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Siti Nazihah Mohd Salleh, 1 Eve Zi Xian Ngoh, 1 Yuling Huang, 6 Jenna Kim, 6 Matthew Zirui Tay, 6 
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SUMMARY

Angiotensin-converting enzyme 2 (ACE2) receptor plays a pivotal role in the infection of several coronavi- 
ruses, including SARS-CoV and SARS-CoV-2. We combined computational and experimental protein engi- 
neering approaches to develop ACE2-YHA, a soluble, high-affinity ACE2 decoy with pan-coronavirus preven- 
tive and therapeutic potential. Leveraging native human ACE2–SARS-CoV/SARS-CoV-2 receptor binding 
domain (RBD) complex homology models, we employed in silico site-saturation mutagenesis to predict 
key ACE2-RBD interacting residues. Subsequent generation of ACE2 mutants and high-throughput 
screening identified specific ACE2 residue substitutions that enhanced binding to both SARS-CoV and 
SARS-CoV-2 RBDs. The triple mutant ACE2-YHA demonstrated significantly enhanced binding affinity to 
SARS-CoV, SARS-CoV-2, and bat SARSr-CoVs’ RBDs. It effectively neutralized SARS-CoV and numerous 
SARS-CoV-2 variants with picomolar IC50s in pseudotyped virus assays. Notably, ACE2-YHA displayed 
potent neutralization against major variants of concern, including Delta and Omicron, in human airway 
epithelia, positioning it as a promising universal decoy for current and future ACE2-binding coronavirus out- 
breaks.

INTRODUCTION

Mutation and adaptation have driven the co-evolution of corona- 

viruses (CoVs) and their hosts, including human beings, for thou- 

sands of years. The outbreaks of severe acute respiratory syn- 

drome (SARS) and coronavirus disease 2019 (COVID-19) since 

the beginning of the 21st century reveal how devastating and 

life-threatening a human CoV infection can be. SARS-CoV 

and SARS-CoV-2, the viruses that are responsible for SARS 

and COVID-19, respectively, are zoonotic coronaviruses origi- 

nating from bats/palm civets that successfully crossed the spe- 

cies barrier, leading to fatal pneumonia in humans. To be pre- 

pared for the continuing threats from the cross-species

transmission of coronaviruses, there is an urgent need for readily 

available therapeutic drugs against various types of coronavi- 

ruses for fast responses. 

A strategic approach to the development of the anti-coronavi- 

rus therapy involves inhibiting the interaction between the virus 

spike proteins and the host receptors, thereby preventing viral 

entry. The predominant focus on developing neutralizing anti- 

bodies and vaccines against spike proteins since the outbreak 

of SARS and COVID-19 has encountered challenges due to 

weakened efficacy against viral mutations that emerged during 

the pandemic. These mutations often render neutralizing anti- 

bodies less effective, given their high specificity to the virus strain 

used in their development. 1–3 Mutations in the receptor-binding
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domain (RBD), the primary target for neutralizing Abs, can modify 

epitopes, alter the spike protein’s structure, and affect RBD 

conformational dynamics, all of which hinder antibody bind- 

ing. 4–8 This reduces the ability of existing neutralizing antibodies 

to block viral entry, resulting in decreased efficacy of vaccines 

and therapeutic antibodies. To address this issue and minimize 

the risk of viral escape, we explore the utility of a universal decoy 

receptor. 

Many human and animal coronaviruses, such as SARS-CoV, 

SARS-CoV-2, Bat SL-CoV-WIV1, Bat-CoV RaTG13, and 

Pangolin-CoV-2020, are known to utilize host angiotensin-con- 

verting enzyme 2 (ACE2) as the entry receptor to infect host 

cells. 9–13 The coronavirus spike (S) protein, comprising two sub- 

units S1 and S2, plays a pivotal role in mediating viral entry. 14 

Upon binding to the host ACE2 through its S1 subunit, the S pro- 

tein undergoes dramatic conformational changes and proteo- 

lytic processing, triggering the S2 subunit to facilitate the fusion 

of viral and cellular membranes. The receptor binding domain 

(RBD) at the tip of the S1 subunit directly interacts with the pro- 

tease domain of ACE2, which locates at the top-middle part of 

the ACE2 ectodomain. 15,16 The crystal structure of the RBD 

bound with human ACE2 reveals a gently concave surface, 

which cradles the N-terminal helix of ACE2. 17 

ACE2 is a type I transmembrane glycoprotein ubiquitously ex- 

pressed in mammalian tissues, prominently in lung, heart, kid- 

ney, and intestine. 18 It functions as a carboxypeptidase and 

plays an important role in the renin-angiotensin system (RAS), 

a key regulator of systemic blood pressure and renal function. 19 

The extracellular domain of ACE2 comprises a peptidase domain 

(Q18-A614) and a collectrin-like domain (D615-S740). Shedding 

can be mediated by metalloprotease ADAM17 and transmem- 

brane protease serine 2 (TMPRSS2), and the resulting soluble 

ACE2 (sACE2) retains its catalytic activity and binding ability to 

the spike proteins. 20,21 Hence, recombinant sACE2 has been 

explored as a potential therapeutic option for COVID-19. 

Lei et al. demonstrated the neutralization of SARS-CoV and 

SARS-CoV-2 pseudotyped viruses using wild-type (WT) sACE2 

with reduced catalytic activity and observed inhibition of viral- 

infection-induced cell fusion. 22 Another human WT sACE2 pro- 

tein, APN-01 (Apeiron Biologics), was clinically tested for acute 

respiratory distress syndrome (ARDS) 23 and demonstrated 

safety and tolerability in COVID-19 patients in the phase I 

study. 24 However, in the subsequent phase II study 

(NCT04335136), it failed to demonstrate significantly improved 

clinical outcomes in the treatment of severely ill COVID-19 pa- 

tients, although improvements in mechanical ventilator-free 

days among surviving patients and a reduction in viral RNA 

load were observed. 25 Several factors likely contribute to the 

limited efficacy of WT sACE2 in patients. These factors include 

the rapid clearance of WT sACE2 from the body and the often- 

elevated level of endogenous sACE2s in severe COVID-19 

cases, 26,27 which compete with WT sACE2 for binding to the 

spike protein. 

Given that WT ACE2 binds to the SARS-CoV-2 spike RBD with 

only modest affinity, 10,28,29 employing engineered ACE2 proteins 

with enhanced binding affinity against RBDs could substantially 

augment neutralization potency, as evidenced by the in vitro and 

in vivo studies. 13,15,30–36 One promising strategy involves con-

structing recombinant ACE2 as a multivalent decoy, which re- 

sults in significantly improved binding avidity and a prolonged 

circulating half-life. 13,30 An alternative approach to engineer 

ACE2 includes introducing key mutations to optimize its binding 

affinity against SARS-CoV-2 RBD. Various experimental ap- 

proaches, such as random mutagenesis and deep mutagenesis, 

have been employed to generate ACE2 mutant libraries dis- 

played on mammalian or yeast cells. These libraries were then 

screened for SARS-CoV-2 RBD binding, and high-affinity 

ACE2 binders were identified using fluorescence-activated cell 

sorting (FACS) and deep sequencing. 15,32,36 In addition to exper- 

imental techniques, computational modeling and simulation of 

the interactions between SARS-CoV-2 RBD and ACE2 have 

been used to identify hot-spot residues and predict substitutions 

that confer enhanced binding affinity. 31,34,35,37–39 These insights 

from computational analyses can be complemented by experi- 

mental protein engineering strategies, combining both ap- 

proaches for further screening and/or affinity maturation of the 

engineered ACE2. 31 It is of note that, to date, all reported strate- 

gies for developing optimized ACE2 mutants have primarily 

focused on enhancing the interaction between ACE2 and 

SARS-CoV-2 RBD. 

In this study, we present an innovative strategy to design and 

develop a universal ACE2 decoy receptor for the neutralization of 

ACE2-associated coronaviruses. Given that both SARS-CoV 

and SARS-CoV-2 utilize ACE2 as their entry point, we first con- 

structed homology models of the native human ACE2-SARS- 

CoV RBD and ACE2-SARS-CoV-2 RBD complexes, modeling 

the single RBD/ACE2 protein complex (one RBD vs. one ACE2) 

in each case. Through in silico site saturation mutagenesis 

(SSM), we predicted key ACE2 residues interacting with the 

RBDs of both coronaviruses. Subsequently, saturation muta- 

genesis was executed for each identified key residue using mo- 

lecular cloning and protein engineering methods. Individual mu- 

tations with increased affinity were identified via kinetic binding 

assessment against SARS-CoV and SARS-CoV-2 RBDs concur- 

rently, and combinations of the mutation were also assessed. 

Here, we report the identification and characterization of the tri- 

ple mutant ACE2-YHA and discuss its potential as a universal 

therapeutics to treat a wide range of ACE2-mediated coronavi- 

rus infections.

RESULTS

Native ACE2–RBD complex structure, organization, and 

interaction surface 

The N-terminal helix of ACE2’s extracellular domain directly con- 

tacts the S protein RBD surface (Figure 1A). High-resolution 

X-ray structures of human ACE2 bound to SARS-CoV/SARS- 

CoV-2 RBD reveal an uneven hydrogen bonding network 

bolstered by few hydrophobic interactions dispersed across 

the interface surface (Figure 1B). More extensive hydrogen 

bonding occurs toward the C-terminus of the N-terminal helix, 

whereas the N-terminus is anchored by a single H-bond only in 

the SARS-CoV-2 ACE2-RBD structure (Figure 1B, bottom left 

and bottom right). The N-terminus of ACE2’s N-terminal helix in- 

teracts with SARS-CoV RBD exclusively via hydrophobic inter- 

action. In both variants, a triad of hydrophobic RBD residues
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(L443, F460, and Y475 in SARS-CoV RBD and F456, Y473, and 

Y489 in SARS-CoV-2 RBD) forms a pocket that is partially filled 

by the γ carbon of ACE2 T27 (Figure 1B). As such, the ACE2 

N-terminus region appears to be weakly bound to the SARS- 

CoV RBD and SARS-CoV-2 RBD, making it an optimal target 

for affinity and kinetics optimization.

Design of high-affinity ACE2 decoys by computational 

prediction 

Our in silico approach of optimizing ACE2–RBD interaction is 

described in Materials and Methods and illustrated in Figure 2. 

Single-site in silico SSM identified six RBD-interacting ACE2 res- 

idues, T27, F28, K31, H34, Y41, and Q42, that increase complex 

stability beyond 10% (Table S1). It has been reported that T27, 

F28, K31, H34, and Y41 are located at the ACE2/RBD interface 

with distances of less than 4 A ˚ for both SARS-CoV and SARS- 

CoV-2, whereas Q42 is involved in polar inter-protein interac- 

tions. 7 A linear increase in the calculated complex stability of 

double, triple, quadruple, and quintuple mutant combinations 

was observed for each additional site evaluated (Table S2). How- 

ever, the absolute stability of a 6-mutant construct consisting of 

all six high-scoring ACE2 sites was computed to be approxi- 

mately 13% and 4% lower than the most stable 5- and 

4-mutant constructs, respectively, suggesting the interface sur- 

face can tolerate a maximum number of changes with diminish- 

ing returns in stability occurring beyond that limit.

Generation and analysis of ACE2 single-residue 

mutation 

We first constructed the recombinant human ACE2-Fc fusion 

protein by fusing the entire ACE2 ectodomain (Q18-S740) to 

the N-terminus of a human IgG1 Fc domain. A prior study 

demonstrated that ACE2-Fc fusion proteins containing full- 

length ACE2 ectodomain is more effective than those containing 

only peptidase domain in blocking viral infection. 13 Concerns 

about the systemic administration of ACE2 includes the potential

influence in the balance of the renin-angiotensin system (RAS), 

which may affect the therapeutic index. To address this, we 

introduced the R273Q/H505L mutation to the enzyme active 

site, which is outside the RBD binding region, to diminish 

ACE2’s catalytic activity. 40 Kinetic binding data showed that 

this mutation did not alter ACE2’s binding affinity to RBD 

(Figure S1). 

To determine whether replacing amino acids at the six identi- 

fied high-scoring ACE2 residue sites could improve ACE2–RBD 

binding affinity, we conducted single-site saturation mutagen- 

esis (excluding mutations to cysteine) employing WT ACE2-Fc 

R273Q/H505L as the template. The ACE2 variants were gener- 

ated using the transient ExpiCHO expression system, and the 

crude supernatant containing ACE2-Fc variants was tested 

directly with biolayer interferometry (BLI) assay for high- 

throughput screening. Prior to the binding assay, the superna- 

tant was examined with SDS-PAGE. Successful expression 

was observed for all mutations at the T27, K31, H34, and Q42 

sites. However, mutations in F28 and Y41 resulted in poor pro- 

tein expression (Figure S2). This outcome suggests that muta- 

tions in F28 and Y41 may compromise the stability of ACE2. 

Notably, a multiple sequence alignment of over 200 ACE2 se- 

quences derived from mammals reveals that F28 and Y41 are 

relatively conserved sites. 35 Given the pivotal role of protein sta- 

bility in ACE2 engineering for therapeutic purposes, it is impor- 

tant to exclude unstable mutation sites in the early stage of se- 

lection. The supernatant obtained from the mock transfection 

lacked detectable ACE2-Fc protein and showed no binding 

signal in the BLI assays. 

Single amino acid alterations in ACE2-Fc that resulted in 

enhanced binding to the RBDs of SARS-CoV and SARS-CoV-2 

were observed in the BLI assays (Figure 3; Table S3). Notably, 

T27 mutations showed a broad-based improvement in RBD 

binding. Among them, T27Y, the second-best variant predicted 

to increase ACE2–RBD complex stability (Table S1), demon- 

strated the highest binding affinity against both SARS-CoV and

Figure 1. Native human ACE2–SARS-CoV/ 

SARS-CoV-2 complex

(A) The extracellular domain of ACE2 shown in 

dark gray is bound to the receptor binding domain 

of SARS-CoV-2 (light gray). Image created from 

PDB: 6M0J. The complex interface is outlined.

(B) (Top) The interface in detail. ACE2/SARS-CoV 

residues are colored red and pink, respectively, 

while ACE2/SARS-CoV-2 residues are presented 

in blue and light blue. Image was created from 

PDB: 2AJF and 6M0J. Key residues that factor 

prominently in in silico SSM analysis are high- 

lighted with bold text. (Bottom left) The native in- 

teractions of ACE2 with SARS-CoV RBD consist 

of weak hydrophobic interactions between ACE2 

T27 and RBD L443, F460, and Y475 and several 

hydrogen bonds formed between the C-terminus 

of ACE2’s N-terminal helix and the RBD. (Bottom 

right) Native interactions of ACE2 bound to SARS- 

CoV-2 RBD are largely similar to those of SARS- 

CoV albeit with a greater number and distribution 

of hydrogen bonds and slightly more satisfied 

hydrophobic interactions between ACE2 T27 and 

RBD F456, Y473, and Y489.
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SARS-CoV-2 RBDs. At the K31 site, mutations improved ACE2 

binding against SARS-CoV RBD but not SARS-CoV-2 RBD. 

The top-performing variants for binding to both RBDs were the 

highest-scoring K31Y in increasing complex stability (Table S1) 

and the K31H that displayed the lowest off rate in SARS-CoV 

RBD binding (Table S3). Regarding the H34 mutation, H34 A/V 

exhibits superior SARS-CoV-2 RBD binding compared to the in 

silico high-scoring H34F, with SARS-CoV binding remaining un- 

changed (Figure 3). Q42 mutations, along with the few success- 

fully expressed F28 and Y41 variants, demonstrated dissociation 

rates near or worse than WT ACE2 and were excluded from the 

multi-mutant analysis. 

In summary, the F28, Y41, and Q42 sites were ruled out due to 

their adverse effects on protein expression and kinetic binding. 

Previous in silico studies indicated that the most significant in 

complex stability occurs between the K31Y-H34F double mutant 

and the Q42K single mutant, allotting an additional 14% increase 

in stability (Tables S1 and S2). Besides, the broad-spectrum po- 

tency was observed at the T27 site in kinetic binding assays, 

which prompts consideration of a T27-K31-H34 triple site 

construct. Given the binding affinity for both SARS-CoV and 

SARS-CoV-2 RBDs, T27Y, K31H/Y, and H34 A/V were selected 

for the multi-mutant analysis.

Triple-mutant combination improves binding affinity for 

SARS-CoV and SARS-CoV-2 

We incorporated the selected single mutants T27Y, K31H/Y, and 

H34 A/V in the ACE2-Fc R273Q/H505L format and generated 

purified triple-mutant ACE2-Fc variants for kinetic binding 

assessment. The results revealed that all triple-mutant combina- 

tions, T27Y/K31H/H34A (YHA), T27Y/K31H/H34V (YHV), T27Y/

K31Y/H34A (YYA), and T27Y/K31Y/H34V (YYV), significantly 

improved ACE2’s binding affinity against both SARS-CoV and 

SARS-CoV-2 RBDs (Figure 4). The optimal variant, ACE2-YHA, 

bound to SARS-CoV RBD and SARS-CoV-2 RBD with KD values 

0.75 nM and 1.69 nM, respectively, which is 55-fold and 11-fold 

reduction compared to the WT ACE2 binding. The K31H muta- 

tion demonstrated superior improvement in binding affinity 

against SARS-CoV RBD compared to K31Y, whereas the 

H34A mutation outperformed H34V in enhancing SARS-CoV-2 

RBD binding in the triple-mutant combination.

Structural basis for improved ACE2-YHA RBD binding 

Figure 5 details the interaction surfaces of the native ACE2- 

SARS-CoV-2 RBD and ACE2-YHA-SARS-CoV-2 RBD com- 

plexes. Space-filling representations illustrate a loose interaction 

between native ACE2 residues and a hydrophobic RBD triad 

formed by residues F456, Y473, and Y489, whereas the H34 

side chain obstructs close hydrophobic association of Y453 

and L455 in the RBD binding loop (Figure 5A). Increased RBD af- 

finity observed in ACE2-YHA binding assays is driven by the 

planar side chains of Y27 and H31, resulting in greater hydropho- 

bic and stacking interactions (Figure 5B). Furthermore, the 

removal of H34’s bulky side chain via mutation to alanine allows 

for tighter association in the YHA triple mutant. 

Structural alignment of the crystal structures of the human 

ACE2-SARS-CoV-2 Delta (B.1.617.2) variant RBD complex 

(PDB: 7W9I) and the equine ACE2-SARS-CoV-2 Omicron BA.1 

(B.1.1.529.1) variant RBD complex (PDB: 7XBY) with the 

ACE2-YHA-WT SARS-CoV-2 RBD model reveals a highly 

consistent ACE2-RBD contact surface, particularly around the 

ACE2 N-terminal region, where the effects of amino acid

Figure 2. In silico SSM protocol

Flow chart detailing the in silico SSM pipeline described in the Materials and Methods. The modeling step (via SWISS-MODEL) is show in red, all steps requiring 

the FoldX 5.0 suite are blue, and in-house scripting and analysis steps are green.
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Figure 3. Kinetic binding of ACE2 single mutants

Binding and dissociation of ACE2 mutant variants to and 

from immobilized SARS-CoV and SARS-CoV-2 RBDs by 

BLI. The supernatant of ExpiCHOs transiently expressing 

ACE2-Fc variants was used directly for the binding test. 

Selected variants for further study were shown in solid 

line, and the top variants from the in silico approach were 

shown in dashed lines. No accurate KD for crude super- 

natant test as the protein concentration is unknown. See 

also Table S3.
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substitutions were examined (Figures 1B and S3). 41,42 Notably, 

both variants exhibit precisely the same RBD residues that adopt 

rotameric conformations nearly identical to those of the WT RBD, 

suggesting that the ACE2-YHA-variant RBD interactions are 

likely to be highly similar, if not identical, to those observed in 

the WT structure (Figures 1B and S3). 41,42

Neutralization of SARS-CoV and SARS-CoV-2 variants by 

ACE2 decoys 

The neutralizing potential of purified ACE2-Fc variants against 

pseudotyped SARS-CoV and SARS-CoV-2 viruses was as- 

sessed. The engineered Chinese hamster ovary (CHO) cells ex- 

pressing human ACE2 served as the target cells for viral entry. In 

general, the binding affinity of the ACE2-Fc variants exhibited a 

correlation with their neutralization potency. Although the three

Figure 4. ACE2 triple mutant affinity mea- 

surement against MBP-SARS-CoV RBD 

and MBP-SARS-CoV-2 RBD

Binding affinity of ACE2-Fc triple mutant and wild- 

type ACE2 to SARS-CoV and SARS-CoV-2 spike 

RBD proteins was measured by BLI assay. All the 

variants and the wild-type (WT) ACE2 shown here 

have R273Q/H505L mutation in ACE2. Immobi- 

lized ACE2-Fc binding to the RBDs was tested 

using a range of MBP-RBD concentrations from 

200 nM to 3,125 nM (in 2-fold dilution).

single-mutant ACE2-Fc variants and the 

WT ACE2-Fc showed the ability to 

neutralize the pseudotyped viruses, their 

effectiveness varied across different 

SARS-CoV-2 variants (Figures 6A and 

6B). ACE2-YHA consistently maintained 

high neutralizing potency against a broad 

spectrum of SARS-CoV-2 variants and 

SARS-CoV, with IC50 ranging from dou- 

ble-digit pM to sub-nM in most instances 

(Figures 6B and 6C). Particularly note- 

worthy was its significantly improved 

efficacy against SARS-CoV and some 

SARS-CoV-2 variants, such as E406W, 

E406W/D614G, and F486A, showcasing 

nearly a 10-fold reduction in IC50 

compared to WT ACE2. 

In a previous study, we developed an 

anti- SARS-CoV-2 RBD antibody 5A6, 

which exhibited robust neutralizing activ- 

ity against pseudotyped and authentic 

SARS-CoV-2 viruses. 4 However, certain 

SARS-CoV-2 variants demonstrated 

resistance to 5A6 IgG (Figure 6B). On 

the other hand, ACE2-YHA consistently 

outperformed WT ACE2 in neutralizing 

all tested pseudoviruses, even though it 

might not reach the potency of 5A6 in 

certain scenarios. We further tested 

ACE2-YHA against recent Omicron vari- 

ants, including the recombinant XBB lineage. These tests re- 

vealed that ACE2-YHA effectively neutralizes the pseudoviruses 

of the currently circulating Omicron variants (Figure 6C).

ACE2-YHA demonstrates high-affinity binding to bat 

coronaviruses 

We further tested the binding affinity of ACE2-YHA across five 

bat SARS-like coronavirus strains: LYRa11, Rs4084, Rs4231, 

Rs7327, and RsSCH014. The RBD sequences of LYRa11 and 

Rs7327 closely resemble that of SARS-CoV, 43,44 whereas 

Rs4231, RsSHC014, and Rs4084 exhibited more genetic differ- 

ences from SARS-CoV in the RBD region. 44 Notably, pseudo- 

typed viruses expressing the spikes of Rs7327, Rs4231, and 

RsSHC014 could be replicated in human ACE2-expressing 

cells. 44,45 For the kinetic binding assay, we produced the
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RBDs of these coronaviruses fused to the C-terminal of MBP 

proteins. ACE2-YHA showed a 1.9- to 2.7-fold improvement in 

binding affinity compared to WT ACE2 (Table 1). Previous 

studies have demonstrated that recombinant WT ACE2 can 

block the cell entry of pseudotyped viruses of these five 

strains. 46 This suggests that our engineered ACE2-YHA, with 

its enhanced binding affinity, is poised to exert cross-CoV 

neutralizing effects.

ACE2-YHA fully neutralizes SARS-CoV-2 infection in 

human airway epithelia 

To further assess the antiviral potential of ACE2-YHA, we finally 

evaluated its capacity to halt infection by two clinically relevant 

and antigenically distant SARS-CoV-2 viruses, namely Delta 

(B.1.617.2) and Omicron (BA.5), in live virus assays using a re- 

constituted human airway epithelium (HAE) model. The predic- 

tive value of this model for the evaluation of antiviral candidates 

has been extensively described by our team and others. 47,48 

B.1.617.2 or BA.5 SARS-CoV-2 viruses were preincubated for 

60 min with 250 ng/mL of ACE2-WT or ACE2-YHA decoys before 

infection of MucilAir nasal HAE. Viral replication and tissue integ- 

rity were monitored daily by RT-qPCR and transepithelial electri- 

cal resistance (TEER), respectively, and compared to those of 

untreated controls. Infection resulted in high viral replication in 

the untreated control groups for both variants, with median api- 

cal viral titers of 9.16 x 10 5 , 9.12 x 10 6 , and 6.76 x 10 6 viral 

genome copies/mL at 24, 48, and 72 h post-infection (hpi) for 

B.1.617.2 and 1.95 x 10 6 , 3.33 x 10 7 , and 1.48 x 10 7 viral genome 

copies/mL for BA.5, respectively (Figures 7A and 7B). As ex- 

pected, infection also negatively impacted the barrier function 

of the HAE, as shown by a marked drop in TEER values at 

72 hpi for both viruses that already started at 48 hpi in 

the case of BA.5 (Figures 7C and 7D). Treatment with ACE2- 

WT did not confer any apparent benefit compared to the un- 

treated controls, showing comparable median apical viral titers 

and the same TEER profile. Conversely, treatment with ACE2- 

YHA significantly neutralized SARS-CoV-2 infection, inducing

Figure 5. ACE2/RBD interaction surface

(A) A space-filling view of native ACE2 interactions 

with SARS-COV-2 RBD. WT ACE2 residues T27/ 

K31/H34 are shown in dark gray, and the SARS- 

CoV-2 RBD residues are shown in light gray.

(B) Interactions of the YHA triple mutants (residues 

shown in green) with the SARS-CoV-2 RBD. The 

red and blue dots represent oxygen and nitrogen, 

respectively.

>2.5 log10 and >3.5 log10 reductions 

on B.1.617.2 and BA.5 median apical viral 

genome copies/mL at 24 hpi, respec- 

tively. This neutralizing effect was further 

amplified to >5 log10 at 48 and 72 hpi, 

with all B.1.617.2 replicates and two out 

of four BA.5 replicates falling below the 

limit of quantification. Accordingly, the 

strong inhibition of SARS-CoV-2 infection 

by ACE2-YHA treatment also resulted in 

the protection of the airway epithelium integrity, as showed by 

the conservation of TEER values all throughout the viral infection 

kinetics. Altogether, these results demonstrate the capacity of 

engineered ACE2-YHA decoys to broadly neutralize antigeni- 

cally distant SARS-CoV-2 viruses in the human airway 

epithelium.

DISCUSSION

In our pursuit to enhance human ACE2’s neutralizing capability 

against a spectrum of ACE2-using coronaviruses, we employed 

a homology model of ACE2–SARS-CoV RBD/SARS-CoV-2 

RBD complex. Through in silico SSM, we predicted critical 

ACE2-RBD interacting residues. Subsequently, we validated 

these predictions through experiments to assess the binding 

affinities of ACE2 mutants against SARS-CoV and SARS- 

CoV-2 RBDs in parallel. This comprehensive approach allowed 

us to identify optimal amino acid replacements for ACE2 

engineering. 

Achieving cross-species neutralization breadth requires the 

consideration of the diversity in how different coronaviruses 

engage ACE2. Despite the close phylogenetic relationship be- 

tween SARS-CoV and SARS-CoV-2, their RBDs exhibit only 

74% amino acid sequence identity. 49,50 Notably, SARS-CoV-2 

RBD demonstrates higher hACE2 binding affinity than SARS- 

CoV RBD. 51 Our study revealed that certain single ACE2 muta- 

tions improved SARS-CoV RBD binding but adversely affected 

SARS-CoV-2 RBD binding and vice versa (Table S3). For 

instance, the K31H mutation favored SARS-CoV RBD binding, 

whereas the H34 mutants exhibited superior binding with 

SARS-CoV-2 RBD but not SARS-CoV (Figure 3). We opted for 

K31H as it offers a more comprehensive binding profile due to 

its strengthened engagement with SARS-CoV, compared to var- 

iants such as K31N, K31M, K31F, or K31W that were identified in 

studies focusing on SARS-CoV-2 engagement. 15,31,36,39,52–54 

Our approach underscores the importance of considering 

RBDs from different coronaviruses to achieve an optimal
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combination of amino acid replacement for designing a potent 

ACE2 universal decoy. By combining the optimal single muta- 

tions, we identified a triple-mutant ACE2, ACE2-YHA, which ex- 

hibited significantly improved RBD binding affinity to both SARS- 

CoV and SARS-CoV-2. Importantly, ACE2-YHA demonstrated 

cross-CoV binding activities beyond SARS-CoV and SARS- 

CoV-2, showcasing its potential as a versatile therapeutic candi- 

date for fast responses against emerging outbreaks and pan- 

demics. To provide a comprehensive overview of previously 

investigated ACE2 mutants and their binding and neutralization 

properties, Table 2 compares the mutants from the literature 

with our ACE2-YHA.

Figure 6. Neutralization of SARS-CoV and 

SARS-CoV-2 pseudoviruses

(A and B) Infection of CHO-ACE2 cells by SARS- 

CoVs pseudoviruses were determined in the 

presence of ACE2 variants. Luciferase activities in 

the CHO-ACE2 cells were measured, and the 

percent neutralization was calculated. The 

neutralization curves of some test results are 

shown in (A) to exhibit the dose-dependent 

neutralization of ACE2-Fc variants. Data are pre- 

sented as mean ± SD in duplicates and are 

representative of two independent experiments. 

The IC50 was calculated by a variable slope four- 

parameter non-linear regression model using 

Graphpad PRISM 7 Software. Average IC50 of 

ACE2 mutant variants against WT SARS-CoV, WT 

SARS-CoV-2, and 31 variants of SARS-CoV-2 

from two independent experiments are shown in 

(B). The dot line showed the limitation of detection 

(no neutralization). 

(C) Neutralization of pseudoviruses representing 

various recent Omicron lineage variants of SARS- 

CoV-2. Average IC50 of ACE2-WT and ACE2-YHA 

are shown against WT SARS-CoV-2 and 14 Omi- 

cron variants from two independent experiments. 

All the ACE2 variants and ACE2-WT shown here 

have R273Q/H505L mutation in ACE2.

Several studies have employed 3D 

computational modeling of the SARS- 

CoV-2 spike RBD and ACE2 receptor 

complex to investigate how RBD muta- 

tions affect ACE2 binding, enhancing our 

understanding of the viral infectivity of 

SARS-CoV-2 variants of concern and 

predicting the binding affinity of neutral- 

izing antibodies. 16,62,63 In contrast, other 

works, including ours, leverage this 

modeling approach alongside alternative 

strategies to identify key interface resi- 

dues in ACE2 and predict mutations that

may enhance its binding to the SARS- 

CoV-2 spike RBD 31,35,55,61,64 (Table 2).

Our in silico analysis successfully discov- 

ered key residues—T27, K31, and H34— 

that are critical for high RBD-ACE2 bind- 

ing affinity, a finding supported by our 

in vitro SSM. The highest affinity ACE2 mutant predicted by in sil- 

ico mutagenesis was T27F-K31Y-H34F, which showed the great- 

est increase in complex stability compared to WT ACE2 

(Table S2). Although the sequences differ, the amino acid substi- 

tutions of the best in vitro mutant, T27Y-K31H-H34A, share similar 

physicochemical properties (e.g., steric bulk, planarity, and hy- 

drophobicity) with those of the highest-performing in silico model 

(Figure S4). The positions of ACE2 residues identified by our 

computational model were validated through targeted in vitro 

SSM, demonstrating the potential of our approach in narrowing 

down critical residues and streamlining the experimental process. 

Discrepancies between the computational and the in vitro results
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suggest there are limitations in the FoldX force field that do not 

sufficiently capture in vitro protein dynamics and binding kinetics. 

Our computational predictions are based on in situ protein com- 

plexes, which do not account for the kinetics and thermody- 

namics of complex formation, both at protein contact surfaces 

and allosteric sites. These dynamic factors influence binding 

affinity in experimental settings, underscoring the importance of 

experimental validation to capture the full spectrum of physico- 

chemical and biological phenomena that govern protein 

stability and binding. By incorporating experimental data into 

the computational model, we may further refine predictions of 

key residues for designing ACE2 decoys that target a broader

range of ACE2-utilizing coronaviruses, leveraging AI in drug 

discovery. 

Our in silico modeling and experimental assessments of 

binding affinity were performed on a 1:1 interaction between 

RBDs and ACE2. However, the spike protein on the virus is 

trimeric, enabling multiple interactions with ACE2 receptors. 

Each of the three RBDs in the spike trimer can bind ACE2 

independently, 31 and two trimeric spike proteins can simulta- 

neously bind to an ACE2 homodimer. 16 Although native 

ACE2 is typically considered a monomeric receptor on the 

host cell surface, it may form dimers through its collectrin- 

like domain. 16 Therefore, the ACE2-Fc dimer could potentially

Table 1. ACE2 triple mutant affinity measurement against bat CoV RBDs

Antigen

ACE2-YHA-Fc WT ACE2-Fc

KD (nM) Kon (1/Ms) koff (1/s) KD (nM) Kon (1/Ms) Koff (1/s)

MBP-LYRa11-RB 5.95 1.15E+06 6.85E-03 11.1 8.75E+05 9.72E-03

MBP-Rs4084-RBD 9.38 9.35E+05 8.77E-03 23.3 4.22E+05 9.83E-03

MBP-Rs4231-RBD 8.69 1.20E+06 1.04E-02 20.8 4.46E+05 9.26E-03

MBP-Rs7327-RBD 7.94 1.24E+06 9.86E-03 21.8 6.40E+05 1.40E-02

MBP-RsSCH014-RBD 9.25 1.11E+06 1.03E-02 24.2 4.23E+05 1.02E-02

MBP-SARS-CoV RBD 0.754 6.58E+05 4.96E-04 41.3 4.70E+05 1.95E-02

MBP-SARS-CoV-2 RBD 1.65 4.78E+05 7.90E-04 24.4 3.12E+05 7.62E-03

Figure 7. Engineered ACE2-YHA decoy protects human airway epithelium from infection with antigenically distant SARS-CoV-2 viruses

MucilAir nasal HAE were infected with B.1.617.2 (MOI 0.01) or BA.5 (MOI 0.001) SARS-CoV-2 viruses previously preincubated for 60 min with 250 ng/mL of ACE2- 

WT or ACE2-YHA decoys. 

(A and B) Relative apical viral titers as determined by RT-qPCR and expressed in fold change of nsp14 copies compared to the infected untreated control (CTL, 

dotted line). 

(C and D) Transepithelial electrical resistance (TEER) between the apical and basal poles of the HAE. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate statistically 

significant differences in viral load between groups, determined by two-way analysis of variance (ANOVA) with Bonferroni post-test, performed using Graphpad 

PRISM 7 Software. Data are presented as median with range, based on four biological replicates per treatment condition (n = 4) and three replicates for the mock 

controls (n = 3). Each replicate corresponds to a single individual Transwell insert.
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mimic the interactions between the ACE2 dimer and the spike 

protein. A study examining binding interactions between 

different multimeric forms of Spike-RBD and ACE2 revealed 

that although both ACE2 monomers and ACE2-Fc dimers 

can bind the isolated Spike-RBD, only the ACE2-Fc dimer 

binds tightly to the trimeric spike ectodomain and is more 

effective at neutralizing the virus. 65 This suggests that the 

ACE2-Fc dimer’s higher intramolecular avidity enhances its 

binding affinity and makes it a more effective design than 

the monomer for blocking spike RBD’s interactions with native 

ACE2. Additionally, the RBD in the spike’s S1 subunit exists in 

two states: an inactive ‘‘down’’ state and an active ‘‘up’’ state, 

with only the ‘‘up’’ state capable of binding to ACE2. The spike 

protein typically has one RBD in the ‘‘up’’ state and two in the 

‘‘down’’ state. The aforementioned study showed that a single 

spike protein can interact with multiple ACE2-Fc dimers simul- 

taneously, suggesting that more than one RBD can adopt the 

‘‘up’’ state, allowing multiple ACE2-Fc molecules to bind a sin- 

gle spike. 65 

Looking ahead, our strategy can be extended to include more 

coronaviruses known to use hACE2 as an entry receptor, such 

as the human alphacoronavirus NL63, thereby further broadening 

the binding breadth of the ACE2 decoy. This approach could be 

adopted to design decoys against other viruses such as Mpox, 

influenza, HIV, and Ebola. Moreover, recent advancements in 

novel ACE2 decoy formats, such as the immunoglobulin M 

(IgM)-like inhalable molecule HH-120, 66 hold promise for improved 

neutralization activity. Such formats can be integrated into our uni- 

versal decoy for enhanced efficacy, representing a valuable 

avenue for future research and therapeutic development.

Limitations of the study 

In this study, we focused solely on the interactions between 

ACE2 and SARS-CoV, as well as ACE2 and SARS-CoV-2, to pre- 

dict and identify key ACE2-RBD interacting residues and muta- 

tions that could enhance the binding affinity of the ACE2 decoy. 

As a result, the improvements in affinity and neutralization may 

not apply to all ACE2-utilizing coronaviruses. To address this lim- 

itation, our approach could be expanded to include additional 

coronaviruses that use hACE2 as an entry receptor, such as 

the human alphacoronavirus NL63, thereby further broadening 

the binding spectrum of the ACE2 decoy.
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39. Kö chl, K., Schopper, T., Durmaz, V., Parigger, L., Singh, A., Krassnigg, A., 

Cespugli, M., Wu, W., Yang, X., Zhang, Y., et al. (2023). Optimizing variant- 

specific therapeutic SARS-CoV-2 decoys using deep-learning-guided 

molecular dynamics simulations. Sci. Rep. 13, 774. https://doi.org/10. 

1038/s41598-023-27636-x.

40. Guy, J.L., Jackson, R.M., Jensen, H.A., Hooper, N.M., and Turner, A.J. 

(2005). Identification of critical active-site residues in angiotensin-convert- 

ing enzyme-2 (ACE2) by site-directed mutagenesis. FEBS J. 272, 3512– 

3520. https://doi.org/10.1111/j.1742-4658.2005.04756.x.

41. Wang, Y., Liu, C., Zhang, C., Wang, Y., Hong, Q., Xu, S., Li, Z., Yang, Y., 

Huang, Z., and Cong, Y. (2022). Structural basis for SARS-CoV-2 Delta 

variant recognition of ACE2 receptor and broadly neutralizing antibodies. 

Nat. Commun. 13, 871. https://doi.org/10.1038/s41467-022-28528-w.

42. Xu, Z., Kang, X., Han, P., Du, P., Li, L., Zheng, A., Deng, C., Qi, J., Zhao, X., 

Wang, Q., et al. (2022). Binding and structural basis of equine ACE2 to 

RBDs from SARS-CoV, SARS-CoV-2 and related coronaviruses. Nat. 

Commun. 13, 3547. https://doi.org/10.1038/s41467-022-31276-6.

43. He, B., Zhang, Y., Xu, L., Yang, W., Yang, F., Feng, Y., Xia, L., Zhou, J., 

Zhen, W., Feng, Y., et al. (2014). Identification of diverse alphacoronavi- 

ruses and genomic characterization of a novel severe acute respiratory

syndrome-like coronavirus from bats in China. J. Virol. 88, 7070–7082. 

https://doi.org/10.1128/jvi.00631-14.

44. Hu, B., Zeng, L.P., Yang, X.L., Ge, X.Y., Zhang, W., Li, B., Xie, J.Z., Shen, X. 

R., Zhang, Y.Z., Wang, N., et al. (2017). Discovery of a rich gene pool of bat 

SARS-related coronaviruses provides new insights into the origin of SARS 

coronavirus. PLoS Pathog. 13, e1006698. https://doi.org/10.1371/journal. 

ppat.1006698.

45. Menachery, V.D., Yount, B.L., Jr., Debbink, K., Agnihothram, S., Gralinski, 

L.E., Plante, J.A., Graham, R.L., Scobey, T., Ge, X.Y., Donaldson, E.F., 

et al. (2015). A SARS-like cluster of circulating bat coronaviruses shows 

potential for human emergence. Nat. Med. 21, 1508–1513. https://doi. 

org/10.1038/nm.3985.

46. Tada, T., Fan, C., Chen, J.S., Kaur, R., Stapleford, K.A., Gristick, H., 

Dcosta, B.M., Wilen, C.B., Nimigean, C.M., and Landau, N.R. (2020). An 

ACE2 Microbody Containing a Single Immunoglobulin Fc Domain Is a 

Potent Inhibitor of SARS-CoV-2. Cell Rep. 33, 108528. https://doi.org/ 

10.1016/j.celrep.2020.108528.

47. Pizzorno, A., Padey, B., Julien, T., Trouillet-Assant, S., Traversier, A., Erra- 

zuriz-Cerda, E., Fouret, J., Dubois, J., Gaymard, A., Lescure, F.X., et al. 

(2020). Characterization and Treatment of SARS-CoV-2 in Nasal and Bron- 

chial Human Airway Epithelia. Cell Rep. Med. 1, 100059. https://doi.org/ 

10.1016/j.xcrm.2020.100059.

48. Maisonnasse, P., Guedj, J., Contreras, V., Behillil, S., Solas, C., Marlin, R., 

Naninck, T., Pizzorno, A., Lemaitre, J., Gonç alves, A., et al. (2020). Hydrox- 
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti- SARS-CoV-2 RBD 5A6 IgG Laboratory of Cheng-I Wang N/A

Bacterial and virus strains

SARS-CoV-2 Delta (B.1.617.2) Laboratory of Andrés Pizzorno EPI_ISL_7360393

SARS-CoV-2 Omicron (BA.5) Laboratory of Andrés Pizzorno EPI_ISL_15902382

Chemicals, peptides, and recombinant proteins

ACE2-WT Laboratory of Cheng-I Wang N/A

ACE2-T27Y Laboratory of Cheng-I Wang N/A

ACE2-K31H Laboratory of Cheng-I Wang N/A

ACE2-H34A Laboratory of Cheng-I Wang N/A

ACE2-YHA Laboratory of Cheng-I Wang N/A

ACE2-YHV Laboratory of Cheng-I Wang N/A

ACE2-YYA Laboratory of Cheng-I Wang N/A

ACE2-YYV Laboratory of Cheng-I Wang N/A

MBP-LYRa11-RBD Laboratory of Cheng-I Wang N/A

MBP-Rs4084-RBD Laboratory of Cheng-I Wang N/A

MBP-Rs4231-RBD Laboratory of Cheng-I Wang N/A

MBP-Rs7327-RBD Laboratory of Cheng-I Wang N/A

MBP-RsSCH014-RBD Laboratory of Cheng-I Wang N/A

MBP- SARS-CoV RBD Laboratory of Cheng-I Wang N/A

MBP- SARS-CoV-2 RBD Laboratory of Cheng-I Wang N/A

PrimeSTAR Max DNA Polymerase 

PCR master mix

TaKaRa Cat# R047A

QuikChange Lightning Multi 

Site-Directed Mutagenesis Kit

Agilent Cat# 210513

OptiPrep (60% [wt/vol] iodixanol) STEMCELL Technologies Cat# 07820

Lipofectamine 2000 

Transfection Reagent

Invitrogen Cat# 11668-019

Dulbecco’s modified Eagle’s medium Hyclone Cat# SH30022.01

Fetal Bovine Serum (FBS) GIBCO Cat# 10270-106

Penicillin-Streptomycin GIBCO Cat# 15140-122

MEM Non-Essential 

Amino Acids Solution

GIBCO Cat# 11140-050

Geneticin Selective 

Antibiotic (G418 Sulfate)

GIBCO Cat# 10131-027

StemProTM AccutaseTM 

Cell Dissociation Reagent

GIBCO Cat# A1110501

Critical commercial assays

Lenti-X p24 rapid titer kit Takara Bio Cat# 632500

Luciferase Assay System Promega Cat# E1510

Experimental models: Cell lines

ExpiCHO-S Thermo Fisher Scientific Cat# A29127

293T ATCC CRL-3216

CHO-ACE2 Laboratory of Yee-Joo Tan Ng et al. 67

MucilAir TM HAE Epithelix SARL MP0011

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cells 

The human embryonic kidney epithelial cell 293T (ATCC, CRL-3216) was cultured in Dulbecco’s modified Eagle’s medium (Hyclone, 

SH30022.01) supplemented with 10% heat-inactivated FBS (Gibco, 10270-106). A stable cell line expressing human ACE2, CHO- 

ACE2 (a kind gift from Professor Yee-Joo Tan, IMCB, A*STAR), 68 was maintained in Dulbecco’s modified Eagle’s medium supple- 

mented with 10% heat-inactivated FBS, 1% MEM Non-Essential Amino Acids Solution (Gibco, 11140-050) and 0.5 mg/mL of 

GeneticinTM Selective Antibiotic (Gibco, 10131-027). Every 2–3 days, cells were passaged by dissociating the cells with StemPro 

Accutase Cell Dissociation Reagent (Gibco, A1110501).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

Plasmid: pTT5 National Research Council of Canada N/A

Plasmid: pcDNA3-LYRa11-RBD-8h Addgene Plasmid #161822

Plasmid: pcDNA3-Rs7327-RBD-8h Addgene Plasmid #161823

Plasmid: pcDNA3-Rs4231-RBD-8h Addgene Plasmid #161824

Plasmid: pcDNA3-Rs4084-RBD-8h Addgene Plasmid #161825

Plasmid: pcDNA3-RsSHC014-RBD-8h Addgene Plasmid #161826

Plasmid: pMDLg/pRRE Addgene Plasmid #12251

Plasmid: pRSV-Rev Addgene Plasmid #12253

Plasmid: pHIV-Luc-ZsGreen Addgene Plasmid #39196

Plasmid: pTT5LnX-coV-SP (codon optimized 

S gene of SARS-CoV-2, GenBank: 

YP_009724390.1)

DSO National Laboratories N/A

Plasmid: pXJ3 ′ -S (SARS-CoV spike 

protein from HKU39849 strain)

Professor Yee-Joo Tan Ng et al. 68

Software and algorithms

SWISS-MODEL protein structure 

homology modeling server

SWISS-MODEL https://swissmodel.expasy.org

H++ server (version 3.0) Gordon et al. 69

CHARMM36 force field Vanommeslaeghe et al. 70

GROMACS 2019.3 GROMACS https://manual.gromacs.org/documentation/

2019.3/user-guide/index.html

FoldX 5.0 FoldX https://foldxsuite.crg.eu/

GraphPad Prism version 7.03 GraphPad https://www.graphpad.com/; RRID: SCR_002798

Octet System Data Acquisition 

Software version 9.0.0.4.

ForteBio N/A

Other

10MWCO Vivaspin 20 Sartorius Cat# VS2002

Protein G resin Merck Millipore Cat# 16-266

Ni-NTA agarose Qiagen Cat# 30210

SARS-CoV-2 Delta S-RBD-ACE2 Protein DataBank PDB: 7W9I

The crystal structure of SARS-CoV-2 

Omicron BA.1 variant RBD in 

complex with equine ACE2

Protein DataBank PDB: 7XBY

Structure of SARS coronavirus spike 

receptor-binding domain 

complexed with its receptor

Protein DataBank PDB: 2AJF

Crystal structure of SARS-CoV-2 spike 

receptor-binding domain bound with ACE2

Protein DataBank PDB: 6M0J
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Human airway epithelia (HAE) 

MucilAir HAE reconstituted from human primary cells isolated and differentiated from nasal biopsies from a pool of 14 healthy donors 

(pool ref: MP0011) were provided by Epithelix SARL (Geneva, Switzerland) and maintained in air-liquid interphase with specific cul- 

ture medium in Costar Transwell inserts (Corning, NY, USA), according to the manufacturer’s instructions. 

Unless otherwise stated, experiments using HAE were conducted in 4 biological replicates per treatment condition and 3 for 

mocks, each one in individual Transwell inserts. Samples were allocated to experimental groups based on treatment conditions 

and processed in parallel. No formal randomization was applied, as all samples were derived from the same donor pool batch 

and processed under identical conditions. Operators were blinded from group allocation during viral quantification.

METHOD DETAILS

ACE2–RBD complex homology modeling 

We obtained structural models of the ACE2–RBD complex using the SWISS-MODEL protein structure homology modeling server 

(https://swissmodel.expasy.org), which helped model the missing residues 376–381 not present in structure PDB ID 2AJF 17 for 

the SARS-CoV RBD, and residues 319–332 and 527–541 not present in structure PDB ID 6M0J 28 for the SARS-CoV-2 RBD. Human 

ACE2 and SARS-CoV/SARS-CoV-2 RBD sequences were provided as targets for the initial template search. Templates derived from 

protein crystal structures of RBD-bound ACE2 complexes were filtered based on their global model quality estimate and selected for 

model building. We then prepared these models for in silico site saturation mutagenesis (SSM).

ACE2–RBD complex parametrization and equilibration 

Protein complex models were submitted to the H++ server (version 3.0) to determine histidine residue protonation states at neutral 

pH. 69 All other ionizable residues were set to their default charged state. Protein complex parameters were derived using the 

CHARMM36 force field. 70 We solvated systems in 0.15 M sodium chloride solution containing approximately 77,000 TIP3P water 

molecules. Solvation resulted in cubic boxes of approximately 13.5 × 13.5 × 13.5 nm. Subsequent equilibration of ACE2–RBD com- 

plexes was achieved by performing 5000 steps of steepest descent minimization followed by 200 ps NpT ensemble simulations with 

gradually decreasing position restraints on protein heavy atoms. An isotropic Berendsen barostat maintained a pressure of 1 atm, 

using a coupling constant τ of 2.0 ps. All simulation steps were performed using GROMACS 2019.3. Electrostatic interactions 

were described using particle mesh Ewald. 71 van der Waals and Ewald cut-offs were set to 1.2 nm. Bonds to hydrogen atoms 

were constrained with the LINCS algorithm, allowing an integration time step of 2 fs. Temperature was controlled for distinct coupling 

groups of solvent and solute using separate v-rescale thermostats 72 at 303.15 K, using a coupling constant τ of 1 ps.

In silico optimization of ACE2–RBD interaction 

We processed equilibrated systems using FoldX 5.0’s RepairPDB and Optimize routines before quantifying ACE2–RBD interaction 

energies. 67,73 These steps were performed to acclimate protein complexes within the FoldX force field and repair any remaining 

structural defects, i.e., specific residues with outlying torsion angles, significant clashes, and appreciable van der Waals strain. 

We then employed the AnalyzeComplex program to determine interacting ACE2 and RBD residues in native complex models. 

The list of ACE2 interface residues generated by AnalyzeComplex was fed into FoldX’s BuildModel routine to perform in silico 

SSM resulting in approximately 800 single mutant ACE2–RBD models. We then used AnalyzeComplex again to assess the energetic 

contribution of single point mutations to protein complex stability by calculating the total free energy of ACE2–RBD interaction for 

each model. The free energy value for a given ACE2 residue mutated to itself was used as a baseline to calculate ΔΔGs resulting 

from all other point mutations at a specific site for the remaining 19 mutant complex models. This procedure allowed us to assess 

the effect of a single mutation on complex stability as the percentage change in interaction energy relative to baseline. We considered 

residue positions where mutations elicited a ≥10% increase in complex stability as high priority and ranked the mutations at these 

sites by magnitude. High scoring residue sites common to both models were collated and all possible permutations (2–6 simulta- 

neous mutations) were used to generate multi-mutant models. We repeated the analysis process for the multi-mutant models and 

assessed their significance accordingly. The combination of residue positions from multi-mutant models yielding the largest increase 

in complex stability were the focus of in vitro SSM.

ACE2 mutant generation and high throughput screening 

The ACE2-Fc variants with single mutation in the six predicted residue sites were constructed using two methods. The first method is 

linear DNA synthesis. A pTT5 vector (National Research Council of Canada) was constructed to contain the 5 ′ -end protecting region, 

OriP, CMV promoter, signal peptide, wild-type ACE2-Fc gene, terminator, and 3 ′ -end protecting region. The PrimeSTAR Max DNA 

Polymerase PCR master mix (TaKaRa) was used for PCR. DNA fragment A containing the 5 ′ -end protecting region, OriP, CMV pro- 

moter, and signal peptide, and DNA fragment B containing the ACE2-Fc variants, terminator, and the 3 ′ -end protecting region, were 

obtained from PCR using the constructed pTT5 vector as template. Site-saturation mutagenesis (SSM) was achieved by using the 

individual PCR primers which encode the 18 substitute amino acids (excluding Cysteine) at each position, respectively, when ampli- 

fying the fragment B. The assembled fragments were amplified again to obtain the complete linear PCR products for direct Expi-CHO 

transfection. The second method is to construct a similar pTT5-ACE2-Fc plasmid without OriP and introduce the ACE2 mutations by
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using degenerate primers (NNK) for site-directed mutagenesis (QuikChange Lightning Multi Site-Directed Mutagenesis Kit, Agilent). 

DNA (plasmid or PCR fragment) was used to transfect Expi-CHO cells in 24-well plates. After 8-day expression, the supernatant was 

collected for the RBD binding test using BioLayer Interferometry (BLI) assay. For each batch of expression, WT ACE2 was included as 

positive control, and the mock transfection was done as negative control.

Recombinant protein production 

The engineered ACE2-Fc constructs in the pTT5 vector (National Research Council of Canada) were expressed using ExpiCHO 

expression system (Thermo Fisher Scientific) with transient transfection. Eight days after transfection, ExpiCHO-S cell suspension 

was centrifuged for 10 min at 2000 rpm and filtered with 0.22 μm filter to remove the cells and debris. The engineered ACE2s 

were then purified from the culture supernatant using Protein G resin (Merck Millipore) following the manufacturer’s instructions. After 

elution, the purified recombinant proteins were dialyzed at 4 ◦ C for 4–20 h against 1x PBS, for 3 times and concentrated to 1–2 mg/mL 

using 10MWCO Vivaspin 20 (Sartorius). 

The RBDs of SARS-CoV, SARS-CoV-2, and five SARS-like CoVs from Rhinolophus bat species (isolates LYRa11, Rs4084, Rs4231, 

Rs7327, RsSHC014, plasmids obtained from Addgene, ID 161822–161826) 33 were constructed in the pTT5 vector. To enhance the 

RBD production, Maltose binding protein (MBP) was added to the N-terminal of RBD, 33 following a His-tag and followed by a TEV 

cleavage site before the RBD constructs. The fusion proteins were expressed in ExpiCHO system as described above and purified 

using Ni-NTA agarose (Qiagen) following the manufacturer’s instructions. After elution, the purified recombinant proteins were dia- 

lyzed at 4 ◦ C for 4–20 h against 1x PBS for 3 times and concentrated to 1–2 mg/mL using 10MWCO Vivaspin 20 (Sartorius).

Affinity measurement by BioLayer interferometry (BLI) 

Binding affinity of the ACE2-containing supernatant or purified ACE2 variants to RBDs was measured on the Octet96Red system 

(ForteBio). Anti-human IgG Fc (AHC) sensors were first loaded with neat supernatant or 1 μg/mL of purified ACE2 mutant for 

10 min, followed by kinetics buffer (phosphate-buffered saline buffer supplemented with 0.1% Tween 20 and 0.1% BSA) 

for 5 min to establish a stable baseline. The sensors were then dipped into RBDs from 200 nM to 3.125 nM in 2-fold dilutions for 

6 min for testing the purified ACE2s (200 nM RBDs for testing the ACE2s in supernatant), and then in kinetics buffer again for 

10 min to measure association and dissociation. Assays were run at 25 ◦ C and data was analyzed on the Octet System Data Acqui- 

sition Software version 9.0.0.4. using the 1:1 Langmuir binding model.

Generation of pseudovirus particles expressing SARS-CoV-2 spike glycoprotein 

Pseudotyped viral particles expressing SARS-CoV-2 or SARS-CoV spike proteins were produced by transfecting of 30 million 293T 

cells with 12 μg pMDLg/pRRE (Addgene #12251), 6 μg pRSV-Rev (Addgene #12253), 24 μg pHIV-Luc-ZsGreen (Addgene #39196) 

and 12 μg pTT5LnX-coV-SP (expressing SARS-CoV-2 spike proteins, GenBank: YP_009724390.1, a kind gift from DSO National 

Laboratories) or 12 μg pXJ3 ′ -S (expressing SARS-CoV spike protein from HKU39849 strain, a kind gift from Professor Yee-Joo 

Tan, IMCB, A*STAR) 68 using Lipofectamine 2000 transfection reagent (Invitrogen, 11668-019). The transfected cells were cultured 

at 37 ◦ C incubator for 3 days. Viral supernatant was harvested, centrifuged at 700 g for 10 min to remove cell debris and filtered 

through a 0.45 μm filter unit (Sartorius #16555). Lenti-X p24 rapid titer kit (Takara Bio, #632200) was used to quantify the viral titers 

following the manufacturer instructions. Plasmids for expressing SARS-CoV-2 spike protein mutants were generated using 

QuikChange Lightning Multi Site-Directed Mutagenesis Kit (Agilent, #210513).

ACE2 neutralization assay with SARS-CoV-2 or SARS-CoV spike glycoprotein pseudovirus 

CHO-ACE2 cells were seeded at a density of 1.8 x 10 4 cells in 100 μL of complete medium without Geneticin in 96-well Flat Clear 

Bottom Black Polystyrene TC-treated Microplates (Corning, #3904) for overnight culture at 37 ◦ C incubator. Serially diluted ACE2- 

Fc proteins were incubated in a 96-well flat-bottom cell culture plate (Costar, #3596) with an equal volume of pseudovirus (6 ng of 

p24) at the final volume of 50 μL at 37 ◦ C for 1 h, and the mixture was added to the monolayer of pre-seeded CHO-ACE2 cells in trip- 

licate. After 1 h of pseudovirus infection at 37 ◦ C, 150 μL of culture medium was added to each well and the cells were further incu- 

bated for another 48 h. Upon removal of culture medium, cells were washed with sterile PBS, and then lysed in 20 μL of 1x Passive 

lysis buffer (Promega, E1941) with gentle shaking at 37 ◦ C for 30 min. Luciferase activity was then assessed using a Luciferase Assay 

System (Promega, E1510) on a Promega GloMax Luminometer. The relative luciferase units (RLU) were converted to percent neutral- 

ization and plotted with a non-linear regression curve fit using PRISM.

ACE2 neutralization assay with SARS-CoV-2 virus in reconstituted human airway epithelia (HAE) 

For neutralization experiments, the apical poles of HAE were gently washed twice with warm Opti-MEM medium (Gibco, 

ThermoFisher Scientific) and then infected with a 150 μL dilution of SARS-CoV-2 Delta (B.1.617.2, EPI_ISL_7360393) or Omicron 

(BA.5, EPI_ISL_15902382) in Opti-MEM medium, at a multiplicity of infection (MOI) of 0.01 or 0.001, respectively. Viral suspensions 

were pre-incubated 60 min at 37 ◦ C with 250 ng/mL of ACE2-WT or ACE2-YHA. Pre-incubation of the virus with Opti-MEM medium 

was used as untreated control. One-hour post-infection (hpi), the inoculum mix was removed from the apical pole and the HAE were 

incubated at 37 ◦ C and 5% CO2 for 72h. Variations in transepithelial electrical resistance (Δ TEER) were measured using a dedicated 

volt-ohm meter (EVOM2, Epithelial Volt/Ohm Meter for TEER) and expressed as Ohm/cm 2 . At the indicated time points (24, 48, and
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72 hpi), apical poles of the HAE were washed with warm OptiMEM, which was then collected for quantification of viral nsp14 gene 

copies by RT-qPCR as previously described. 47

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using GraphPad Prism version 7.03. Statistical tests used, exact n values, what n represents 

(e.g., number of independent biological replicates or wells), definitions of center (mean or median), and measures of variability or pre- 

cision (SD or with range) are indicated in the figure legends, figures, and results section. IC50 values were calculated using the ‘‘[In- 

hibitor] vs. response - variable slope (four parameters)’’ nonlinear regression model in GraphPad Prism. Differences between exper- 

imental groups were analyzed using one-way or two-way ANOVA, as appropriate. Bonferroni post-tests were applied in live-virus 

neutralization assays using HAE. Differences were considered statistically significant at confidence levels *p < 0.05 or **p < 0.01, 

***p < 0.001.
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