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The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) pandemic represents a global threat, and the interaction
between the virus and angiotensin-converting enzyme 2 (ACE2),
the primary entry receptor for SARS-CoV-2, is a key determinant
of the range of hosts that can be infected by the virus. However,
the mechanisms underpinning ACE2-mediated viral entry across
species remains unclear. Using infection assay, we evaluated
SARS-CoV-2 entry mediated by ACE2 of 11 different animal
species. We discovered that ACE2 of Rhinolophus sinicus (Chi-
nese rufous horseshoebat),Felis catus (domestic cat),Canis lupus
familiaris (dog), Sus scrofa (wild pig), Capra hircus (goat), and
Manis javanica (Malayanpangolin) facilitatedSARS-CoV-2entry
into nonsusceptible cells. Moreover, ACE2 of the pangolin also
mediated SARS-CoV-2 entry, adding credence to the hypothesis
that SARS-CoV-2may have originated from pangolins. However,
the ACE2 proteins of Rhinolophus ferrumequinum (greater
horseshoe bat), Gallus gallus (red junglefowl), Notechis scutatus
(mainland tiger snake), or Mus musculus (house mouse) did not
facilitate SARS-CoV-2 entry. In addition, a natural isoform of the
ACE2 protein of Macaca mulatta (rhesus monkey) with the
Y217N mutation was resistant to SARS-CoV-2 infection, high-
lighting the possible impact of this ACE2 mutation on SARS-
CoV-2 studies in rhesus monkeys. We further demonstrated
that the Y217 residue of ACE2 is a critical determinant for the
ability of ACE2 to mediate SARS-CoV-2 entry. Overall, these re-
sults clarify that SARS-CoV-2 can use the ACE2 receptors of
multiple animal species and show that tracking the natural res-
ervoirs and intermediate hosts of SARS-CoV-2 is complex.

In December 2019, a novel pneumonia, termed coronavirus
disease 2019 (COVID-19) by the World Health Organization
(WHO), emerged fromWuhan, China, and the causative agent
was soon identified as a novel coronavirus, which was named
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severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) by the International Committee on Taxonomy of Viruses
(ICTV) (1, 2). The SARS-CoV-2 outbreak has been specula-
tively associated with a seafood market where sales also
include various wild animals (3). Bats are recognized as a po-
tential natural reservoir for SARS-CoV-2 (1, 3). However,
recent studies have indicated that pangolins are also consid-
ered possible natural reservoirs of this coronavirus (4, 5).
Discovering the potential intermediate animal hosts of SARS-
CoV-2 and evaluating their possible cross-species trans-
missibility are scientifically very important. Unfortunately, we
know little about this. A recent study revealed that ferrets and
cats are sensitive to SARS-CoV-2 infection; however, these
animals showed no clinical symptoms (6). Whether other an-
imals exist as a candidate SARS-CoV-2 infection model should
be further explored.

The interaction between receptors and viruses is a key
determinant of the host range. SARS-CoV-2 resembles severe
acute respiratory syndrome coronavirus (SARS-CoV), and
both use angiotensin-converting enzyme 2 (ACE2) as the
primary cell entry receptor (1, 7–9). When we retrace the
origin of a virus, the cell susceptibility to viruses conferred by
receptors of speculated animals is preferentially investigated
(10, 11). Before clarifying that Rhinolophus sinicus (Chinese
rufous horseshow bat) is the natural reservoir of SARS-CoV,
scientists first evaluated the susceptibility provided by ACE2
from different bat species to SARS-CoV. They found that the
ACE2 of R. sinicus was responsible for the susceptibility to
SARS-CoV and subsequently confirmed that R. sinicus was the
natural reservoir of SARS-CoV (10, 12, 13). The Middle East
respiratory syndrome coronavirus (MERS-CoV) was also
recognized as having a bat origin because MERS-CoV and two
MERS-CoV-related viruses from bats could utilize human or
bat dipeptidyl peptidase 4 (DPP4) for cell entry (14–16).

Therefore, in this study, we systemically evaluated the ability
of SARS-CoV-2 to infect nonsusceptibleHEK293T cells utilizing
ACE2 proteins fromnine different animal species and humans to
determine its possible origin and to further explore its cross-
species transmission. Our findings provide evidence that
SARS-CoV-2 is able to engage the ACE2 receptor of different
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Receptor engagement of SARS-CoV-2
species, which poses a very large challenge to determine the
natural reservoir of SARS-CoV-2 for the control and prevention
of coronaviruses in the future. Furthermore, we found a natural
isoform of ACE2 inMacaca mulatta (rhesus monkey; RhACE2)
with the Y217N mutation, which was resistant to SARS-CoV-2
infection, and this amino acid residue is a novel critical deter-
minant of the ability of ACE2 to mediate SARS-CoV-2 entry.

Result

Cell entry of SARS-CoV-2 conferred by ACE2 of different
species

To investigate which animal ACE2 proteins could facilitate
SARS-CoV-2 entry, we synthesized full-length cDNA frag-
ments of ACE2 from 11 animal species as well as from humans.
These species were R. sinicus (Chinese rufous horseshoe bat),
Rhinolophus ferrumequinum (greater horseshoe bat), Felis
catus (domestic cat), Capra hircus (goat), Canis lupus famil-
iaris (dog), Sus scrofa (wild pig), Manis javanica (Malayan
pangolin), Gallus gallus (red junglefowl), Notechis scutatus
(mainland tiger snake), Mus musculus (house mouse),
M. mulatta (rhesus monkey), and Homo sapiens (human).
Synthesized cDNA fragments were then subcloned into the
pCAGGS-HA vector for expression in eukaryotic cells. The
origins and GenBank accession numbers of these ACE2 mol-
ecules are listed in the Table 1. We first compared the nucle-
otide sequence of the ACE2 coding region of these 11 animals
with that of humans. The sequence similarities of these ACE2
cDNAs are exhibited in the Table 1. Among these sequences,
the sequence of RhACE2 was the most similar to that of human
ACE2 (hACE2), and in contrast, the sequence of mainland tiger
snake ACE2 was the least similar (Fig. 1A). It has been reported
that two virus-binding hotspots, K31 and K353 in hACE2, are
critical for SARS-CoV infection (17, 18). In this study, we found
that K31 was not conserved in ACE2 of all 11 animal species
observed in this study. However, K353 was conserved in all ten
animal species except mouse (Table 1).

Next, we tested whether ACE2 of the 11 animal species was
able to facilitate SARS-CoV-2 entry to nonsusceptible HEK
293T cell lines. Different ACE2 proteins were expressed in
HEK 293T cells (Fig. 1, B and C). Plasmids expressing hACE2
and mouse ACE2 were applied as the positive and negative
Table 1
Nucleotide sequence similarity of the ACE-2 proteins of various anima

ACE-2 origin
Length of coding
sequence (bp) h

Homo sapiens (Human) 2418
Rhinolophus ferrumequinum (Greater horseshoe bat) 2418
Rhinolophus sinicus (Chinese horseshoe bat) 2418
Macaca mulatta (Rhesus monkey)a 2418
Sus scrofa (Pig) 2418
Canis lupus familiaris (Dog) 2415
Capra hircus (Goat) 2415
Felis catus (Cat) 2418
Gallus gallus (Chicken) 2427
Manis javanica (Malayan pangolin) 2418
Notechis scutatus (Mainland tiger snake) 2487
Mus musculus (Mouse) 2418

a NOTE: The sequence for Macaca mulatta (Rhesus monkey) provided here contains th
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controls of the entry assay, respectively. The infection ratio
varied according to the ACE2 protein expressed (Fig. 1C). As
expected, hACE2 supported SARS-CoV-2 entry, whereas
mouse ACE2 did not (Fig. 1C). One previous study indicated
that the SARS-CoV outbreak 17 years ago originated from
Rhinolophus affinis (intermediate horseshoe bat) (12). A recent
study further demonstrated that ACE2 of R. sinicus (Chinese
rufous horseshoe bat) allowed both SARS-CoV-2 and SARS-
CoV entry (1). In this study, we were not able to synthesize
the ACE2 cDNA of R. affinis due to the absence of its
sequence. Therefore, we synthesized the ACE2 cDNA of
R. sinicus and R. ferrumequinum (greater horseshoe bat) to test
whether ACE2 of other bat species was responsible for the
susceptibility to SARS-CoV-2. Interestingly, we found that the
ACE2 of R. ferrumequinum did not support SARS-CoV-2
entry but R. sinicus did (Fig. 1C), suggesting that not all spe-
cies of bat are sensitive to SARS-CoV-2 infection.

A recent study indicated that SARS-CoV-2 did not replicate
and shed in dogs, pigs, chickens, and ducks but replicated fairly
well in ferrets and replicated effectively in cats (6). Our study
demonstrated that cat ACE2 supported viral entry of SARS-
CoV-2 (Fig. 1C). Although pigs, dogs, and chickens are not
sensitive to SARS-CoV-2 infection, we know little about the
molecular mechanisms and role of receptor avidity in resis-
tance. Our data demonstrated that the ACE2 protein of dogs
and pigs supported SARS-CoV-2 entry similar to that of cats.

There is a debate regarding if SARS-CoV-2 originated from
bats or pangolins (1, 4, 5). It has beendemonstrated that batACE2
mediates SARS-CoV-2 entry (1). Therefore, we expressed ACE2
in M. javanica (Malayan pangolins) and tested its role in
conferring susceptibility to SARS-CoV-2. We demonstrated that
pangolinACE2 couldmediate the entry of SARS-CoV-2 (Fig. 1C).

Finally, we demonstrated that ACE2 of N. scutatus (main-
land tiger snake) could not support SARS-CoV-2 entry as
previously predicted (19). Snakes may not be the natural
reservoir of SARS-CoV-2.

Y217 of ACE2 is a novel critical determinant residue on ACE2
that mediates SARS-CoV-2 entry

Old world monkeys (M. mulatta (rhesus monkey) and
Macaca fascicularis (crab-eating macaque)) were used as
ls to human ACE-2

Similarity to
uman ACE-2 (%) Position 31 Position 353

GenBank accession
number

100 K K AB046569.1
86.2 D K AB297479.1
85.5 E K GQ262791.1
96.6 K K NM_001135696.1
84.5 K K NM_001123070.1
87 K K NM_001165260.1
85.5 K K KF921008.1
86.8 K K AY957464.1
68.1 E K MK560199.1
86.5 K K XM_017,650,257.1
66.5 Q K XM_026674969
85.2 N H NM_001130513.1

e natural mutation Y217N.



Figure 1. Susceptibility of ACE2 proteins from different species to SARS-CoV-2 in HEK 293T cells. A, phylogenetic analysis of the ACE2 cDNA se-
quences of 11 animal species and humans. B, HEK 293T cells were transfected with plasmids expressing the indicated ACE2 protein. Cells were lysed for
western blotting 36 h after being transfected. C, HEK 293T cells were transfected with plasmids expressing the indicated ACE2 protein. Cells were infected at
a 0.5 MOI of SARS-CoV-2, and 24 h after transfection, IFA was used to detect the entry of SARS-CoV-2 in cells. The average entry ratio was analyzed by
ImageJ software.

Receptor engagement of SARS-CoV-2
experimental animal models for SARS-CoV-2 infection (20).
Surprisingly, we found that RhACE2 in our study did not
support SARS-CoV-2 entry, as expected (Fig. 1C). By investi-
gating the monkey ACE2 sequence, we found that the ACE2
isoform of rhesus monkey cloned in our study contained two
natural variations (R192G and Y217N) (Fig. 2A). When we
reverted the Y217N mutation to N217Y (wild-type sequence of
ACE2) in RhACE2, RhACE2 with N217Y had the ability to
support SARS-CoV-2 infection (Fig. 2B). We noticed that
Y217 was conserved in the other species investigated in this
study (data not shown), which suggests that residue Y217 is a
key residue for SARS-CoV-2 entry. To further confirm this
hypothesis, we constructed hACE2 with the Y217N mutation
and found that this mutation completely blocked SARS-CoV-2
entry, as expected (Fig. 2B).

Potential asparagine (N)-linked glycosylation may influence
virus and receptor binding; however, when we analyzed the
sequence, we found that ACE2 N217 was not a potential N-
linked glycosylation site (N-X-T/S motif). We further con-
structed an RhACE2 with the N217Q mutation, and this
mutation did not facilitate SARS-CoV-2 entry (Fig. 2B). This
further demonstrated that the ability of N217 blocking viral
entry is not due to N-linked glycosylation of this residue. A
previous study indicated that the natural mutation of Y217N in
RhACE2 dramatically alters RhACE2 expression and reduces
the efficiency of SARS-CoV entry (21). In the current study, we
illustrated that both hACE2 and RhACE2 Y217N expressed as
well as the corresponding wild-type ACE2 proteins (Fig. 2C).

ACE2 Y217N significantly reduced the binding ability of the
receptor-binding domain (RBD) and spike protein

Next, we used the RBD as a probe to examine receptor-
binding ability by using IFA. We performed an RBD binding
assay and found that wild-type hACE2 potently bound the
J. Biol. Chem. (2021) 296 100435 3



Figure 2. Sequence composition of RhACE2 cloned in this study with that of the wild-type RhACE2 and the susceptibility of RhACE2 proteins to
SARS-CoV-2. A, two sites of natural variation (R192G and Y217N) were identified in the cDNA of RhACE2 cloned in this study, and wild-type RhACE2, mutant
RhACE2, and hACE2 were compared. B, HEK 293T cells were transfected with plasmids expressing the indicated ACE2 protein. Cells were infected at a 0.5
MOI of SARS-CoV-2, and 24 h after transfection, IFA was used to detect the replication of SARS-CoV-2 in cells. The average entry ratio was analyzed by
ImageJ software. C, HEK 293T cells were transfected with plasmids expressing the indicated ACE2 protein. Cells were lysed for western blotting 36 h after
being transfected.

Receptor engagement of SARS-CoV-2
RBD, as expected (Fig. 3A); however, hACE2 Y217N, RhACE2
Y217N, and RhACE2 Y217Q almost lost the ability to bind the
RBD (Fig. 3A). Receptor-binding ability was further confirmed
and quantified by western blotting (Fig. 3B). Since the
conformation of a recombinant RBD may not completely
reflect its native conformation within an entire envelope
glycoprotein, we also investigated ACE2 binding with more
relevant systems of the full-length S (spike) protein, and we
obtained a similar result as for the RBD (Fig. 3, C and D). The
above data demonstrated that the Y217 residue of ACE2
significantly reduced the binding ability of the RBD and spike
protein.

Structural modeling of ACE2 Y217N shows no changes in
ACE2 and RBD binding

To test whether position 217 of ACE2 influenced its RBD
binding activities is due to N217 disrupting the interaction
between ACE2 and RBD, we used homology-based structural
modeling to analyze the effects of residue substitutions at
position 217. Structural models of Y217N were generated
based on the crystal structure of the SARS-CoV-2 RBD/ACE2
complex (22, 23). We found that position 217 was not located
at the interaction domain with RBD; furthermore, the pre-
dicted model of residue substitutions at position 217 seemed
to have no influence on the interaction between ACE2 and
RBD (Fig. 4). Overall, structural modeling analysis demon-
strated that the substitutions at position 217 in ACE2 did not
influence its corresponding receptor activities.

The Y217N mutation in ACE2 alters its cell surface localization

To enter into cells, viruses need to first interact with the
corresponding receptor at the cell surface; therefore, we tested
4 J. Biol. Chem. (2021) 296 100435
the possibility that ACE2 Y217N fails to mediate SARS-CoV-2
entry due to a change in the cell surface localization of ACE2
induced by the Y217N mutation. To test this hypothesis, HEK
293T cells were first transfected with the indicated plasmids.
Forty-eight hours later, the transfected cells were detached
from the plate and then stained with a FITC-labeled anti-
ACE2 antibody. We found that both wild-type hACE2 and
RhACE2 Y217N were strongly positive for FITC, whereas the
other mutants were weakly positive (Fig. 5A). To confirm that
this difference was not due to transfection efficacy, the trans-
fected cells were permeabilized with Triton X-100 and then
stained with ACE2. The results indicated that all cells trans-
fected with different ACE2 molecules were labeled with FITC
at a high level (Fig. 5B).This demonstrated that RhACE2
Y217N failed to mediate SARS-CoV-2 entry, mainly due to its
cell surface localization.

Discussion

The spike (S) protein features of coronaviruses and lysosomal
proteases of hosts determine the tropism of coronaviruses (24).
To date, the bat coronavirus RaTG13 in R. affinis (intermediate
horseshoe bat) from Yunnan Province exhibits the highest
sequence similarity to SARS-CoV-2 (1). In this study, we found
that ACE2 of R. ferrumequinum (greater horseshoe bat) failed to
mediate SARS-CoV-2 entry, whereas ACE2 of R. sinicus (Chinese
rufous horseshoe bat) facilitated SARS-CoV-2 entry to non-
susceptible cells. In fact, in contrast to genetically homologous
hACE2, bat ACE2 proteins have great genetic diversity (13). A
number of ACE2 molecules isolated from different bat species
failed tomediate SARS-CoV entry (13). A study has reported that
R. sinicus serves as a natural reservoir of SARS-CoV, and an iso-
lated bat-origin SARS-CoV-like virus is able to useACE2 proteins



Figure 3. The Y217N mutation in ACE2 significantly reduced the ability of ACE2 to bind the RBD and spike protein. A, HEK 293T cells were
transfected with plasmids expressing the indicated ACE2 protein. At 24 hpt, the transfected cells were incubated with 5 μg RBD for 1 h at 37 �C, and then
IFA and (B) western blotting were performed and RBD binding was quantified by densitometry scanning of western blot images by Image J software.
Intensity of RBD binding for Human ACE2 was set as 1. C, HEK 293T cells were transfected with plasmids expressing the indicated ACE2 protein. At 24 hpt,
the transfected cells were incubated with 5 μg S protein for 1 h at 37 �C, and then IFA and (D) western blotting were performed and S protein binding was
quantified by densitometry scanning of western blot images by Image J software. Intensity of S protein binding for Human ACE2 was set as 1.

Receptor engagement of SARS-CoV-2
from humans and civets for cell entry (12). These results suggest
that analysis of the receptor-conferred susceptibility to virus entry
is important before investigating the origin of SARS-CoV-2.
Figure 4. Structural modeling of ACE2 Y217N shows no changes in bind
based on the crystal structure of the SARS-CoV-2 RBD/ACE2 complex. Green is
indicates hydrophobic residues.
Recently, pangolins have also been considered a possible
natural reservoir of SARS-CoV-2 (4, 5). Coronaviruses with
high sequence homology were identified in M. javanica
ing between ACE2 and RBD. Structural models of Y217N were generated
SARS-CoV-2 RBD, gray is wild-type hACE2, and orange is hACE2 Y217N. Blue

J. Biol. Chem. (2021) 296 100435 5



Figure 5. The Y217N mutation in ACE2 alters the cell surface localization of ACE2. A, HEK 293T cells were plated in 6-well plates and transfected with
the indicated plasmids when the cells were 90% confluent. Then, the transfected cells were detached and treated without or (B) with Triton X-100. Then, the
cells were stained with an anti-ACE2 antibody (FITC-conjugated). Each experiment was repeated at least three times. Error bars represent the standard error
(SD); * = p < 0.05; NS = no significant differences.

Receptor engagement of SARS-CoV-2
(Malayan pangolins), suggesting that Malayan pangolin is a
possible source for the emergence of SARS-CoV-2 (4). We
demonstrated that ACE2 of Malayan pangolin supported
SARS-CoV-2 entry in nonsusceptible cells. SARS-CoV and
MERS-CoV engage receptors of both human and natural an-
imal hosts (12, 16). Similarly, the ability of pangolin ACE2 to
confer susceptibility to SARS-CoV-2 entry increases the pos-
sibility that SARS-CoV-2 originated from pangolins. This was
further confirmed by two recent studies (25, 26).

In this study, we demonstrated that ACE2 of pigs and dogs
facilitated SARS-CoV-2 entry in nonsusceptible cells. How-
ever, a recent study reported that SARS-CoV-2 replicated
poorly in dogs and pigs (6). We speculate that there other
factors that determine host tropism in addition to receptor
interactions. A recent study demonstrated that pigs and dogs
exhibit relatively low levels of ACE2 in the respiratory tract,
which may be the reason that SARS-CoV-2 replicated poorly
in dogs and pigs (27). Because in the current study, we did not
use cells derived from different animals as host cells for the
infection assay, we cannot completely exclude the possibility
that cellular factors other than ACE2 play (additional) roles in
supporting SARS-CoV-2 entry and cross-species transmission.

Based on structural analysis of hACE2 and the S protein of
SARS-CoV-2, the RBD of the S protein of SARS-CoV-2 has a
more compact conformation than that of SARS-CoV, impli-
cating a relation to the higher transmission of SARS-CoV-2
than SARS-CoV (23, 28). However, in mouse ACE2, position
353 is a His not a Lys, and H353 in mouse ACE2 does not fit
into the virus–receptor binding interface as tightly as K353 of
hACE2. Consequently, this may result in the failure of mouse
ACE2 to confer susceptibility to SARS-CoV-2 entry. A recent
publication also demonstrated that the substitution of K353A
in hACE2 was sufficient to abolish the interaction between
hACE2 and the S protein of SARS-CoV-2 (29). In addition,
although the residue at position 217 of ACE2 is not directly in
contact with the RBD, this site in RhACE2 is still critical for
6 J. Biol. Chem. (2021) 296 100435
SARS-CoV-2 entry. It was observed that the natural isoform of
Y217N at this site of RhACE2 significantly reduced the sus-
ceptibility to SARS-CoV entry, which demonstrated that this
substitution is responsible for the downregulation of ACE2
expression (21). However, our results showed that Y217N
RhACE2 was expressed at a similar level as hACE2 in trans-
fected cells. Therefore, the failure of this RhACE2 isoform to
allow SARS-CoV-2 entry is not due to the poor expression of
the receptor, as previously speculated (21). We also demon-
strated that ACE2 Y217N had a significantly decreased SARS-
CoV-2 entry ability due to its cell surface localization, in our
previous study, we found that virus receptor abundance of cell
surface is a pivotal switch for virus efficient infection, this may
be the reason that ACE2 Y217N failed to mediate SARS-CoV-
2 entry (30). We suspect that the Y217N of ACE2 may affect
ACE2 transport in the cells, and this needs further study. We
also speculated that the Y217N mutation may alter the folding
of ACE2; this needs to be investigated further. It is also
important to detect the expression of Y217N RhACE2 in
rhesus monkeys recruited for studies on SARS-CoV-2
infection.

Experimental procedures

Cells and SARS-CoV-2

HEK 293T cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco, USA) with 10% fetal bovine
serum (FBS, HyClone, USA). The SARS-CoV-2 used in this
study (GenBank: MT123290) was isolated from a patient’s
throat swab and stored at the BSL-3 Laboratory of Guangzhou
Customs Technical Center.

Plasmids

The full-length cDNA fragments of ACE2 of different spe-
cies were synthesized at either Sangon Biotech (Shanghai,
China) or TsingKe Biotech (Nanjing, China). The species and
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GenBank accession numbers of ACE2 sequences are listed in
the table. Synthesized cDNA fragments were then subcloned
into the eukaryotic expression vector pCAGGS-HA for
expression in human cell lines.

Sequence analysis

ACE2 sequences of 12 different species were acquired from
NCBI, and the alignment of these sequences was assessed
using the ClustalW method in Lasergene software (Version
7.1) (DNASTAR Inc, USA).

Entry assay

HEK 293T cells were plated in 48-well plates and trans-
fected with the indicated plasmids by the X-tremeGENE HP
DNA Transfection Reagent (Roche, USA) when the cells were
90% confluent. Cells were infected with 0.5 multiplicity of
infection (MOI) of SARS-CoV-2 24 h after transfection. The
detection of infected cells was performed 12 h later by using an
IFA as described previously (31). An HA-Alexa Fluor 488
monoclonal antibody (Thermo Fisher Scientific, USA) was
used to stain ACE2 with a hemagglutinin (HA) tag. The
infection and replication of the virus were determined by
detecting the nucleoprotein (N) of SARS-CoV-2 using an N-
specific polyclonal antibody (Sino Biological, China), and a
donkey anti-rabbit IgG (H + L) labeled with Cy3 (Jackson
Laboratory, USA) was used as the secondary antibody. All the
cells were stained with 40,6-diamidino-2-phenylindole (DAPI,
Sigma, USA) for nuclear visualization. The average entry ratio
was analyzed by ImageJ software, in brief, DAPI stained cells
were calculated as total cells, and N-protein stained cells were
calculated as infected cells. The average entry ratio was
quantified by N-protein stained cells/DAPI stained cells. In
total, 5–10 different fields were selected for analysis, and this
experiment was performed three times, and a representative
result is shown.

Flow cytometry (FCM)

HEK 293T cells were plated in 6-well plates and transfected
with the indicated plasmids with X-tremeGENE HP DNA
Transfection Reagent (Roche, USA) or PolyJet (SignaGen,
China)when the cells were 90% confluent. The transfected cells
were detached and then treated with or without Triton X-100.
An anti-ACE2 antibody (FITC-conjugated) (Sino Biological,
China, cat. 10,108-MM37-F) was used to label ACE2. The
samples were inserted into and analyzed by a Beckman Coulter
Cytomics FC 500 flow cytometer.

RBD and S protein binding assay

HEK 293T cells were seeded in 20-mm glass-bottom cell
culture dishes and then transfected with the indicated plas-
mids. At 24 h posttransfection (hpt), the transfected cells were
incubated with 5 μg RBD (Qianxun Bio, China) or 5 μg full-
length spike protein (Genscript, China) for 1 h at 37 �C. Af-
ter being washed with phosphate-buffered saline (PBS) three
times, the cells were then subjected to IFA or western blotting.
For IFA, the cells were fixed in 4% paraformaldehyde for 1 h at
4 �C, permeabilized with 0.2% Triton X-100 for 1 h, and then
blocked in 3% bovine serum albumin (BSA) at 37 �C for 1 h.
Subsequently, the cells were incubated with a primary anti-
body: rabbit anti-HA tag (cat #51064-2-AP, 1:1000) or mouse
anti-His tag (cat. #66005, 1:1000) at 37 �C for 2 h. The cells
were washed three times with PBS and incubated with Alexa
Fluor 488-labeled goat anti-mouse IgG (H + L) (Invitrogen cat.
#A11029), goat anti-rabbit IgG (whole molecule), or F(ab’)2
fragment-Cy3 (Sigma cat. #A2306) diluted in PBS (1:1000) for
1 h at room temperature (RT). All the cells were stained with
40,6-diamidino-2-phenylindole (DAPI, Sigma, USA) for nu-
clear visualization. Confocal microscopy and sequential
confocal analyses were performed using Zeiss confocal laser
scanning microscopy.

Western blotting

HEK 293T cells were plated in 12-well plates, and when
confluency reached 80%, cells were transfected with the indi-
cated plasmids (2 μg for each). Cells were harvested at 48 hpt
and lysed in radioimmunoprecipitation assay lysis buffer
(50 mM Tris, 150 mM NaCl, 1% Triton X-100, 1% sodium
deoxycholate, and 0.1% SDS) with 1 mM phenylmethylsulfonyl
fluoride for 30 min on ice. Cell lysates were centrifuged at
12,000×g for 10 min at 4 �C, and the obtained supernatants
were mixed with 35 μl of loading buffer (62.5 mM Tris pH 6.8,
1% SDS, 10% glycerol, 5 mM dithiothreitol, and 0.001% bro-
mophenol blue) and heated at 100 �C for 10 min. Equal
amounts of cell lysate samples were analyzed by western
blotting. Briefly, protein lysate samples from cells were sepa-
rated on a 12% SDS-PAGE gel and transferred to a poly-
vinylidene difluoride membrane. The membrane was blocked
in 5% skim milk containing PBS and Tween 20 (PBST) for 2 h
at RT, followed by washing with PBST. Then, the membrane
was incubated with a primary antibody at 4 �C overnight.
Subsequently, the membrane was washed three times in PBST
(20 min/wash) and incubated with the corresponding sec-
ondary antibody for 1 h in the dark box with continuous
shaking at RT. The membrane was washed three times with
PBST (20 min/wash). This was followed by detection with an
infrared imaging system (Odyssey CLX). The aforementioned
antibodies were diluted in western blotting buffer (PBS, 5%
BSA, and 0.05% Tween), mouse anti-beta-actin (Sigma cat.
#A1978, 1:10,000), mouse anti-HA tag (Sigma cat. #H9658,
1:4000), and anti-mouse secondary DyLight 800-labeled anti-
bodies (cat. #5230-0415, diluted 1:10,000).

Structural models

The hACE2/RBD complex was used as a template for ho-
mology modeling (22, 23). The mutations in the models were
aligned, and the interactions between the SARS-CoV-2 RBD
and ACE2 proteins were compared in PyMOL.

Statistical analysis

All data are presented as the mean ± SD from three or more
independent experiments, unless otherwise stated. Different
treatments were compared with Student’s t-test.
J. Biol. Chem. (2021) 296 100435 7
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