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Severe acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2) has caused many deaths and contributed to a
tremendous public health concern worldwide since 2020. Angiotensin‐converting enzyme 2 (ACE2) binds to
the SARS‐CoV‐2 virus as a receptor. The challenge of different nonhuman primate (NHP) species by SARS‐
CoV‐2 virus demonstrated different effects on virus replication and disease pathology. This study characterizes
differences between host ACE2 sequences of three NHP species: Macaca mulatta, Macaca fascicularis, and
Chlorocebus sabaeus. In addition, the binding affinity between the ACE2 ectodomain and the SARS‐CoV‐2 S
receptor‐binding domain (RBD) was analyzed. Variation of ACE2 sequence among NHP species and the binding
affinity may account for different susceptibility and responses to SARS‐CoV‐2 infection.
1. Introduction

Coronavirus disease 2019 (COVID‐19), which was first reported in
December 2019, resulted from severe acute respiratory syndrome
coronavirus (SARS‐CoV‐2) infection [1]. Patients with COVID‐19 pre-
sented with fever, pneumonia, and severe respiratory illness [2].
According to the World Health Organization, on June 13th, 2022,
there were over 532 million confirmed cases globally, causing at least
6 million deaths. SARS‐CoV‐2 is a member of the betacoronavirus
genus that closely resembles several bat coronaviruses and SARS‐
CoV [3,4]. Compared with SARS‐CoV, SARS‐CoV‐2 seems to cause
human‐to‐human transmission more quickly and has caused a pan-
demic for a long time on earth, leading to the WHO declaration of a
Public Health Emergency of International Concern (PHEIC) [5,6].

The SARS‐CoV spike protein (S) is cleaved into S1 and S2, mediat-
ing cell attachment and membrane fusion. ACE2, a cell‐surface zinc
peptidase, is the receptor of SARS‐CoV or SARS‐CoV‐2 by binding to
S1 receptor‐binding domain (RBD) [7,8]. The S1 RBD fragment (resi-
dues 318 to 510) is sufficient for tight binding to the peptidase domain
of ACE2 [9,10] and critical for virus‐receptor interaction, which deter-
mines viral host range and tropism [11]. Changes in just a few residues
in the SARS‐CoV RBD can lead to efficient cross‐species transmission
[12,13]. The crystal structure of the ACE2 ectodomain, which binds
the S1 RBD, demonstrates a claw‐like N‐terminal peptidase domain,
with the active site at the base of a deep groove and a C‐terminal “col-
lectrin” domain [14]. ACE2 has been confirmed to be the receptor of
SARS‐CoV‐2 recently [15], and a structural analysis also indicated that
the SARS‐CoV‐2 S binds ACE2 with higher affinity than SARS‐CoV S
[16].

Animal models are essential for pathogenesis studies of viral
infection, evaluation of antiviral treatments, and vaccine development.
Several animal models of COVID‐19 have been reported including
hACE2‐transgenic models [17,18], a non‐transgenic mouse model
[19], a golden hamster model [20], a ferret model [21], and NHP mod-
els [22,23]. Infection of SARS‐CoV has been previously established in
NHP, such as Macaca mulatta (referred to as rhesus macaca, RM),
Macaca fascicularis (referred to as cynomolgus macaque, CM), and
Chlorocebus sabaeus (referred to as African Green monkey, AGM), with
varying levels of virus replication and serum neutralizing antibody
production (Chlorocebus sabaeus > Macaca fascicularis > Macaca
mulatta) [24]. The challenge of different NHP species, such as Macaca
mulatta, Macaca fascicularis, and Callithrix jacchus, by SARS‐CoV‐2
virus infection also resulted in distinct effects in viral load and patho-
logical changes [25]. However, the underlying factors are unclear.
-affinity
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This study aims to characterize the NHP host ACE2 sequence and the
binding affinity between the ACE2 ectodomain and SARS‐CoV‐2 S
RBD.
Table 1
Contact residues of the SARS-CoV-2 RBD-ACE2 and SARS-CoV RBD-ACE2
interfaces.

SARS-CoV-2 RBD ACE2 SARS-CoV RBD ACE2

K417 Q24 R426 Q24
G446 T27 Y436 T27
Y449 F28 Y440 F28
Y453 D30 Y442 K31
L455 K31 L443 H34
F456 H34 L472 E37
A475 E35 N473 D38
F486 E37 Y475 Y41
N487 D38 N479 Q42
Y489 Y41 G482 L45
Q493 Q42 Y484 L79
G496 L79 T486 M82
Q498 M82 T487 Y83
T500 Y83 G488 Q325
N501 N330 I489 E329
G502 K353 Y491 N330
Y505 G354 K353

D355 G354
R357 D355
R393 R357

Fig. 1. Sequence variation and structure prediction of ACE2 among different
species. A) Phylogenetic tree constructed based on sequence alignment of the
full length (805aa) ACE2 amino acid sequences among human, mouse, RM,
CM, and AGM. B) Predicted structure of the ectodomain of human ACE2.
2. Materials and methods

2.1. Data sources and commercial materials

The S protein sequence of SARS‐CoV‐2 comes from the complete
genome of Wuhan seafood market pneumonia virus isolate Wuhan‐
Hu‐1 with the NCBI reference sequence number NC_045512.2. The
NCBI reference sequence numbers for ACE2 of different species are
NM_001371415.1 for human, NM_001130513.1 for mouse,
XM_005593037.3 for CM, NM_001135696 for RM, XM_007991113.1
for AGM. The SARS‐CoV‐2 S RBD was purchased from KMD Bioscience
(Tianjin, China).

2.2. Cloning and sequencing of the ACE2 ectodomain of RM, CM, and
AGM

Tissues of RM, CM, and AGM, were kindly provided by Dr. Yefeng
Qiu of his laboratory animal Center. Total RNA was extracted from
these tissues by the RNeasy Plus Universal Kit (Cat.No 73404, Qiagen)
and reverse transcribed by the First Strand cDNA Synthesis Kit (Code
No.FSK‐101, Toyobo). The KOD‐Plus‐ high fidelity PCR polymerase
(Code No.KOD‐201, Toyobo) was used to amplify the ACE2 genes of
different species. Primers used for cloning the ACE2 ectodomain of
AGM, RM, and CM are as follows: AGM‐F: 50‐CTATATTGTTGTGATCC
CATGG‐30, AGM‐R: 50‐CATGTCACTTTCTGCAGCCA, RM‐F: 50‐CATGT
CAGGCTCTTCCTGGCTCC‐30, RM‐R: 50‐CAACAGCAGCTTCATG
GAATCCTTCAT‐30, CM‐F: 50‐CATGTCAGGCTCTTCCTGGCTCC‐30,
CM‐R:50‐CCATCTCATGATGAGCTGT. The PCR conditions were 95℃
5 min, 30 cycles of {92℃ 30 s, 55℃ 30 s, 72℃ 40 s}, 72℃ 5 min.
The PCR products were purified by QIAquick Gel Extraction (Cat.No
28704, Qiagen) and sequenced by Sangon Biotech (Shanghai, China).
The sequences obtained were aligned and compared with
NM_001135696 for RM, XM_005593037.3 for CM, and
XM_007991113.1 for AGM from the NCBI database. Moreover, the
DNA sequences encoding the ACE2 ectodomain of humans, RM,
AGM, CM, and mice were aligned by GeneDoc software.

2.3. Synthesizing and cloning of the ectoACE2-related genes of humans,
CM, RM, and AGM

The 1101 bp genes which encode the ACE2 ectodomains of
humans, CM, RM, and AGM, were synthesized by Sangon Biotech
(Shanghai, China) and cloned into a pUC57 vector with the restriction
enzyme site EcoRV at the 50 end and a 6 × His tag as well as PacI at 30

end. After sequence confirmation, the DNA fragments with EcoRV and
PacI were cloned into the pCHO1.0 vector. Finally, the CHO1.0‐
ectoACE2 expression vectors were transformed into TOP10 competent
cells and validated by restriction enzyme digestion and sequencing
analysis.

2.4. Transfection, expression, and purification of the ACE2 ectodomains of
different species

180 mL fresh Expi293TM Expression Medium (Cat.No A1435102,
Thermo Scientific), which contains six mM L‐glutamine, was used to
resuspend 293F cells to a concentration of 1 × 106 cells/ml and be cul-
tured at 37℃ in a shaking incubator with 5 % CO2 the day before trans-
fection. Moreover, 100 µg plasmid DNA was prepared by a Plasmid
Plus Midi Kit (Cat. No 12945, Qiagen) and incubated with 200 µL Lipo-
fectinTM (Cat. No 18292011, Thermo Scientific) within 20 mL
Expi293TM Expression Medium at room temperature for 10 min. The
2

transfected mixture was then added to 180 mL Expi293TM Expression
Medium and cultured at 37℃ in a shaking incubator with 5 % CO2.
After being cultured for another four days, the transfected 293F cells
and the cell culture supernatants were collected. Proteins extracted
from the cells by M−PER Mammalian Protein Extraction Reagen
(Cat.No 78503, Thermo Scientific) and the cell culture supernatants
were purified using Ni Sepharose FF (Cat.No 17‐5318‐01, GE) and ana-
lyzed for expression of ACE2 by SDS‐PAGE and western blot. A pro-
tease cocktail (Cat.No 5871, Cell Signaling) inhibited protein
degradation. Protein Marker was purchased from Transgen Biotech
(Cat. No DM211, China).
2.5. Surface plasmon resonance (SPR) analysis

His‐tagged SARS‐CoV‐2 S RBD was diluted to 10 µg/ml by PBS and
immobilized to an SA sensorchip (Cat. No 18–5019, Fortebio) using a
Biacore X100 (GE Healthcare) and a running buffer composed of
10 mM HEPES pH 8.0, 150 mM NaCl and 0.05 % Tween 20. The
ectoACE2 was diluted to a concentration of 200 nM by PBS buffer con-
taining 0.1 % BSA and 0.02 % Tween20. The resulting data were fit to
a 1:1 binding model using Fortebio Data Analysis 10.0 software
(Fortebio).
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2.6. Protein structure prediction

SWISS‐MODEL performed automated protein structure homology
modeling for ACE2 ectodomain via the ExPASy web server. The PDB
file of the predicted protein was further analyzed through Swiss Pdb
Viewer software.
3. Results

3.1. Sequence variations in ACE2 between different species

Sequence alignment of the total length (805aa) ACE2 amino acid
sequences from the NCBI reference source of human, mouse, RM,
CM, and AGMwas performed, and a phylogenetic tree was constructed
Fig. 2. Comparison of the obtained ACE2 ectodomain DNA sequ

Fig. 3. Alignment of the N-terminal 367aa ectodomain of ACE2 among different sp
critical for binding with SARS-CoV-2 or SARS-CoV RBD.

3

(Fig. 1). Residues in ACE2 that contact SARS‐CoV‐2 RBD and SARS‐
CoV RBD have been identified [8,26]. Therefore, the contact residues
of the SARS‐CoV‐2 RBD‐ACE2 and SARS‐CoV RBD‐ACE2 were listed in
Table 1 [8].

Our results showed that position 101 residue of the AGM ectoACE2
DNA sequence was A while that of the NCBI sequence was C (Fig. 2A),
resulting in a unique residue Pro34 of the AGM ectoACE2 amino acid
sequence (Fig. 3). Position 574 G → A and 649 A → T transition of
the RM ectoACE2 DNA sequence resulted in a change from
Gly → Arg and Asn → Thr in amino acid sequence (Fig. 2B). No differ-
ence was found between the sequencing result of the CM ectoACE2
DNA and that of the NCBI sequence. A comparison of the ectoACE2
amino acid sequences between humans, RM, CM, and AGM found sev-
eral different residues, as shown in Table 2. Compared with RM and
humans, the residue Pro34 and residue Ala87 were unique in AGM. In
ence of RM, CM, and AGM with those of the NCBI database.

ecies. The red box indicates three identified fragments in the ACE2 ectodomain



Table 2
Sequence identity of ACE2 N-terminal ectodomain in human, RM, CM, and AGM. Different residues in the N-terminal 367aa region ACE2 are listed by their position.

3 34 67 87 136 145 153 154 167 193 217 218 220 228 259 299 303 342 359

Hu S H D E D E A N S R Y S G H I D D A L
RM G H E E N D E K G G N N D R T N N V I
AGM G P E A N D E K G R Y N D R T N N V I
CM G H E E N D E K G R Y N D R T N N V I
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addition, the residues Asp67, Asp136, Asn154, Ser218, Gly220,
His228, Ile259, Ala342, and Leu359, were unique in humans.
3.2. Modeling analysis of the ACE2 ectodomain structure within different
species

The crystal structure of the ACE2 ectodomain shows a claw‐like N‐
terminal peptidase domain, with the active site at the base of a deep
Fig. 4. Expression analysis of the RM ACE2 ectodomain protein. M, Me, FT,
W, E stands for the protein marker, culture medium, the flow through fraction,
the washing fraction, eluted fraction, respectively.

Fig. 5. SPR determination of the affinity between SARS-CoV-2 S RBD and ACE2 N

4

groove and a C‐terminal “collectrin” domain [13]. Prediction of the
ACE2 ectodomain demonstrated a similar “pocket” structure
(Fig. 1B). The previous study has identified three fragments
(31 ∼ 41aa, 82 ∼ 93aa, 353 ∼ 357aa) in ACE2 ectodomain which
are critical for binding with SARS‐CoV RBD as well as SARS‐CoV‐2
RBD [10,26], among which residue Pro34 and residue Ala87 in
AGMwere different from His34 and Glu87 in human and RM (Table 2).
We found that these three fragments are part of a prominent “gap”
structure through structure modeling. The other two “gap” structures
are formed at residues 217, 218, 220, 228, and 299 and 303, respec-
tively. The glycosylation sites, residue 218, 299, 303 of RM and
AGM ACE2 all contain Asn that appears to influence interaction with
SARS‐CoV S RBD by introducing a glycan.

3.3. Expression of the ecto-ACE2 proteins and SPR analysis

SDS‐PAGE and western blot analysis have confirmed the expression
of the ectoACE2 protein in the cultured 293F cells instead of the super-
natants (Fig. 4). In contrast, SPR analysis demonstrated the binding
characteristics between SARS‐CoV‐2 S RBD and ectoACE2 (Fig. 5).
The dissociation constant (KD) between SARS‐CoV‐2 S RBD and
ectoACE2 from human, RM, CM, and AGM were 61.2 nM, 68.0 nM,
69.2 nM, 67.6 nM (Fig. 5), respectively, indicating a decreased binding
affinity (Human > AGM > RM > CM).

4. Discussion

ACE2 is a membrane protein located in the lung, heart, kidney, and
intestine [27,28] with a physiological role in facilitating the matura-
tion of angiotensin, which controls vasoconstriction and blood pres-
-terminal ectodomain of different species. KD indicates dissociation constant.



X. Zhou et al. Biosafety and Health xxx (2022) xxx–xxx
sure. As the receptors of both SARS‐CoV and SARS‐CoV‐2, ACE2 has
drawn attention for its potential use in drug or vaccine design. How-
ever, the results also need elaboration of the structure and interaction
between ACE2 and S RBD from SARS‐CoV or SARS‐CoV‐2. A recent
study has revealed the 2.9 Å resolution cryo‐EM structure of full‐
length human ACE2 in complex with B0AT1 (SLC6A19)[29], which
interacts with ACE2 for the neutral amino acid transport on the surface
of intestinal cells [30]. This study demonstrated open and closed con-
formations of the ACE2‐B0AT1 complex and a newly resolved
Collectrin‐like domain (CLD) on ACE2, which mediates homodimer-
ization. Also, it was found that expression of ACE2 from baculovirus‐
infected insect cells or mammalian cells results in different glycosyla-
tion sites on the surface of ACE2 peptidase domains. Furthermore, a
previous study has shown that chloroquine inhibits SARS‐CoV infec-
tion by interfering with the terminal glycosylation of ACE2 [31], indi-
cating the significance of glycosylation in recognizing viruses and
receptors.

Several species can be infected by SARS‐CoV‐2, such as bats, golden
hamsters, ferrets, and even horses, indicating a highly transmissible
capacity across different species by SARS‐CoV‐2. As for NHPs, our data
demonstrated differences in several residues of the ACE2 ectodomain
between humans, RM, CM, and AGM. The AGM‐specific Pro34 and
residue Ala87 are located in the 31 ∼ 41aa and 82 ∼ 93aa fragments
of ACE2 ectodomain, respectively. The specific residues Asn217,
Asn218, Asp220, and Arg228 form a slightly different “gap” structure.
Also, variations at the glycosylation sites 136, 154, 217, 218, 299, and
303 among humans, RM, and AGM may result in different binding
affinity between ACE2 ectodomain and SARS‐CoV‐2. Compared with
the Old World monkeyMacaca fascicularis and the New World monkey
Callithrix jacchus, Macaca mulatta showed the most robust responses to
SARS‐CoV‐2 infection, including increased inflammatory cytokine
expression and pathological changes in the pulmonary tissues [25].
A recent study performed a challenge of SARS‐CoV‐2 by aerosol in
Macaca mulatta (rhesus macaque) and Chlorocebus aethiops (African
green monkey) [32]. Moreover, the results indicated that aerosol par-
ticle production increase relative to pre‐infection totals was more pro-
found in the rhesus macaques than in the African green monkeys.
Compared with the African green monkey, our data demonstrated a
slightly higher binding affinity between the ACE2 ectodomain of rhe-
sus macaque and SARS‐CoV‐2. Variation of ACE2 sequence among
NHP species and the binding affinity may account for different suscep-
tibility and responses to SARS‐CoV‐2 infection, which may provide
insights into the virus‐host interaction, drugs, or vaccine design.
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