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Abstract

SARS-CoV-2 infects humans through the binding of viral S-protein (spike protein) to human angiotensin | converting
enzyme 2 (ACE2). The structure of the ACE2-S-protein complex has been deciphered and we focused on the 27 ACE2
residues that bind to S-protein. From human sequence databases, we identified nine ACE2 variants at ACE2-S-protein
binding sites. We used both experimental assays and protein structure analysis to evaluate the effect of each variant on
the binding affinity of ACE2 to S-protein. We found one variant causing complete binding disruption, two and three
variants, respectively, strongly and mildly reducing the binding affinity, and two variants strongly enhancing the binding
affinity. We then collected the ACE2 gene sequences from 57 nonhuman primates. Among the 6 apes and 20 Old World
monkeys (OWMs) studied, we found no new variants. In contrast, all 11 New World monkeys (NWM:s) studied share four
variants each causing a strong reduction in binding affinity, the Philippine tarsier also possesses three such variants, and
18 of the 19 prosimian species studied share one variant causing a strong reduction in binding affinity. Moreover, one
OWM and three prosimian variants increased binding affinity by >50%. Based on these findings, we proposed that the
common ancestor of primates was strongly resistant to and that of NWMs was completely resistant to SARS-CoV-2 and so
is the Philippine tarsier, whereas apes and OWMs, like most humans, are susceptible. This study increases our under-
standing of the differences in susceptibility to SARS-CoV-2 infection among primates.
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Introduction

SARS-CoV-2, the cause of COVID-19, was first found in to know whether there exist ACE2 variants in humans that

Wauhan, China, in late 2019. It infects humans at a higher
rate than the 2002-2003 SARS-CoV (Lee et al. 2003; Peiris
et al. 2003; Chen et al. 2020; Fung et al. 2020; Singhal 2020;
Zhou et al. 2020) and has caused the most widespread pan-
demic in written human history. SARS-CoV-2, like SARS-CoV,
infects humans mainly through the binding of its S-protein to
human angiotensin | converting enzyme 2 (ACE2) (Shang
et al. 2020; Walls et al. 2020; Wang et al. 2020; Yan et al.
2020; Zhang et al. 2020; Zhou et al. 2020). Thus, it is interesting

confer resistance to SARS-CoV-2 infection. This question has
been investigated before (Cao, Li, Feng, et al. 2020; Damas
et al. 2020), but as described later, there are far more human
sequence data available for identifying human ACE2 variants.
ACE2 variants have also been identified in nonhuman pri-
mates (Damas et al. 2020; Melin et al. 2020), but we have
collected ACE2 sequence data from many more nonhuman
primate species (57 vs. 38 in Damas et al. 2020 and 28 in Melin
et al. 2020).
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The structural basis for the binding between ACE2 and S-
protein has been deciphered (Shang et al. 2020; Walls et al.
2020; Wang et al. 2020; Yan et al. 2020). As S-protein variants
have been extensively studied, we focus on ACE2 variants at
the binding interface between ACE2 and S-protein. For all
ACE2 variants found at binding residue sites, we conduct
experiments to evaluate their effects on the binding affinity
of ACE2 to S-protein. Moreover, we also use computational
structural biology tools to infer their mutational effects. This
inference provides a structural view of how a mutation affects
the binding affinity. This combination of extensive ACE2 se-
quence data analysis, structural biology inference, and exper-
imental assessment should provide a good understanding of
how the susceptibility of primates to SARS-CoV-2 has evolved
from the common ancestor of primates to extant species.
Many human ACE2 variants have been produced by deep
mutagenesis and their mutational effects on ACE2’s binding
to S-protein have been assayed (Chan et al. 2020). Those data
are compared with our data.

Results

ACE2 Variants in Humans

As ACE2 is an angiotensin converting enzyme, which controls
blood pressure, and also the receptor for both SARS-CoV and
SARS-CoV-2, it is interesting to identify its variants in humans.
From the human ACE2 DNA sequence data in gnomAD
(Karczewski et al. 2020), dbSNP (Sherry et al. 2001),
ChinaMap (Cao, Li, Xu, et al. 2020), UK10K (Consortium
2015b), 35KJPNv2 (Tadaka et al. 2019), 1KGP (1000
Genomes Project), the Korean Genome Project (Jeon et al.
2020), the Human Genome Diversity Project (Bergstrom et al.
2020), DiscovEHR (Dewey et al. 2016), and the NHLBI Exome
Sequencing Project (Fu et al. 2013), we infer the nonsynon-
ymous variants (supplementary fig. S1 and data 1,
Supplementary Material online). In total, we find 407 non-
synonymous single nucleotide polymorphisms (SNPs), 9 of
which have a premature stop codon and will not be discussed
further. The remaining 398 missense SNPs lead to 396 amino
acid variants and their allele counts are given in supplemen-
tary data 1, Supplementary Material online. Thus, about half
of the 805 residue sites of ACE2 are variable in humans.
However, there is only one variant, N720D (AAC — GACQ),
with allele frequency >0.01 in gnomAD, UK10K, DiscovEHR,
and the NHLBI Exome Sequencing Project (supplementary
data 1, Supplementary Material online). All other variants
have frequencies lower than 1%, suggesting that ACE2 is un-
der purifying selection in humans.

Among the 398 missense ACE2 variants, 8 are in the region
from residue 1-18 (8/18 = 0.44), which is prior to the start of
the protease domain (PD), 284 variants (284/597 = 0.47) are
in PD, 59 variants (59/111 = 0.53) are in the collectrin-like
domain (CLD), 16 variants (16/30 = 0.53) are in the trans-
membrane region, 20 variants (20/37 = 0.54) are on the cy-
tosolic side, and 11 variants (11/30 = 0.36) are in the region
727-738, which lies in between CLD and the transmembrane
region (supplementary fig. S1, Supplementary Material on-
line). Although the proportions of variant sites vary
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considerably among regions, they are not statistically different
(P = 0.52, prop. test). Interestingly, the catalytic active sites,
the zinc binding sites, and the substrate binding sites in the
PD all have amino acid variants in humans. However, these
sites are not more variable than the rest of the whole protein
(P = 0.72, prop. test).

The 27 ACE2 residues on the interface between ACE2 and
viral S-protein are the major focus of this study; they are called
key residues in this study. Eight of these residues show var-
iants in humans (table 1 and fig. 1). As two variants (E35K and
E35D) are found at residue 35, and M82I actually represents
two nonsynonymous mutations (ATG — ATT and ATG —
ATA), there are in total ten nucleotide variants observed at
these eight residue sites. The 27 binding residues, which show
only 8 variable residues (8/27 = 0.30), are on average better
conserved than the remaining 778 residues of ACE2, which
show 388 variable residues (388/778 = 0.50) (P < 0.02, prop.
test).

ACE2 Variants in Nonhuman Primates

In the six ape species studied, no ACE2 variant at S-protein
binding sites is found; that is, the amino acids at these residues
are the same as those in human (table 1 and fig. 1) (the
variants are annotated using the human ACE2 sequence, [ta-
ble 1] or the primate ancestral ACE2 sequence [fig. 1] as the
reference). In the 20 Old World monkey (OWM) species
studied, 3 variants (T27A, Q42L, and L79R) each are found
in only 1 species, whereas 1 variant (Q325R) is found in 5
species (fig. 1). In the 11 New World monkeys (NWM:s) stud-
ied, the 4 variants Y41H, Q42E, M82T (i.e, T82), and G354Q
are found in all 11 species, whereas the 3 variants S19A, T27A,
and K31E each are found in only one species (fig. 1). The
Philippine tarsier shows six variants (H34Q, Y41H, L79I,
M82S, K353N, and G354S). In the 19 prosimians studied, 21
variants at binding residues are found; most of them are in
only one or a few species (fig. 1). The variant M82T (i.e, T82) is
found in 18 of the 19 prosimians studied and so T is likely the
ancestral amino acid of prosimians at residue 82, whereas
T82N is found in the remaining one species studied (Indri
indri) (fig. 1). The E35, E37, P84, and D355 residue sites are
found to have variants only in humans and the Q24 and N330
sites are variable only in prosimians, whereas the other sites in
table 1 are found to have variants in multiple primate families
(fig. 1), which apparently represent repeated mutations.

Functional Assays of RBD Attachment to ACE2
Variants

We established a cell-based S-protein attachment assay to
evaluate the change in binding affinity due to a given ACE2
variant (fig. 2A). We used NanolLuc Binary Technology
(NanoBiT), which splits NanoLuc luciferase into two parts, a
large BiT (LgBiT) subunit and a small complimentary peptide
with only 11 amino acids (SmBiT) (Dixon et al. 2016).
Specifically, we first produced a recombinant LgBiT fusion
protein with the receptor binding domain (RBD, amino acids
330-521) of S-protein (Wrapp et al. 2020) and generated
expression constructs of human ACE2 with SmBIT tagged
at the N-terminus. The attachment of RBD to the cell surface
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Table 1. Primate ACE2 Variants at Key Residues with Respect to the Human Wild-Type Amino Acid Sequence.’

AA Position  Human Variants  Apes Old World Monkeys ~ New World Monkeys  Philippine Tarsier ~ Prosimians
(6sp.) (20sp.) (11sp.) (1sp.) (19 sp.)
Endregion B S19 P AP P
Q24 >
T27 A A° A° AP I
D30 E°
K31 E° N®
L79 R® | R® I°
M82 | T s N, T
P84 T
Middle H34 Q Q% N° R®
E35 K, D
E37 K
D38 E E
Y41 He H H®
Q42 L® E
Endregion A Q325 R®
N330 K®
K353 N Q®
G354 Q S D*
D355 N

*Binding residues F28, L45, Y83, N90, T324, F356, R357, and R393 show no variants among the primates studied and so are not listed in the table.

®Found in “only one or a few species of the group.”
“Found in all the New World monkey species studied.

4T is found at residue position 82 in 18 of the 19 prosimian species studied, whereas N is found in only 1 species.

ACE2 receptor was measured by detecting luciferase activity
when LgBiT and SmBIiT were brought into close proximity
upon RBD attachment (fig. 2B). RBD attachment was reduced
when full-length S-protein (FLS) was included as a competitor
(fig. 2C), implying that RBD-LgBiT and FLS competed for the
same binding site on human ACE2. To investigate whether an
ACE2 variant may affect host susceptibility to SARS-CoV-2,
we tested RBD attachment on Hela cells expressing the ACE2
variant. ACE2 variants were constructed by site-directed mu-
tagenesis from the wild-type (WT) human SmBiT-ACE2.
Expressions of these ACE2 variants were confirmed by west-
ern blotting following transient transfection into Hela cells.
ACE2 was detected with a molecular mass of ~130 kDa for all
human variants (fig. 2D).

We next applied the RBD attachment assay to measure
interactions between RBD and ACE2 variants. For each RBD
attachment assay, 15,000 transfected cells were incubated
with 250 ng RBD-LgBiT for 10 min before bioluminescence
detection. We used the human WT ACE2 as the control
and classified the effect of a variant as follows: 1) an increase
in binding affinity is said to be strong if the observed binding
affinity is >150% of that for WT, moderate if it is 125—-150%,
mild if it is 110-125%, and negligible if it is 100-110% and 2) a
reduction is said to be negligible if the observed binding af-
finity is 90-100% of that for WT, mild if it is 60-90%, mod-
erate if it is 30—60%, strong if it is <30%, and complete if it is
0%.

Among the nine human variants, ST9P and T27A strongly
enhanced (>150%) the RBD attachment and E35D moder-
ately enhanced (>125%) the RBD attachment. On the other
hand, RBD attachment was strongly reduced (<25%) in E37K

and M82l and mildly reduced (<75%) in E35K, D38E, and
P84T. Notably, RBD attachment was completely lost in the
variant D355N (fig. 3A). For nonhuman primate variants,
K31E, Y41H, K353Q, and G354S completely lost RBD attach-
ment (fig. 3A). RBD attachment activity was moderately re-
duced in Q24E, H34R, M82S, and G354Q and strongly
reduced in Q42E, M82T, N330K, K353N, and G354D. We
detected a mild reduction of RBD attachment for variants
K31N, H34Q, and H34N. Variants M82N and Q235R did not
significantly reduce RBD attachment. On the other hand,
S19A and T27I mildly and L79R moderately increased the
binding affinity. Notably, variants S19F, D30E, Q42L, and
L791 enhanced RBD attachment by approximately 1.5-2-
fold. Except for K31E, all variants expressed equally in Hela
cells as shown by western blotting (fig. 3B).

Interaction between S1 and ACE2 Variants

To confirm the interaction between S-protein and ACE2, we
incubated recombinant spike-S1 protein containing a hu-
man Fc tag (S1-hFc) with Hela cells expressing different
ACE2 variants and detected cell surface-bound S1-hFc by
immunofluorescence staining (fig. 4A). As expected, recom-
binant S1 protein was detected in Hela cells expressing WT
ACE2, but not in mock-transfected cells (fig. 4B). By com-
paring S1 protein interaction with nine different human
ACE2 variants, we found that S1 binding was enhanced in
cells expressing variant S19P, T27A, or E35D, mildly reduced
in variant E35K, D38E, or P84T, and severely reduced in
variant E37K or M82l. Notably, we detected no S1 signal
in cells expressing variant D355N (fig. 4B). We then investi-
gated the interaction between S1-hFc and 16 primate

2717



Bhattacharjee et al. - doi:10.1093/molbev/msab060

MBE

Nycticebus coucang —

K31N, , D38E, Y41H

L791, G354D  Otolemur garnettii

S19F  paubentonia madagascariensis

Propithecus coquereli
S19 K31N, H340, T82N oy jnglri
Q24
T27 N330K, K353Q Cheirogaleus medius
Eg‘: L 127T. K31N — Microcebus griseorufus -
H34 Microcebus murinus 3
D30E, Y41H L701 3
E35 Microcebus mittermeieri §
E37 K330N p =
D38 T271, H34N, N330K 7om K330N Microcebus tavaratra g
Y41 — Microcebus ravelobensis 7
Q42 - Mirza zaza
L79 L 1/ .
T82 Mirza coquereli
P84 Prolemur simus
192 L omurcen
Q325 emur catta
N330 T27A Eulemur fulvus
K353 Eulemur macaco
F354 ) _
N355 Eulemur flavifrons
, YA1H, L79I, , K353N, G354S " . ap s .
Carlito syrichta  —Philippine tarsier
4 NWMs -
N Aotus nancymaae
Callithrix jacchus =
M T27A  Saguinus imperator H
Y41H, Q42E, G354Q _ﬁ Alouatta palliata %
197 Ateles geoffroyi
e — 2 N\\/Ms _
5 OWMs -
T27A* Macaca mulatta
M Macaca fuscata
' Macaca fascicularis
' Macaca nemestrina o
—_—y 3 OWMs §
L79R  Colobus angolensis o
_| Piliocolobus tephrosceles
Trachypithecus francoisi
Q325R Q42L  Semnopithecus entellus
Nasalis larvatus
T82M R325Q  Pygathrix nemaeus
Rhinopithecus bieti
Rhinopithecus roxellana -
Hylobates moloch —
—: Nomascus leucogenys
Pongo abelii
y . >
— —— Gorilla gorilla k]
Pan troglodytes o
E Pan paniscus _
Homo sapiens — Human
S19P, T27A, E35D, E35K, E37K,
D38E, M82l, P84T, T92I?, D355N
Mild enhancement Moderate enhancement Strong enhancement Negligible effect
Color code: _ _ gt _
Mild reduction Strong reduction Complete reduction

Fic. 1. Cladogram of the primates studied and changes at key ACE2 residues during primate evolution. The inferred amino acids at the key ACE2
residues in the common ancestor of primates are shown at the root of the cladogram. The nine human ACE2 variants identified in this study are
shown at the bottom of the figure, whereas the nonhuman primate variants are shown on the tree branches. The effect of each variant on binding
affinity was evaluated by RBD attachment assay (see fig. 3) and is indicated by a color according to the color code at the bottom of this figure.
Although site 92 is not a key binding residue, it is close to the N90 glycosylation site and the T92I mutation we identified in humans was found by

Chan etal. (2020) to increase the binding affinity of ACE2 to S-protein

; however, as its effect on binding affinity was not evaluated in this study, it is

marked by “?” The T27A substitution in rhesus macaque (Macaca mulatta) is marked by an * because it only appeared in one individual we

collected (supplementary data 4, Supplementary Material online).

variants. As expected, variants K31E, Y41H, M82T, N330K,
and G354S showed severely reduced S1 binding ability. A
reduction in the S1 binding was also detected for variants
Q42E, K353N, G354Q, and G354D. Besides, S1 binding ability
was not affected for variants T27I, K31N, H34R, M82S, and
M8&2N (fig. 4C).

2718

Structural Evaluation of ACE2 Variants

Using the X-ray crystal structure and cryo-EM structure of the
ACE2-S-protein complex (Lan et al. 2020; Wrapp et al. 2020;
Yan et al. 2020) and using topology theory (Edelsbrunner and
Mucke 1994; Edelsbrunner et al. 1995, 1998) and geometric
computations (Edelsbrunner et al. 1995, 1998; Liang
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Fic. 2. The interaction between RBD and ACE2 variants measured by the RBD attachment assay. (A) Schematic illustration of the RBD attachment
assay. Complementation of an active NanoLuc is achieved when the LgBiT and Sm-BiT are brought together upon interaction of RBD and ACE2. (B)
Hela cells transfected with mock construct or SmBiT-ACE2 were treated with RBD-LgBiT and subjected to bioluminescence detection for 1 h. Peak
bioluminescence signal was detected at 10 min after the addition of RBD-LgBiT. (C) FLS was mixed with RBD-LgBiT at different molar ratios before
incubation with Hela cells transfected with SmBiT-ACE2. Bioluminescence signal was reduced by increasing the molar ratio of FLS. (D) Expression
levels of the wild-type and human ACE2 variants were confirmed by western blotting. Two separate clones were tested for each variant trans-
fection. The GAPDH expression served as an internal control for each experiment.

Edelsbrunner, Fu, et al. 1998; Tseng and Li 2009), we classify
the 27 ACE2 residues on the binding interface into Endregion
A (9 residues: L45, T324, Q325, N330, K353, G354, D355, F356,
and R357), Middle (7 residues: H34, E35, E37, D38, Y41, Q42,
and R393) and Endregion B (11 residues: S19, Q24, T27, F28,
D30, K31, L79, M82, Y83, P84, and N90) (fig. 5A). We assess the
mutational effect of a residue variant in terms of geometric
measurements (Tseng, Dundas, et al. 2009; Tseng, Dupree,
et al. 2009; Tseng and Li 2009, 2011), topographic properties
of surfaces including solvent accessible area, number of
atomic contacts (Liang Edelsbrunner, Fu, et al. 1998; Liang,
Edelsbrunner and Woodward 1998) and electrostatic poten-
tial (see Materials and Methods). It is clear from figure 5A that
the density of atomic contacts is highest in Endregion A and
lowest in Middle. We have evaluated all 27 variants but de-
scribe below only a number of variants with a strong effect on
binding affinity.

Variant D355N (Endregion A)

D355 has a total of 15 atomic contacts with S-protein, includ-
ing 9 with T500, 4 with G502, and 2 with N501 of S-protein
(fig. 5A); the pattern is represented by 9: T500, 4: G502, 2:
N501. The D355N mutation removes the negative charge of
D355 and changes the atomic contact pattern to 7: T500, 4
G502, 1: N501. D355N also affects the crucial residues T500,
N501, and Y505 of S-protein on the binding interface. For
instance, it removes 2 and 1 (—2 and —1) atomic contacts
with T500 and N501 of S-protein. Moreover, it alters the

atomic contacts of E37, K353, G354, A386, and R393 with
Y505 of S-protein by —5, +4, —5, —1, and —2, respectively,
causing a reduction of nine atomic contacts. The above anal-
ysis may explain why D355N abolishes the interaction be-
tween ACE2 and S-protein (figs. 3A and 4B).

Variants K353N/Q (Endregion A)

K353 is the strongest binding residue because it interacts
with six S-protein residues (20: Y505, 13: N501, 3: G496, 2:
Q498, 2: G502, 2: Y495) with a total of 42 atomic contacts.
The removal of a positively charged side chain by K353N or
K353Q influences many binding residues on the interface,
including Y41, E37, D38, K353, G354, D355, A386, and R393
of ACE2. This structural analysis predicts that both K353N
and K353Q abolish the binding between ACE2 and S-protein,
in agreement with the RBD attachment assay (fig. 3A) and the
S1 binding assay (fig. 4C).

Variants G354Q/S/D (Endregion A)

G354Q provides an example that the replacement of a
small residue by a bulky polar side chain amino acid may
greatly reduce the binding affinity to S-protein (fig. 5B).
G354 lies in the middle of the surface patch of K353, G354,
and D355 of ACE2 that strongly binds to the most crucial
residue Y505 of S-protein. Its contact pattern includes 11
atomic contacts with S-protein (6: G502, 5: Y505). The re-
placement of the amide backbone of G354 by a large polar
side chain in the G354Q mutation disrupts all five atomic
contacts to Y505 of S-protein in the network of K353 and
D355 and perturbs the binding of K353 and E37 to Y505 of S-
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Fic. 3. Measuring RBD attachment on primate ACE2 variants. (A) RBD attachment activity measured on 9 human and 27 nonhuman primate
ACE2 variants. The maximum bioluminescence signal measured in the RBD attachment assay for each variant was normalized by that of wild-type
ACE2. Data are mean * SEM of at least three replicates. (B) Intracellular protein expression levels of 27 single primate ACE2 variants, 2 double
mutants, and 1 triple mutant were confirmed by western blotting. Expressions of two independent constructs for each variant were shown.

protein on the interface. Thus, G354Q likely causes a strong
reduction in binding affinity. G354S and G354D represent
even stronger changes in physicochemical properties, so
each of them likely causes an even stronger reduction on
binding affinity than G354Q. These predictions are qualita-
tively in agreement with the RBD attachment assay data
(fig. 3A).

Variant N330K (Endregion A)

N330 has seven atomic contacts with the crucial residue
T500 of S-protein (fig. 5A). The N330K mutation adds a pos-
itive charge and alters the binding of ACE2 to T500 of S-pro-
tein, which also binds to the key residues D355 and R357 of
ACE2. Therefore, N330K would cause a severe reduction in
the binding affinity of ACE2 to S-protein, qualitatively in
agreement with our experimental evaluation (figs. 3A and 4C)

Variant Y41H (Middle region)

2720

K353, K31, and Y41 are the top three key residues on the
ACE2-S-protein  interface  (supplementary table ST,
Supplementary Material online). Y41 has the atomic contact
pattern 11: Q498, 8 N501, 5: T500, so it has a total of 24
atomic contacts with S-protein. In Y41H, the phenol of site
chain of Y41 is replaced by the imidazole side chain of H
resulting in the pattern 9: Q498, 4: N501, 3: T500. As the
atomic contact number is reduced from 24 to 16, Y41H
would greatly reduce the binding affinity of ACE2 to S-pro-
tein, qualitatively in agreement with our experimental evalu-
ation (figs. 3A and 4C).

Variants Q42E/L (Middle region)

Q42 lies in the middle of the binding network of D38, Y41,
Q42, and K353 of ACE2 that binds the crucial residues Q498,
Y505, and Y449 of S-protein. It has the contact pattern: 2:
Q498, 2: Y449, 1: G446. The Q42E and Q42L mutations alter
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Fic. 4. Binding of S1-hFc to cell surface ACE2 variants. (A) Schematic illustration of the binding assay. Hela cells transfected with ACE2 expression
constructs were incubated 1 h with recombinant S1-hFc and cell surface bound S1-hFc was detected by immunofluorescence staining. (B)
Representative images of S1-hFc (red) and Hela cells expressing human ACE2 variants (green). (C) Representative images of S1-hFc (red) and Hela

cells expressing nonhuman primate ACE2 variants (green).

the contact numbers in the bindings of D38, Y41, Q42, and
K353 to Q498 of S-protein by —3, —2, +1, 4+1, and —2, —3,
—+1, 41, respectively. The Q42E mutation adds a negatively
charged side change and thus perturbs the electrostatic sur-
face. To gain a better understanding of the mutational effects
of Q42E and Q42L on the binding affinity of ACE2 to S-pro-
tein, it requires an analysis of their effects on the electrostatic
potential (Baker et al. 2001) of the neighboring residues in the
binding network. As shown in figure 6A, the binding interface
of ACE2 exhibits mostly negatively charged surface areas (red)
(fig. 6B), whereas that of S-protein includes mostly hydropho-
bic areas (white) (fig. 6C). Specifically, the side chain of Q42
(fig. 6D) displays only a mild negative charge with a hydro-
phobic area of 26.04 A?, whereas that of E42 significantly
expands into a negatively charged surface with its neighboring
residues (fig. 6E), effectively inhibiting the binding of S-protein
to ACE2. In contrast, the Q42L mutation displays a 2.7-fold

increase in hydrophobic area (i.e, 69.06 A> = 95.10-26.04 A%,
fig. 6F), providing a favorable condition for binding the coun-
terpart surface at Q498 and Y449 of S-protein (fig. 6C). This
analysis of perturbations in electrostatic potential due to res-
idue changes predicts strikingly opposite effects of Q42E (a
large reduction) and Q42L (a large increase) on the binding
affinity of ACE2 to S-protein. These findings from electrostatic
potential calculations qualitatively agree with the RBD attach-
ment assay data (fig. 3A).

Variants M821/S/T (Endregion B)

In the ACE2-S-protein complex, M82, Y83, and L79 of
ACE2 form a subgroup (fig. 5A). Upon binding to S-protein,
the cluster is oriented in the direction facing F486 on the
flexible loop of S-protein, so that M82 might be a starting
point of the binding between ACE2 and S-protein. M82 has
10 atomic contacts with F486 (10: F486) of S-protein (sup-
plementary table S1, Supplementary Material online), and it
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Fic. 5. The binding interface and atomic contacts between ACE2 and S-protein. (A) Binding between S-protein and ACE2 (in cyan and yellow
spheres, respectively). The ACE2 binding residues (in yellow spheres) on the interface are classified into Endregion A, Middle, and Endregion B. Each
contact between an ACE2 atom and an S-protein atom is analytically calculated and represented by a black dotted line. K353 of ACE2 has 42
atomic contacts, the strongest binding residue on the ACE2-S-protein interface. The highest density of atomic contacts between ACE2 and S-
protein is detected at K353, Y41, and K31 of ACE2. (B—D) Close-up views of atomic contacts on the interface. (B) G354 in Endregion A is situated in
the middle of the surface patch of K353, G354, and D355 (in red spheres), which strongly binds to the most crucial residue Y505 (in slate) of S-
protein. The amide backbone of G354 is replaced by a bulky polar side chain in G354Q (in red), leading to the removal of all five atomic contacts to
Y,505 and reducing the binding affinity of K353, R393, and E37 (in pink) to Y,505. (C) The aromatic rings of Y489 (in slate) and F.456 (in orange) are
docked into the groove of 127, F28, D30, and K31 (in pink). The polar side chain of T27 is replaced by a hydrophobic side-chain in the T27I mutation
(in red), adding 3 and 5 atomic contacts to Y489 and F.456, respectively. (D) The ST9P mutation on Endregion B gains 6 and 3 atomic contacts to
S:477 and G476, respectively, conferring a large increase in binding affinity to S-protein.

teams up with Y83, which has 9 atomic contacts with F486 (9:
F486) of S-protein (fig. 7A). We remodel the structure of M82I
(Melo et al. 2002) and compute all atomic contacts and
distances at position 82 (supplementary table S2,
Supplementary Material online). The M82l mutation elimi-
nates four contacts with F486 (6: F486) of S-protein. The
accessible area and volume on the interface occupied by
M82 and 182 are (3035 A% 1643 A%) and (22.50 A2 153
A?), respectively, so that the accessible area and volume on
the interface are reduced by 7.85 (30.35-22.50) A? and 149
(1643-1.53) A%. The large alterations in accessible area (7.85/
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3035 = 25.8%) and volume (14.9/16.43 = 90.7%) on the
interface would largely block Y83's binding to F486 of S-pro-
tein and eliminate four atomic contacts of L79 with F486 of S-
protein. While the triad of L79, M82, and Y83 is oriented on
the ACE2-S-protein interface, M82I modifies the structural
conformation and stability of binding sites. Indeed, F486 of
S-protein would not totally fit into the spatial position of 182
(fig. 7B). It further blocks the ring-stacking between F486 of S-
protein and Y83 of ACE2 and the hydrophobic interaction
between F486 of S-protein and L79 of ACE2. Taken together,
our structural analysis indicates that M82I would strongly
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Fic. 6. Electrostatic potential analysis of the binding interface of ACE2 for the wild-type Q42 and mutants E42 and L42. The atoms on the binding interface
of ACE2 are colored according to their charges. The ACE binding interface displays charged surfaces with iso-surfaces drawn at 1.0 (blue) and —1.0 (red) kT/
e, where k, T, and e denote the Boltzmann constant, the temperature, and the charge units, respectively. (A) ACE2 and S-protein display two distinctive
patterns of electrostatic surfaces. (B) ACE2 is rotated to show that its binding interface includes mostly negatively charged areas (red). (C) After rotation, the
S-protein interface shows mostly hydrophobic areas (white) with negatively charged patches (red). As indicated, Q498 and Y449 (in pink dots that
represent atoms) are situated on the hydrophobic surface, interacting with Q42 of ACE2. (D) The wild-type Q42 (in pink dots) of ACE2 exhibits a mildly
negatively charged surface. In comparison, the Q42E (in pink dots) mutation enhances the negatively charged surface with its neighboring residues (E),
which may largely reject the interaction of ACE2 with S-protein, whereas the Q42L (in pink dots) mutation expands into a larger hydrophobic surface (F),
strongly promoting the interaction of ACE2 with the hydrophobic surface of S-protein in (C).

reduce the binding affinity between ACE2 and S-protein.
M82S and M82T also reduce the number of atomic contacts
with F486 of S-protein and prevent Y83 of ACE2 from binding
to F486 of S-protein (fig. 7C and D). Specifically, the ten
atomic contacts of M82 with F486 of S-protein are reduced
to 3, 4, and 6 in M82S, M82T, and M82I, respectively.
Furthermore, all three variants completely block Y83 of
ACE2 from stacking with F486 of S-protein. This structural
evaluation is supported by geometric analysis. Thus, the bind-
ing affinity to S-protein would be somewhat more strongly
reduced in M82S and M82T than M82l. Our predictions for
M82I and M82T are qualitatively in agreement with the RBD
attachment assay data while give a larger reduction in binding
affinity for M82S than the RBD attachment assay data
(fig. 3A).

Variants T27A/I (Endregion B)

T27 contacts multiple residues of S-protein, including
F456, Y473, A475, and Y489 and is situated in the compressed
middle of the subgroup of T27, F28, D30, and K31 of ACE2
(fig. 5C). The T27A mutation causes a change from a polar to
a short hydrophobic residue, leading to a smaller solvent ac-
cessible area. Upon binding, T27A induces a fit on the surface
of F456 and Y489 of S-protein, strongly enhancing the binding
affinity between ACE2 and S-protein. The T27I mutation
replaces the polar side chain of T27 by a larger hydrophobic
side chain and gains nine atomic contacts, eight of which are
directly linked to the aromatic rings (5: F456, 3: Y489) of S-

protein. Thus, T271 would enhance the binding affinity be-
tween ACE2 and S-protein. These two predictions are largely
in agreement with the RBD attachment data (fig. 3A) and the
S1 binding assay (fig. 4C).

Variants S19P/A/F (Endregion B)

S19 is on the border of the interface of the ACE2-S-protein
complex (PDB: 6m0j) (fig. 5A). It has a simple atomic contact
pattern (3: G476, 1: A475). The S19P mutation (fig. 5D) gains
nine atomic contacts, six of which directly connect to S477 of
S-protein (6: S477, 5: G476, 2: A475), implying a large increase
in binding affinity. The ST9A mutation only gains three addi-
tional atomic contacts with S477 of S-protein (3: G476, 3:
S477, 1: A475), so it would confer only a mild increase in
binding affinity. The S19F mutation replaces the polar side
chain of $19 by a phenyl ring and changes the atomic contact
pattern from 3: G476, 1: A475 to 10: A475, 8: G476, 5: S477, 3:
Q474, 2: Y473, gaining 24 atomic contacts with S-protein.
Moreover, it expands into a larger hydrophobic area and
more effectively enhances affinity than the pyrrolidine side
change of S19P. Thus, the S19F mutation would greatly in-
crease the binding affinity of ACE2 to S-protein. These three
predictions are qualitatively in agreement with the RBD at-
tachment assay data (fig. 3A).

Discussion

This study used structural analysis and experimental assays to
evaluate each observed ACE2 variant’s mutational effect on
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Fic. 7. The effects of the M82I, M82T, and M82S mutations on the binding interface between ACE2 and S-protein. The shortest distance is 2.44 A
between M82 of ACE2 and F,486 of S-protein and 5.85 A between Y83 of ACE2 and F.486 of S-protein. (A) The phenyl ring of F,486 is oriented into
the groove between M82 and Y83 of human wild-type ACE2 (PDB6m17). Pairwise atomic distances are displayed as dashed lines in yellow. (B) The
residue packing at the local region of the M82I-mutant ACE2 is significantly altered. A prominent modification is that the phenyl ring of F.486 is
reoriented and situated away from the hydroxyphenyl ring of Y83 of the M82I mutant. (C-D) The replacement of the bulky hydrophobic methyl
side chain in M82 by a polar side chain in T82 (C) or S82 (D) severely inhibits direct atomic contacts with the phenyl ring of F.486, weakening the

interaction between F,486 and Y83 of ACE2 in M82T and M82S.

its binding to S-protein. We found that the two approaches
usually gave similar results. For example, our structural anal-
ysis predicted that the D355N mutation would abolish the
binding between ACE2 and S-protein, and our RBD attach-
ment assay indeed supported this prediction. Moreover, our
structural analysis predicted the importance of K353, K31,
Y41, Q42, T27, and H34 in the binding to S-protein because
each of these residues has >20 atomic contacts with the S-
protein (supplementary table S1, Supplementary Material on-
line). Our RBD attachment assays indeed showed that muta-
tions at these residues strongly reduced or increased the
binding affinity of ACE2 to S-protein. For instance, our RBD
attachment assays showed a 100% reduction in binding af-
finity by K353Q and a > 90% reduction by K353N. As another
example, our structural analysis predicted that S19F gains 24
atomic contacts with S-protein. It dramatically increases the
binding affinity of ACE2 to S-protein, and our RBD attach-
ment assay showed a 100% increase in binding affinity.
However, as predicting interactions between two proteins is
a complex problem, in some cases, including T27A, Q42L, and
MB82S, the predicted effect was different from the experimen-
tal evaluation. Our first structural analysis of Q42L was con-
ducted solely in terms of the pattern of atomic contacts, and
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it predicted a mild reduction in binding affinity. However,
taking its effect on electrostatic potential into account pre-
dicted a large increase in binding affinity, which was qualita-
tively consistent with the experimental assay.

Recently, Damas et al. (2020) proposed a set of rules for
classifying the risks for SARS-CoV-2 infection in vertebrates.
Their rules classify amino acid changes into conservative,
semiconservative, and nonconservative and consider the
number of identical key residues between a sequence and
human ACE2 but with a particular emphasis on four key
residues K31, E35, M82, and K353 and three glycosylation sites
N53, N90, and N322. Our study confirmed that the four
residues K31, E35, M82, and K353 indeed play important roles
in the binding of ACE2 to SARS-CoV-2. In addition, we found
other variants, including E37K, Y41H, Q42E, G354S, G354D,
and D355N with a very strong effect on binding affinity (fig. 3).
Moreover, we found that the effects of conservative residue
substitutions (with similar physicochemical properties) can
be strong. For example, Damas et al. (2020) classified the
Q24E and Q42E mutations as “conservative,” implying no
substantial effect on the binding affinity of ACE2 to S-protein.
However, our structural analysis predicted that Q24E strongly
hinders (data not shown), whereas Q42E largely disrupts the
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interactions between ACE2 and S-protein. The RBD attach-
ment assay validated both predictions. Thus, our structural
analysis can facilitate the understanding of why the same
mutation at two different residue sites (e.g, Q24E vs. Q42E)
and two different mutations at the same site (e.g, Q42E vs.
Q42L) can have strikingly opposite effects on binding affinity
(fig. 3A).

Melin et al. (2020) identified ACE2 variants at 12 amino
acid residues critical for binding of ACE2 to S-protein. They
studied the effect of amino acid change at ACE2 critical
residues on the susceptibility of the host by estimating the
binding free energy change (AAGpinq). Their study included
28 nonhuman primates among which apes and OWMs were
inferred to have the same set of 12 amino acid residues as
humans and so were equally susceptible to SARS-CoV-2 in-
fection as humans. Their set of 12 critical amino acid residues
is nested within our set of 27 residues and their inferences are
largely consistent with our findings from 57 nonhuman pri-
mate species. Moreover, their inference of 400-fold reduction
in SARS-CoV-2 susceptibility of NWMs compared with
humans is also consistent with our evaluation by RBD attach-
ment assays that “NWM:s are completely resistant to SARS-
CoV-2." However, we found that the AAGy;q values for the
five variants (Y41H, Q42E, M82T, D38E, and D30E) they stud-
ied and our RBD attachment assay data are only weakly cor-
related (r=0.58) (supplementary fig. S2A, Supplementary
Material online). The correlation coefficient became consid-
erably lower (r = 0.20), when we compared our RBD attach-
ment assay data to the AAGy;,q values, we obtained using
the SSIPe webserver (supplementary fig. S2B, Supplementary
Material online). Thus, one should be cautious when using
binding free energy change to infer the effect of mutation on
binding affinity.

In an effort to identify ACE2 variants with a high binding
affinity to S-protein, Chan et al. (2020) generated a large
number of ACE2 variants by deep mutagenesis.
Supplementary figure S3, Supplementary Material online,
shows the comparison of their enrichment ratios and our
RBD attachment assay data with a good correlation
(r=0.89), suggesting a qualitative agreement for the majority
of mutations. For example, substantial reductions in the S-
protein binding ability were reported for K31E, Y41H, N330K,
K353Q, G354S, and D355N by Chan et al. The RBD attach-
ment activities of these variants were mostly lost in our study
(fig. 3A).

We collected extensive human sequence data to identify
human ACE2 variants. Among the 398 missense variants,
there were 9 variants located at ACE2—-S-protein binding sites.
These nine variants include the eight variants identified by
Damas et al. (2020) and one novel variant (P84T). In addition,
we identified T92I (supplementary fig. S1, Supplementary
Material online), which is not on the ACE2-S-protein binding
interface, but, according to Chan et al. (2020), it disrupts the
glycosylation site N90 and strongly reduces the binding affin-
ity of ACE2 to S-protein. From 57 nonhuman primate species,
we identified all of the 26 nonhuman primate ACE2 variants
identified by Damas et al. (2020), except S19Q, which was said
to be found in Carlito syrichta, Microcebus murinus, and

Otolemur garnettii, but we found S (i.e, no mutation) at res-
idue 19 of these three species. Moreover, we identified a novel
variant Q42L in OWM (fig. 1), which doubles the binding
affinity of ACE2 to S-protein (fig. 3A).

This study provided the first evidence for changes in the
host cell susceptibility by different human and primate ACE2
variants. We showed that attachment to SARS-CoV-2 S-pro-
tein was increased in cells expressing S19P/T27A/E35D, re-
duced in E37K and M82I, and drastically reduced in cells
expressing variant D355N (figs. 3 and 4). Notably, the allele
frequency of susceptible variant S19P is the highest among
human variants studied in this study, with an allele frequency
of 2,572 per million (m) in the African population and 3,911/
m in  African Americans (supplementary data 1,
Supplementary Material online). As S19P, T27A, and E35D
increase the binding affinity to S-protein (figs. 3A and 4B),
they represent genetic risk factors for SARS-CoV-2. On the
other hand, individuals carrying variants E37K, M82I, and
D355N are likely moderately or strongly resistant to SARS-
CoV-2. Variant E37K was found in three different data sets
with an allele frequency of 112/m in Africans, 782/m in
African Americans, and 319/m in Europeans. M82| was found
in one data set, with an allele frequency of 202/m in Africans.
Finally, the most resistant variant D355N was mainly found in
Europeans, although the allele frequency was as low as 26/m.
Despite the generally low allele frequencies of resistant ACE2
variants in the current human population, the status quo
may change with the outbreak of COVID-19.

The identification of D355N as a strong resistant variant
may provide an opportunity to study the evolution of a ben-
eficial genetic variant following a pandemic outbreak over
time. The human CC-type chemokine receptor 5 (CCR5) is
a coreceptor of human immunodeficiency virus type-1 (HIV-
1), and a 32-bp deletion in the coding region (CCR5-A32)
confers resistance to HIV-1 (Samson et al. 1996). This finding
has contributed to the clinical breakthrough for long-term
control of HIV by stem-cell transplantation (Hutter et al.
2009). A recent study of the allele frequency of CCR5 in 1.3
million individuals in 87 countries found that CCR5-A32 allele
frequencies ranged from 16.4% in the Norwegian sample to
0% in Ethiopia (Solloch et al. 2017). Similarly, it will be inter-
esting to study the allele frequencies of ACE2-D355N, E37K,
and M82I in human populations in the future. Presently, it is
not clear if a chronic infection of SARS-CoV-2 may be estab-
lished in patients. Evidence from the previous SARS corona-
virus epidemic suggests that systemic and long-term tissue
damage can last for years. Months after the COVID-19 out-
break, some patients are still battling crushing fatigue, lung
damage and other ‘long COVID’ symptoms (Marshall 2020).
Increasing cases of SARS-CoV-2 reinfection indicate that the
protective immunity may be short-term (Tillett et al. 2020)
and cannot eliminate the virus from the human body. In this
regard, the identification of ACE2-D355N as a strongly resis-
tant variant may confer a natural selective advantage against
SARS-CoV-2.

Our data allow us to infer how the susceptibility to SARS-
CoV-2 in primates has evolved. In essence, the evolution of
primate susceptibility to SARS-CoV-2 can be captured by the
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evolution of four key residue sites: H41, Q42, M82, and G354.
First, at the 27 ACE2 binding residues, the common ancestor
of primates and human differed only at residue 82: T versus M
(fig. 1). Compared with M82, T82 strongly reduces the binding
affinity of ACE2 to S-protein. Therefore, while human is sus-
ceptible to SARS-CoV-2, the common ancestor of primates
would be strongly resistant or only weakly susceptible.
Second, like the common ancestor of primates, the common
ancestor of prosimians and that of the tarsiers, NWMs,
OWM:s, apes, and human would be strongly resistant because
their ACE2 sequences were identical to that of the common
primate ancestor at the 27 binding residues. Third, the
Philippine tarsier is likely completely resistant because its
ACE2 includes the two mutations: Y41H and G354S, both
of which strongly reduce the binding affinity of ACE2 to S-
protein. Fourth, the common ancestor of NWMs should be
completely resistant because it possessed H, E, T, and Q at
residue sites 41, 42, 82, and 354. Indeed, our experimental
assays showed that the combination of H41, Q42, and
Q354 completely disrupts the binding (fig. 3). Moreover, it
had T at residue 82. Fifth, the common ancestor of OWMs,
apes, and human was susceptible because like humans, it had
M at residue site 82. In summary, the common ancestor of
primates was strongly resistant to and that of NWMs was
completely resistant to SARS-CoV-2, whereas apes and
OWMs, like most humans, are susceptible.

Besides the evolutionary changes at residue sites 41, 42, 82,
and 354, some of the remaining episodic changes have
changed the susceptibility to SARS-CoV-2 in some primate
lineages. First, the three OWM species Macaca mulatta,
Colobus angolensis, and Semnopithecus entellus have the sub-
stitutions T27A, L79R, and Q42L that should have greatly in-
creased their susceptibility to SARS-CoV-2 (fig. 1). Second,
among the NWMs, some individuals of Alouatta palliata
should have stronger resistance compared with the other
NWM:s because of the K31E substitution, while some individ-
uals of Saguinus imperator and Ateles geoffroyi might have
relative weaker resistance compared with the other NWMs
because they carry T27A and S19A, respectively (fig. 1). Third,
although Philippine tarsier carries the L971 substitution, which
might enhance the interaction between its ACE2 protein and
S-protein, it has many other substitutions, such as H34Q,
Y41H, T82S, K353N, G354S, which reduce the interaction
(fig. 1). Therefore, it should be resistant to SARS-CoV-2. Last,
some prosimian lineages have undergone evolutionary
changes at ACE2 binding residues. There are several lineages
that should be strongly resistant to SARS-CoV-2, such as . indri
that harbors N31, Q34, and T82, Cheirogaleus medius that
harbors T82, K330, and Q353, and the common ancestor of
Prolemur spp., Lemur spp., and Eulemur spp. that harbored E24
and T82 (fig. 1).

Recently, three new SARS-CoV-2 variants (table 2), namely
B.1.1.7 (United Kingdom), B.1.351 (South Africa), and P.1 (Japan,
a descendant of B.1.1.28), have received much attention because
they appear to have a higher transmission rate and an increased
viral burden due to mutations on the viral S-protein (Tegally
et al. 2020; Sabino et al. 2021). According to the dynamic no-
menclature classification of SARS-CoV-2 lineages (Rambaut
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et al. 2020), they all descended from B.1, which carries the
D614G mutation outside the RBD of S-protein (Plante et al.
2020; Volz et al. 2021). This mutation has spread worldwide, so it
likely has a selective advantage over D614 (Plante et al. 2020;
Volz et al. 2021). In addition to this mutation, B.1.1.7, B.1.351,
and P.1 carry 9, 11, and 10 other mutations in their S-protein,
respectively (table 2). Here, we computationally assess the effect
of each nonsynonymous mutation in the RBD of the S-protein
on the binding affinity of S-protein variants to ACE2. Specifically,
B.1.1.7 carries the N501Y mutation, whereas B.1.351 and P.1
carry N501Y, K417N, and E484K on the RBD of their S-protein.
The mutations N501Y, K417N, and E484K are mapped, respec-
tively, onto Endregion A, Middle, and the neighborhood of
Endregion B of the binding interface between S-protein and
ACE2 (see fig. 5). As we have already pointed above, N501 of
S-protein is one of the top key binding residues of S-protein
because it tightly interacts with K355, Y41, D355, and G326 of
ACE2; our shape analysis reveals the atomic contact pattern 13:
K353, 8 Y41, 2: D355, 1: G326. The N501Y mutation changes the
atomic contact pattern to 18: K353, 12: Y41, 3: D355, 1: D38,
increasing the number of atomic contacts from 24 to 34. As
B.1.1.7,B.1.351, and P.1 all carry the N501Y mutation, they would
all exhibit a higher binding affinity and thus probably also a
higher transmission rate. For the B.1.351 and P.1 variants, the
K417N mutation reduces three atomic contacts with D30 and
H34 but enhances the binding affinity of the neighboring residue
L455 by gaining six additional atomic contacts with D30 of
ACE2. Thus, the K417N mutation would mildly increase the
binding affinity of S-protein to ACE2. The E484K mutation
perturbs the electrostatic potential on the surface of S-protein
by the charge inversion from negatively charged E to positively
charged K. The positively charged surface of E484K hinders the
binding of S-protein to the positively charged K31 and K353 of
ACE2, but overall mildly increases the binding affinity of S-pro-
tein to ACE2 because the binding interface of ACE2 mostly
exhibits negatively charged surface areas (see fig. 6B). In sum-
mary, B.1.351 and P.1 likely mildly enhance the binding affinity of
S-protein to ACE2, compared with B.1.1.7.

In conclusion, our combination of bioinformatics analysis of
primate ACE2 sequences and RBD attachment assay has iden-
tified 15 ACE2 variants, each of which strongly reduces or
completely disrupts the binding of ACE2 to S-protein, and 6
variants, each of which strongly enhances the binding affinity.
Our computational protein structural analysis provided a basis
for connecting structural changes in binding residues to
changes in the binding affinity of ACE2 to S-protein.
Complementing this, we established a novel, in vivo
NanoLuc reporter assay to evaluate the effect on the binding
of ACE2 variants to SARS-CoV-2 pseudovirus carrying the viral
S-protein. From these findings, we propose a scenario for ACE2
sequence evolution in primates and how this affected the re-
sistance or susceptibility of primates to SARS-CoV-2 infection.

Materials and Methods

Data Collection
To identify human ACE2 variants, we downloaded the hu-
man reference genome GRCh38 (hg38) and the following
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Table 2. The Amino Acid Changes in the S-proteins of SARS-CoV-2 Variants (Tegally et al. 2020; Sabino et al. 2021).

SARS-CoV-2 Variant Lineages

Mutations in S-Protein

Amino Acid Change on the RBD of S-Protein

B.1.1.7 (United Kingdom)

D614G, del H69, delV70, del Y144, N501Y, N501Y

A570D, P681H, T716l, S982A, D1118H

B.1.351 (South Africa)

D614G, L18F, D80A, D215G, R246l, K417N,

N501Y, E484K, K417N

E484K, N501Y, A701V, del L242, delA243,

del L244
P.1 (Japan)

D614G, L18F, T20N, P26S, D138Y, R190S,

N501Y, E484K, K417T/N

K417T/N, E484K, N501Y, H655Y, T1027I

databases on July 12, 2020: the dbSNP (v154) (Sherry, et al.
2001), the NHLBI Trans-Omics for Precision Medicine
(TOPMed) Consortium (132,345 individuals, obtained from
dbSNP) (Kowalski et al. 2019), the Genome Aggregation
Database (gnomAD) v3 (71,702 individuals) (Karczewski
et al. 2020), UK10K (3,781 individuals) (The UK10K
Consortium 2015), 3.5KJPNv2 (3,552 individuals) (Tadaka
et al. 2019), 1KGP (The 1000 Genome Project Consortium
2015) (1000 Genomes Project phase 3, 2,504 individuals),
Korean Genome Project (1,094 individuals) (Jeon et al.
2020), ChinaMap (10,588 individuals) (Cao, Li, Xu, et al.
2020) and Human Genome Diversity Project (929 individuals)
(Bergstrom et al. 2020) and the exome sequencing data of
gnomAD v.2.1.1 (125,748 individuals), DiscovEHR (50,726
individuals) (Dewey et al. 2016), and NHLBI Exome
Sequencing Project (6,503 individuals) (Fu et al. 2013). The
human variants we obtained are available as supplementary
data 1, Supplementary Material online.

To have a comprehensive identification of nonhuman pri-
mate ACE2 variants, we downloaded all nonhuman primate
genomes available on August 21, 2020, which include 13 ape
genomes, 31 OWM genomes, 177 NWM genomes, 1 tarsier
genome, and 21 prosimian genomes. In addition, we also
downloaded all available ACE2 gene sequences of nonhuman
primates on August 21, 2020, which include the ACE2 gene
sequences of 26 rhesus macaques (M. mulatta) obtained by
Chen et al. (2008) and 1 grivet (Chlorocebus aethiops) from
GenBank. Moreover, we obtained the available ACE2 gene
annotation of the downloaded genomes from GenBank
(Sayers et al. 2020), RefSeq (Rajput et al. 2019), and
Ensembl (Yates et al. 2020). The genomes and gene sequences
we downloaded covered human, 6 apes, 20 OWMs, 11
NWMs, the Philippine tarsier, and 19 prosimians. We also
downloaded the genome of Galeopterus variegatus (Sunda
flying lemur, order Dermoptera) and its ACE2 coding sequen-
ces from GenBank (Sayers et al. 2020) to serve as an outgroup
for inferring the ancestral ACE2 sequences of all extant
primates.

Identification of Human ACE2 Variants

The ACE2 sequence of the human reference genome GRCh38
(hg38) was the same as the consensus sequence of all human
ACE2 sequences we collected and was used as the reference
for the identification of human ACE2 variants. The down-
loaded variants were validated using Ensembl variant effect
predictor (McLaren et al. 2016). We only considered the non-
synonymous variants in subsequent analyses (supplementary

data 1, Supplementary Material online). The variants along
with their allele counts were plotted against their respective
amino acid residues along the reference human ACE2 protein
sequence (supplementary fig. S1, Supplementary Material
online).

We used the R functionality prop. test (R Core Team 2020)
for testing the null hypothesis that the proportions of ACE2
variants in different functional regions of the human ACE2
protein sequence were not different.

Search of Primate ACE2 Sequences

From the available ACE2 gene annotations of the down-
loaded genomes and gene sequences, we obtained a reference
coding sequence set from 31 of the downloaded genomes
(including one genome from each of Homo sapiens, Pan trog-
lodytes, P. paniscus, Gorilla gorilla, Hylobates moloch,
Mandrillus  leucophaeus, Cercocebus atys, Papio anubis,
Theropithecus gelada, Macaca nemestrina, Chlorocebus
sabaeus, Piliocolobus tephrosceles, Callithrix jacchus, Aotus
nancymaae, Saimiri boliviensis, Cebus capucinus, Sapajus
apella, C. syrichta, Otolemur garnettii, Propithecus coquereli,
Prolemur simus, and two genomes from each of Pongo abelii,
Nomascus leucogenys, M. mulatta, Macaca fascicularis, and
Rhinopithecus roxellana) and 27 of the nonhuman ACE2
gene sequences we collected. Each of the reference sequences
includes the stop codon and has a length of 2,418 nucleotides.
We then used the reference coding sequence set to search
against all of the 56 nonhuman primate genomes without
ACE2 gene annotation by BlastN of the Blast-+ suite (version
2.9.0) (Camacho et al. 2009) to find the ACE2 coding sequen-
ces of all primate genomes. The ACE2 coding sequence of
each primate genome was recovered based on the best
BlastN hits. For the cases with incomplete coding regions,
we inserted N’s in the missing regions; the number of N's
inserted was estimated from the best BlastN hits. After the
search, we have 111 primate ACE2 coding sequences in total
(supplementary data 2, Supplementary Material online).

Alignment of ACE2 Sequences and Inference of
Ancestral Primate ACE2 Sequences

The 111 ACE2 coding sequences obtained above were aligned
using MUSCLE (Edgar 2004) in MEGA X (Kumar et al. 2018).
The alignment was 2,418 bps long and is available as supple-
mentary data 3, Supplementary Material online. The amino
acid alignment based on the nucleotide sequence alignment
is presented in supplementary data 4, Supplementary
Material online.
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To determine the likely history of the amino acid substi-
tutions at the key residues along different lineages during the
course of primate evolution, we conducted ancestral se-
quence reconstruction as follows. We used the species
name of the 58 primates we studied and the Sunda flying
lemur (G. variegatus) to search the TimeTree database
(Kumar et al. 2017) for their reference species tree and
obtained a tree that covered 57 of the primates (except
Microcebus sp. 3 GT-2019) studied and the Sunda flying lemur.
We then selected one representative ACE2 nucleotide coding
sequence for each of the 57 primates and the Sunda flying
lemur. For human, the ACE2 coding sequence in GRCh38 was
selected as the representative nucleotide coding sequence.
For a nonhuman primate species with more than one
ACE2 coding sequence, we first generated the consensus of
all its ACE2 coding sequences; we then selected the coding
sequence that is closest to the consensus as the representa-
tive sequence because we prefer not to include a product that
is not supported by any of the genomes or gene sequences we
obtained. The codon-based multiple sequence alignment of
the representative sequences was obtained from the codon-
based multiple sequence alignment of all ACE2 sequences we
have. The best nucleotide substitution model was determined
as the general time reversible model (Tavaré 1986) with five
rate categories (GTR + G) considering both the codon-based
multiple sequence alignment and the species tree using
MEGA X (Kumar et al. 2018). Finally, the ancestral sequence
reconstruction based on maximum-likelihood model was
done using MEGA X (Kumar et al. 2018), considering the
nucleotide sequence alignment, the nucleotide substitution
model (GTR 4 G), and the reference tree.

Identification of ACE2 Variants of Nonhuman
Primates

We used the human consensus ACE2 sequence as the refer-
ence sequence to identify the ACE2 variants in the alignment
of primate ACE2 sequences obtained above. Thus, our pri-
mate ACE2 variants are variants with respect to the human
ACE2 consensus sequence (supplementary data 4,
Supplementary Material online).

Evaluating the Effect of Each ACE Variant on the
Binding Affinity of ACE2 to S-Protein

The 3D complex structures (PDB ID: 6m0j, Lan et al. 2020 and
6m17, Yan et al. 2020) of human ACE2 and viral S-protein were
used for structural analysis. We first computed the binding in-
terface between ACE2 and S-protein using the 3D alpha-shape
theory (Edelsbrunner and Mucke 1994; Edelsbrunner et al. 1995,
1998). We then used the Volbl package (Liang, Edelsbrunner, Fu,
et al. 1998; Liang, Edelsbrunner, and Woodward 1998) to con-
duct structural analysis as described below.

To assess the effect of a residue change on the binding
affinity between ACE2 and S-protein, we used the Modeller
homology modeling tool (Melo et al. 2002) to construct a
model of the complex of the ACE2 variant and S-protein for
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simulating mutational effects. We selected a target residue of
ACE2 for mutagenesis and performed a molecular dynamics
optimization at a fixed temperature (293.0 K) by Modeller
with default parameters. We then conducted geometric cal-
culations using Volbl (Liang Edelsbrunner, Fu, et al. 1998;
Liang, Edelsbrunner and Woodward 1998) to determine the
binding interface between the WT ACE2 and S-protein and
that between a mutant ACE2 and S-protein. In shape analysis
(Tseng, Dundas, et al. 2009; Tseng, Dupree, et al. 2009; Tseng
and Li 2009, 2011), we computed the atomic contacts be-
tween the WT residue of ACE2 and S-protein and those be-
tween a residue variant of ACE2 and S-protein, using the
weighted Delaunay triangulation (Edelsbrunner and Mucke
1994; Edelsbrunner et al. 1995, 1998) (an atomic contact is
defined as a link (edge) between one atom of ACE2 and one
atom of S-protein in the weighted Delaunay triangulation of
the ACE2-S-protein complex.). We then used the data to
infer the atomic contact pattern for each selected residue
of ACE2 (supplementary table S1, Supplementary Material
online). Removing or adding atomic contacts to a pattern
alters the interaction between the two proteins. A reduction
in binding affinity is deemed severe if more than five atomic
contacts are removed and is moderate or mild if fewer than
five atomic contacts are removed. The smallest number of
atomic contacts in this interface is 2. Thus, an increase in
binding affinity is deemed strong if more than seven atomic
contacts are added but moderate or mild if fewer than seven
atomic contacts are added.

We also used Volbl to calculate solvent assessable area and
volume of a site-specific residue. We further computed the
polar and nonpolar solvent accessible area and volume of a
residue. In analyzing electrostatic potential, we used the adap-
tive Poisson—Boltzmann solver (APBS) (Baker et al. 2001) with
default parameters to assess the charge modification on pro-
tein surface. We then evaluated the mutational effect by
comparing the atomic contact pattern, solvent accessible
area, and electrostatic potential of each observed variant res-
idue to those of the WT residue. The APBS and PDB2PQR
(Dolinsky et al. 2007) software packages were used for elec-
trostatics calculations. An input structure is reconstructed by
adding hydrogens, assigning atomic charges, radii, and force
field and repairing missing heavy atoms by PDB2PQR for
electrostatic analysis in APBS. The resulting electrostatic po-
tential map is displayed as isosurface using PyMOL apbsplu-
gin  (https://pymolwiki.org/index.php/Apbsplugin, last
accessed January, 10, 2021). The isosurface is visualized as a
color-coded electrostatic surface at 1.0 (blue) and —1.0 (red)
kT/e, where k, T, and e represent the Boltzmann constant, the
temperature, and the charge units, respectively. Structural
representations in figures are prepared by PyMOL (https://
github.com/schrodinger/pymol-open-source, last accessed
January, 10, 2021).

To assess the effect of a residue mutation on the binding
free energy change (AAGpinq) between ACE2 and S-protein,
we utilized the SSIPe webserver (https://zhanglab.ccmb.med.
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umich.edu/SSIPe/, last accessed January, 10, 2021) (Huang
et al. 2020) with the default settings, using the 3D complex
structure (PDB ID: 6m0j) (Lan et al. 2020) as the reference.

ACE2 Mutagenesis Experiment Design

The human ACE2 coding gene was obtained from Addgene
(Plasmid #1786). To ectopically express SmBIiT-hACE2 in
mammalian cells, full-length hACE2 gene was subcloned
into an EF-1a promoter-driven mammalian expression vector
(which is flanked with PiggyBac transposon inverted repeat
sequence), SmBiT (VTGYRLFEEIL from Promega)-Ala-Gly-Ala
was used for site-directed insertion between hACE2 amino
acid 17th and 18th residues. We used high-fidelity polymerase
(CloneAmp HiFi polymerase; Takara Bio) and gene-specific
primers (supplementary table S3, Supplementary Material
online) to clone the WT human ACE2 gene into pJET1.2
vector (Thermo Scientific), which was then used as a template
for mutagenesis. To construct each human ACE2 point mu-
tation, we used high-fidelity polymerase and site-directed mu-
tagenesis primers (supplementary table S3, Supplementary
Material online) to amplify the entire plasmid in a polymerase
chain reaction (Liu and Naismith 2008), generating a circular,
mutant DNA product. The template DNA, carrying the WT
allele, was digested with Dpnl. All the DNA products were
transformed into Escherichia coli DH50 competent cells and
incubated overnight. Then, we picked a colony and se-
quenced it to confirm that it contained the desired mutation
and no other mutation. All the mutated human ACE2 frag-
ments were released by digestion with Hpal and Kpnl and
were cleaned using the Gel extraction kit (QIAGEN). T7 DNA
ligase (New England Biolabs) was used to ligate the cleaned
ACE2 fragments with the vector (containing SmBIT), which
was treated with Hpal and Kpnl. The QIAGEN plasmid midi
kit was used to prepare plasmids for the attachment and
binding affinity assays.

Cell-Based RBD Attachment Assay

RBD attachment assay was established to monitor the bind-
ing between recombinant RBD-LgBiT and ACE2 on a cell-
based assay platform (manuscript in preparation). In short,
3 x 10° Hela cells were plated overnight before transient
transfection with 1pg of the ACE2 expression construct.
Transfection reagents were removed from culture at 24-
h posttransfection and replaced with fresh culture medium.
At 48-h posttransfection, transfected cells were removed
from culture dish and seeded into a white 96-well plate at
a density of 1.5 x 10* cells per well (in triplicate). The residual
cells were collected for checking recombinant ACE2 expres-
sion by western blotting with rabbit anti-ACE2 (Novus bio-
logicals, clone SNO0754). For each attachment assay, cell
culture medium was removed and rinsed once with
phosphate-buffered saline (PBS). Following the removal of
PBS, a 50 Ll reaction mixture (containing 250 ng recombinant
RBD-LgBIT, 0.5 Ul of Nano-Glo luciferase assay substrate, and
9.5 ul of luciferase assay diluent) was added into each well,
and luminescence was measured every 2 min and continu-
ously for 1h. For the competition assay, recombinant FLS
(kindly provided by Danny Hsu, Academia Sinica, Taiwan)

was included in the reaction mixture. The recombinant
RBD-LgBiT protein was kindly provided by SMOBIO Inc,
Taiwan.

S1 Binding Assay

To characterize the binding affinity between ACE2 and S-
protein, 3 x 10° Hela cells were preseeded on coverslips
and transfected with plasmids containing the WT ACE2 or
a variant. At 48-h posttransfection, transfected cells were
washed three times with PBS, fixed with 4% paraformalde-
hyde for 10 min. The cells were then incubated in 100 pl of
PBS containing 120 ng of Fc-tagged spike S1 recombinant
protein (Cat: 40591-VO02H, Sino Biological) for 1h. The cells
were washed three times with PBS and incubated with rabbit
anti-ACE2 antibody, then incubated with goat anti-rabbit
antibody conjugated with Alexa Fluor 488 (Molecular
Probes) and goat anti-human antibody conjugated with
Alexa Fluor 594, and counterstained with DAPI. The cells
were then visualized on an epifluorescence microscope
(Leica DMI2000).

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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