-CoV-2 which keeps
S477 and T478. However, pangolin-CoV spike harbours alkaline

H498 that can interact with acidic Q42 and E42 of mouse and
chicken ACE2, respectively, via ionic affinity, which may comple-
mentally support the ACE2-spike binding and allow the utilization
of mouse and chicken ACE2 by pangolin-CoV. On the contrary,
SARS-CoV-2 spike substitutes H498 with acidic Q498, leading to
ionic repulsion with Q42 and E42, blocking its binding with mouse
and chicken ACE2s.

Nevertheless, these sites were identified only by the sequence
analysis, which was not enough to substantiate their roles in ACE2
utilization by the coronaviruses. The actual roles of them should be
verified by further studies, such as single mutation on these sites and
functional assays, which are our major direction in the future. Before
further verification, any over-interpretation about the roles of these
sites in ACE2 utilization should be avoided.

In summary, our results showed less ACE2 utilization by SARS-
CoV-2 compared to SARS-CoV and pangolin-CoV, especially for mu-
rine and bird ACE2s, indicating narrower host range of SARS-CoV-2.
Meanwhile, we found that the N-terminal T20 and Q42 might be
critical in determining the difference of ACE2 utilization by the three
SARSr-CoVs. Our findings deepen the understanding about the re-
ceptor utilization and the host range of SARS-CoV-2, providing use-
ful information for tracing virus transmission routes and preventing

pandemics caused by CoVs in the future.
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