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Abstract: The COVID-19 pandemic has overwhelmed healthcare systems and triggered global
economic downturns. While vaccines have reduced the lethality rate of SARS-CoV-2 to 0.9% as of
October 2024, the continuous evolution of variants remains a significant public health challenge. Next-
generation medical therapies offer hope in addressing this threat, especially for immunocompromised
individuals who experience prolonged infections and severe illnesses, contributing to viral evolution.
These cases increase the risk of new variants emerging. This study explores miniACE2 decoys as a
novel strategy to counteract SARS-CoV-2 variants. Using in silico design and molecular dynamics,
blocking proteins (BPs) were developed with stronger binding affinity for the receptor-binding
domain of multiple variants than naturally soluble human ACE2. The BPs were expressed in E. coli
and tested in vitro, showing promising neutralizing effects. Notably, miniACE2 BP9 exhibited an
average IC50 of 4.9 µg/mL across several variants, including the Wuhan strain, Mu, Omicron BA.1,
and BA.2 This low IC50 demonstrates the potent neutralizing ability of BP9, indicating its efficacy at
low concentrations.Based on these findings, BP9 has emerged as a promising therapeutic candidate
for combating SARS-CoV-2 and its evolving variants, thereby positioning it as a potential emergency
biopharmaceutical.

Keywords: ACE2-decoys; miniACE2; SARS-CoV-2 variants evading monoclonal antibodies; next-
generation treatments for SARS-CoV-2; in silico design of next-generation therapies for infectious
diseases; basic science for translational medicine

1. Introduction

SARS-CoV-2, the causative agent of the COVID-19 pandemic, emerged in Wuhan
in December 2019 [1–4] and has since been associated with 776,007,137 confirmed cases
and 7,059,612 fatalities as of September 2024 [5]. Characterizing the virus’s molecular
structure was essential for developing biotechnological interventions that helped mitigate
the pandemic and facilitate a return to normalcy. However, concerns about the rapid
evolution of the virus driven by genetic mutations, viral recombination [6], and selective
immune pressure [7,8] have led to a decrease in the efficacy of prophylactic measures, such
as vaccines and monoclonal antibodies, addressing new virus mutations [9], particularly in
emergency cases [10]. Although cell memory mediated by T cells confers cross-protection
against new Omicron subvariants [11], the emergence of mutations associated with L455S
and F456L in the current circulating variants BA.2.86, JN.1, KP2, KP3, and LB.1, keeps
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raising new alarms after exhibiting extensive immune evasion [12,13], and is associated
with a potential infection of lung cells through in vitro approximations [14].

The data presented in this manuscript underscore the importance of developing broad-
spectrum therapeutic strategies against SARS-CoV-2 variants, which are currently being
characterized in innovative projects [15–17]. Current strategies are effective against a lim-
ited number of variants, requiring repeated resource investment to maintain adequate
protection [18], particularly for at-risk populations, such as immunosuppressed individu-
als [19]. Furthermore, the limited applicability of monoclonal antibodies as an emergency
tool against SARS-CoV-2 due to the virus’s high mutation rate highlights the need for on-
going development and testing of biological models for emergency use. As the coronavirus
continues to adapt, the potential for future outbreaks remains, underscoring the urgency of
these efforts.

ACE2 decoys have emerged as promising therapeutic alternatives in recent years [20],
inspired by the pathophysiological interaction between SARS-CoV-2 and host cells. This
interaction involves binding of the viral spike protein receptor-binding domain (RBD) to
the human angiotensin-converting enzyme 2 (hACE2) receptor on host cells. In this study,
we utilize the binding interface of hACE2, which directly interacts with the RBD, as a
template to design miniature versions of hACE2. These engineered decoy proteins act as
neutralizing agents to counteract SARS-CoV-2 infections.

The application of ACE2 decoys as a therapeutic strategy offers a promising approach
to prevent the entry of Sarbecoviruses into host cells. These decoy molecules, designed to
mimic the ACE2 receptor, effectively sequester the virus by binding to it, thereby obstruct-
ing its ability to interact with genuine hACE2 receptors on the cell surface. This mechanism
provides a broad-spectrum antiviral solution, targeting the fundamental entry pathway
utilized by various Sarbecovirus agents. This innovative application of ACE2 decoys stands
to be significantly enhanced through translational medicine approaches, such as nebu-
lization, which allows for direct and efficient delivery to the respiratory tract, potentially
increasing therapeutic efficacy. Additionally, ACE2 decoys offer promising avenues for
addressing persistent viral activity, a key factor in the development of long-term COVID-19,
particularly among immunocompromised individuals [21–23].

Consequently, ACE2 decoys represent a versatile and potentially effective interven-
tion for managing infections caused by multiple viral variants through a single unified
approach [24,25]. While preliminary results are encouraging, further characterization
and rigorous clinical studies are essential to fully unlock their therapeutic potential and
optimize their application in acute and chronic SARS-CoV-2 infections. In this context,
the development and testing of our miniACE2 decoy models—specifically BP9 and BP11,
derived from in silico assays—demonstrate potential efficacy against SARS-CoV-2 Omi-
cron subvariants. Given the high mutation rate of the Omicron variant, these miniACE2
decoys could play a crucial role in counteracting its adaptive evolution, underscoring their
significance in ongoing efforts to combat COVID-19.

2. Results
2.1. In Silico Design, Assessment, and Selection of miniACE2 Decoy Proteins

Through analysis of the RBD/hACE2 interaction, based on the PDB: 6M0J struc-
ture [26], key regions of ACE2, specifically amino acids S19–S106 and Q340–A386, corre-
sponding to the interaction surface, were identified for incorporation into the miniACE2
design. These discontinuous conformational regions of the ACE2 protein were linked in
various ways to reconstruct the RBD-interacting surface, while excluding both the catalytic
domain and non-interacting regions of ACE2.

The sequences of the fragments joined were used to model the BPs 3D structures using
the Phyre2 [27] and Robetta servers [28]. The 3D models obtained were visualized using
the PyMOL graphical environment [29]. All models were aligned with the coordinates
of the PDB entry 6M0J [26], maintaining the RBD structure at its spatial location. The
most promising candidates were selected for Molecular Dynamics (MD) simulations by
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conducting a preliminary visual evaluation and analyzing interactions between structures.
These proteins were named BP1, BP2, BP3, BP4, BP5, BP6, BP8, BP9, BP10 and BP11
(Supplementary Figure S1).

The proteins selected for interaction with the RBD were subjected to 100 ns of unre-
stricted MD simulation (Supplementary Table S1 and Supplementary Figure S1). The files
obtained from the MD simulations were evaluated using the PRODIGY web server [30]
to obtain the in silico estimated values for ∆G and Kd. To assess the potential increased
capacity to interact with the RBD compared with the natural ACE2 receptor, the ACE2
Kd/BP Kd ratio was calculated for each BP (Table 1), and the top five BPs according to the
highest ACE2 Kd/BP Kd ratios were selected (BP11, BP9, BP4, BP2, and BP1) (Table 1). Out
of these 5 BPs, those with the most stable structures over the 100 ns MD simulations, as
indicated by the lowest RMSD values (Table 1), were selected to continue the in silico study.
Consequently, three proteins exhibiting the highest ACE2 Kd/BP Kd ratios and the most
stable structures (BP9, BP2, and BP11) were chosen as candidate BPs with lengths ranging
from 118 to 132 amino acids (Supplementary Figure S2, Table 1).

Table 1. Interactions of BPs with the RBD measured at 37.0 ◦C by the PRODIGY web server.

Interactions of BPs with the RBD Measured at 37.0 ◦C by PRODIGY Web Server

Number of Interfacial Contacts (ICs) per Property Non-Interacting Surface
(NIS) per PropertyProtein

Name
Number
of aa

100 ns
RMSD
Value

∆G
(kcal

mol−1)
Kd (M)

Kd
hACE2/Kd

BP Charged-
Charged

Charged-
Polar

Charged-
Apolar

Polar-
Polar

Polar-
Apolar

Apolar-
Apolar Charged Apolar Total

BP1 137 5.717 −12.5 1.4 × 10−9 2.86 5 13 26 10 23 11 21.03 36.53 57.56
BP2 118 4.3356 −12.6 1.3 × 10−9 3.08 3 12 20 3 20 23 19.31 37.07 56.38
BP3 147 5.0111 −11.7 5.3 × 10−9 0.75 5 11 20 5 19 9 21.31 37.8 59.11
BP4 132 5.6667 −13.6 2.5 × 10−10 16.00 2 13 17 4 28 20 19.26 38.15 57.41
BP5 135 5.9973 −10.6 3.4 × 10−8 0.12 1 11 13 0 12 7 20.51 35.53 56.04
BP6 124 4.4747 −10.8 2.6 × 10−8 0.15 1 12 15 2 16 13 19.7 39.02 58.72
BP8 118 3.8467 −12 3.6 × 10−9 1.11 3 13 21 2 16 12 19.61 36.86 56.47
BP9 132 3.2181 −13.7 2.1 × 10−10 19.05 0 14 19 6 30 20 19.71 37.59 57.3
BP10 118 4.5989 −9.6 1.7 × 10−7 0.02 2 10 10 1 10 15 19.47 37.02 56.49
BP11 132 4.1444 −14.2 1.0 × 10−10 40.00 5 10 24 4 27 23 18.98 39.42 58.4
ACE2
PDB:
6m0j

768 ---- −11.9 4.0 × 10−9 1.00 3 10 18 4 21 10 25.73 35.06 60.79

2.2. Chosen BPs Exhibit Enhanced Efficacy against Diverse SARS-CoV-2 Variants in In Silico Assays

Given that miniACE2 decoys were engineered using the binding surface of hACE2,
which directly interacts with the RBD, it is theoretically possible for miniACE2 decoys
to overcome SARS-CoV-2 escape variants. This is because the virus is unlikely to evade
miniACE2-mediated neutralization without simultaneously decreasing its affinity for native
ACE2, which prevents its entry into target cells [17]. Therefore, we hypothesized that RBD
variants should be neutralized effectively, if not more so, by miniACE2 decoys, compared
to the natural hACE2 receptor.

To test in silico this hypothesis, we prepared BP2, BP9, and BP11 miniACE2 proteins
in interaction with various SARS-CoV-2 variants (Wuhan, PDB: 6m0j [26]; Alpha B.1.1.7,
PDB: 8DLK [31]; Beta, PDB: 7VX4 [32]; Delta, PDB: 7W9I [33]; Epsilon, PDB: 8DLV [31];
Gamma, PDB: 8DLQ [31]; Kappa, PDB: 7V86 [34]; Omicron BA.2, PDB: 7ZF7 [35]; Omicron
BA.3, PDB: 7XB1 [36]; Omicron BA.1, PDB: 7U0N [37]; Omicron BA.1.1, PDB: 7XAZ [36];
Omicron XBB.1, PDB: 8IOV [38]; Omicron BA.2.75, PDB: 8ASY [39]; Omicron BQ.1.1, PDB:
8IF2 [40]; Omicron BA.4/5, PDB: 8AQS [41]). Structural alignment was performed for each
PDB file using the Pymol graphical environment to build the interacting models [29]. The
obtained structures were subjected to 200 ns of MD simulation. Post-MD, each model was
evaluated using the PRODIGY web server [30] (Figure 1, Tables 2 and 3).
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Figure 1. After 200 ns of MD simulation, the ∆G (A) and Kd (B) values were calculated using the
PRODIGY web server [30] for the interaction of each BP with a broad range of RBDs from SARS-CoV-2
viral variants: (Wuhan, PDB: 6m0j [26]; Alpha B.1.1.7, PDB: 8DLK [31]; Beta, PDB: 7VX4 [32]; Delta,
PDB: 7W9I [33]; Epsilon, PDB: 8DLV [31]; Gamma, PDB: 8DLQ [31]; Kappa, PDB: 7V86 [34]; Omicron
BA.2, PDB: 7ZF7 [35]; Omicron BA.3, PDB: 7XB1 [36]; Omicron BA.1, PDB: 7U0N [37]; Omicron
BA.1.1, PDB: 7XAZ [36]; Omicron XBB.1, PDB: 8IOV [38]; Omicron BA.2.75, PDB: 8ASY [39]; Omicron
BQ.1.1, PDB: 8IF2 [40]; Omicron BA.4/5, PDB: 8AQS [41]).

The obtained results indicated that the three miniACE2 decoys (BP9, BP2, and BP11)
were able to interact in silico with all tested SARS-CoV-2 variants with better ∆G and Kd
values than the natural ACE2 receptor. Although BP2 shows the worst values in interaction
with the Omicron BA.3 variant (O_BA.3), it has the lowest interaction values among the
miniACE2 decoys, while BP11 exhibits the highest interaction values. Additionally, it
is worth highlighting that as the affinity for the hACE2/RBD interaction decreases with
the Omicron variants, a similar effect is observed in the ∆G and Kd values for the BPs.
Interestingly, BP9 demonstrates the highest interaction values among the three Omicron
subvariants (O_BA.1, O_XBB.1, and O_BA.4/5).
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Table 2. ∆G values for a broad range of SARS-CoV-2 viral variants (columns ↓). After 200 ns of MD
simulations, the ∆G values were calculated using the PRODIGY web server [30] and recorded for
each Blocking Protein (rows →), ACE2, BP2, BP9, and BP11 with the fifteen SARS-CoV-2 variants
listed below.

Blocking Protein →
RBD-Variant ↓

∆G (kcal mol−1) at 37 ◦C
hACE2 BP2 BP9 BP11

Wuhan −11.9 −12.6 −13.7 −14.2
Alpha −11 −11.2 −14.5 −17.3
Beta −12.4 −1 −14.1 −15.8
Delta −11.9 −12.4 −14.2 −15.4

Epsilon −11.9 −11 −13.8 −17.4
Gamma −11.5 −10.4 −13.1 −14.3
Kappa −11.5 −11.2 −15.2 −16.3
O_BA.2 −11.6 −10.5 −13.4 −14.2
O_BA.3 −11.2 −9.8 −12.8 −14.4
O_BA.1 −10.4 −11.9 −16.7 −12.3

O_BA.1.1 −11.2 −10.8 −12.5 −14.4
O_XBB.1 −10.1 −10.4 −15 −12.1

O_BA.2.75 −11.4 −10.6 −13.3 −14.4
O_BQ.1.1 −10.7 −11.4 −13.4 −15
O_BA.4/5 −10.3 −10.2 −13.9 −13.2

∆G x̄→ −11.27 −11.16 −13.97 −14.71

Table 3. Kd values for a broad range of SARS-CoV-2 viral variants (columns ↓). After 200 ns of MD
simulations, the Kd values were calculated using the PRODIGY web server [30] and recorded for
each Blocking Protein (rows →), hACE2, BP2, BP9, and BP11 with the fifteen SARS-CoV-2 variants
listed below.

Blocking Protein →
RBD-Variant ↓

Kd at 37 ◦C
ACE2 BP2 BP9 BP11

Wuhan 4.00 × 10−9 1.30 × 10−9 1.90 × 10−10 9.40 × 10−11

Alpha 1.90 × 10−8 1.30 × 10−8 6.20 × 10−11 6.70 × 10−13

Beta 1.90 × 10−9 6.80 × 10−10 1.20 × 10−10 7.70 × 10−12

Delta 3.90 × 10−9 1.90 × 10−9 9.20 × 10−11 1.40 × 10−11

Epsilon 3.90 × 10−9 1.80 × 10−8 1.90 × 10−10 5.80 × 10−13

Gamma 7.60 × 10−9 4.70 × 10−8 5.90 × 10−10 8.70 × 10−11

Kappa 7.40 × 10−9 1.20 × 10−8 1.90 × 10−11 3.00 × 10−12

O_BA.2 6.20 × 10−9 4.30 × 10−8 3.40 × 10−10 1.00 × 10−10

O_BA.3 1.20 × 10−8 1.30 × 10−7 9.60 × 10−10 7.30 × 10−11

O_BA.1 4.40 × 10−8 4.10 × 10−9 1.80 × 10−12 2.20 × 10−9

O_BA.1.1 1.40 × 10−8 2.50 × 10−8 1.60 × 10−9 7.10 × 10−11

O_XBB.1 7.10 × 10−8 4.70 × 10−8 2.60 × 10−11 2.80 × 10−9

O_BA.2.75 9.20 × 10−9 3.30 × 10−8 3.90 × 10−10 7.30 × 10−11

O_BQ.1.1 2.80 × 10−8 8.90 × 10−9 3.70 × 10−10 2.60 × 10−11

O_BA.4/5 5.10 × 10−8 6.80 × 10−8 1.70 × 10−10 4.70 × 10−10

Kd x̄ → 1.89 × 10−8 3.02 × 10−8 3.41 × 10−10 4.01 × 10−10

Kd ACE2 x̄/Kd BP x̄ 1.0 0.63 55.28 47.03

2.3. BPs Proteins Produced in E. coli Expression System Demonstrated Enhanced Protection
against SARS-CoV-2

Blocking proteins BP9 and BP11, designed in silico, were produced in E. coli, yielding
stability at high concentrations. They were tested using the GenScript cPass™ SARS-CoV-2



Int. J. Mol. Sci. 2024, 25, 10802 6 of 16

Neutralization Antibody Detection Kit with RBD for the Wuhan, Mu, Omicron BA.1, and
Omicron BA.2 variants. Technical independent triplicates (n = 3) confirmed that the efficacy
observed in the in silico analyses was reproduced in the ELISA neutralizing experiments.
hACE2 was used as a benchmark to compare the effectiveness of decoys. The potential of
the BP9 and BP11 decoys was confirmed (Figure 2A), demonstrating their effectiveness as
shown by in silico assays.
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Figure 2. In silico designs of BPs expressed in E. coli broadly neutralize SARS-CoV-2 variants through
ELISA assays. (A) Neutralization efficacy of BP9 and BP11 ACE2 decoys against Wuhan (wild type),
Mu, BA.1, and BA.2 variants compared to ACE2 protein, showing enhanced efficacy and potential for
novel BP designs (n = 3 technical replicates shown). (B) IC50 comparative panel between novel BPs
and ACE2, suggesting their potential therapeutic use at low doses. (C) Statistical analyses (Tukey’s
multiple comparison test performed using GraphPad Prism V10) were performed to calculate the
statistical significance of the BPs (BP9 and BP11) compared with the parental hACE2. **** Represent
the level of significance.

Further assessment of BP9 and BP11′s potential was conducted by evaluating the
IC50 values. The IC50 values for the miniACE2 decoys ranged between 4.24 µg/mL and
18.19 µg/mL, compared to the control hACE2, which displayed IC50 values between
92.7 µg/mL and 120.9 µg/mL. Notably, BP9 demonstrated particularly promising perfor-
mance in In vitro assays, with IC50 values consistently between 4.24 to 5.33 µg/mL across
all four variants. Given its broad protective effect, BP9 shows potential as a therapeutic
tool against SARS-CoV-2 infection (Figure 2A,B, Table 4). Additionally, the statistical signif-
icance showed a strong value for the IC50 obtained from the BPs compared to the hACE2
(Figure 2C).
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Table 4. Recorded IC50 values for ACE2, BP2, BP9, and BP11 in interactions with each of the
SARS-CoV-2 variants.

Experimentally Assessed IC50 Values
SARS-
CoV-2

Variant

BPs Wuhan Mu O_BA.1 O_BA.2

IC50x̄
x̄ ACE2

IC50/x̄ BPs
IC50

BP9 4.24 5.33 4.97 5.06 4.90 21.87

BP11 17.8 14.97 18.19 17.99 17.24 6.22

ACE2 120.9 112.2 92.7 102.8 107.15 1.00

2.4. Influence of Temperature and Serum Matrix on Protein Stability

The cPass™ SARS-CoV-2 Neutralization Antibody Detection Kit for the BA.1 virus
variant was selected as a model, with the hACE2 protein as a benchmark for assessing the
stability of BP9 and BP11 under temperature and serum matrix conditions. The ACE2 IC50
value for the BA.1 variant (92.92 µg/mL) was used as a standard protein concentration to
evaluate the stability of hACE2, BP9, and BP11 under these conditions. To test stability, the
proteins were incubated at room temperature and 37 ◦C for two hours, both in the presence
and absence of human serum samples collected prior to the pandemic, confirmed to lack
neutralizing antibodies against any SARS-CoV-2 variant.

Our findings show that the neutralization capacity of both BP9 and BP11 remained
stable, while an increase in neutralization capacity was observed for hACE2 at 37 ◦C. In the
serum matrix, a reduction in neutralization capacity was observed for all three proteins,
with hACE2 showing the greatest decrease, while BP9 exhibited a less pronounced decline.
To assess whether there were statistically significant differences in neutralization capacity
between hACE2 and proteins BP9 and BP11, the temperature stability coefficient was calcu-
lated by dividing the mean percentage of neutralization at 37 ◦C by the mean percentage
of neutralization at room temperature. Similarly, the stability coefficient in the serum was
calculated by dividing the mean percentage of neutralization in the serum by the mean
percentage of neutralization for each protein in the absence of serum.

These results indicate that the stability of hACE2 appears to increase after 2 h of
incubation at 37 ◦C, whereas BP9 and BP11 maintain their neutralization capacity at this
temperature. In terms of stability in the serum matrix, BP9, followed by BP11, demon-
strated greater stability, while hACE2 showed a significant decrease in stability within this
environment. Statistical analysis was performed using one-way ANOVA (Table 5, Figure 3).

Table 5. Percentage of neutralization of BP9, BP11, and hACE2 under three different conditions: room
temperature, 37 ◦C, and influence of the human serum matrix.

Protein

% Neutralization
Temperature Serum

Room Temperature 37 ◦C
S1 S2 S3

R1 R2 R3
X̄

R1 R2 R3
X̄ X̄

ACE2 48.81 52.85 41.42 47.69 70.12 65.66 69.09 68.29 40.57 38.18 39.21 39.32
BP9 93.75 94.7 91.96 93.47 90.28 91.88 92.95 91.7 79.42 81.82 80.35 80.53

BP11 93.41 93.41 93.94 93.58 92.61 92.72 91.39 92.24 58.26 62.65 61.72 60.88
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Figure 3. Stability of BP9 and BP11 at 37 ◦C and the Serum Matrix. Stability was evaluated by
measuring neutralization activity using the cPass SARS-CoV-2 Neutralization Antibody Detection
Kit for the BA.1 virus variant, with the ACE2 IC50 value (92.92 µg/mL) as a standard protein
concentration under the effects of temperature and serum matrix. (A): Proteins were incubated at
room temperature and at 37 ◦C for 2 h to assess their stability. (C) Proteins were incubated at 37 ◦C for
2 h in the presence or absence of human serum samples, which were confirmed to lack neutralizing
antibodies against SARS-CoV-2 (Supplementary Table S2). Each experiment was performed in three
technical replicates. (B,D): The stability coefficient was calculated to identify significant differences in
the stability of BP9 and BP11 compared to that of hACE2. The dotted line represents the neutralization
cutoff as specified by the kit’s manufacturer. Data are presented as the mean ± standard deviation
(SD). p-values were determined using one-way ANOVA (B,D).

3. Discussion and Conclusions

SARS-CoV-2, the agent responsible for the recent global pandemic, was initially under-
estimated due to its relatively low mutation rate compared to other high-risk viruses like
Influenza. However, a key feature of SARS-CoV-2 is its capacity for interspecies recombina-
tion, an adaptive mechanism that enhances its survival and poses a risk of future outbreaks.
Its ability to recombine, coupled with its presence in animals closely related to humans,
highlights the potential for the virus to re-emerge during subsequent epidemics [42–44].

Next-generation treatments for SARS-CoV-2, such as mRNA vaccines, have demon-
strated superior efficacy compared to traditional methods [45–47]. Nevertheless, innovative
approaches like cell therapies and ACE2 decoys are still undergoing clinical trials. Prelimi-
nary findings on these novel therapies are encouraging, indicating that they are safe and
may benefit individuals at higher risk of severe COVID-19 [48–52].

Pathophysiological studies on SARS-CoV-2 infection have highlighted the potential
utility of recombinant hACE2 proteins, demonstrating their effectiveness in neutralizing
a wide range of SARS-CoV-2 variants in vitro. Therefore, ACE2 decoys are emerging as
promising candidates for emergency treatments [53–55]. Here, utilizing the PDB structures
6LZG [56] and 6M0J [26], which were available at the onset of the pandemic, three mini-
ACE2 proteins were designed. BP2 was created to include the RBD-interacting surface,
incorporating glycosylated asparagine residues N53 and N90 from the ACE2 sequence
(corresponding to N33 and N70 on BP2). These positions were mutated in the BP9 and
BP11 miniACE2 proteins to N53Q and N90Q. BP9 and BP11 share the same sequence, with
one exception; in BP11, positions E37 and D38 were inverted relative to their positions in
ACE2, BP9, and BP2 (Supplementary Figure S3). Although in silico analyses suggested that
the inversion of these amino acids would enhance the interaction between BP11 and the
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RBD compared to BP9, in vitro assays revealed the opposite effect; the IC50 value for BP9
(X̄ = 4.90) was lower than that for BP11 (X̄ = 17.24), indicating a stronger binding affinity
for BP9.

Although no adverse effects are anticipated from the natural activity of ACE2, given
that the catalytic site is absent in miniACE2, it remains essential to evaluate the potential
immune responses or interactions with other human proteins that could lead to toxicity.
This is particularly important since linker amino acid sequences were incorporated into the
miniACE2 design, which may introduce unforeseen immunogenicity or off-target effects.
Therefore, thorough preclinical testing will be crucial to assess safety.

The miniACE2 designed here represents a promising candidate for next-generation
treatments, particularly through translational medicine approaches, such as inhalation.
This method offers several advantages over conventional systemic administration, includ-
ing superior bioavailability, lower risk of systemic toxicity, rapid onset of action, reduced
dosing, and the ability to deliver higher local concentrations directly into the respiratory
tract [57,58]. For example, Urano et al. [59] demonstrated that an inhaled ACE2 decoy
achieved therapeutic efficacy in rodents at a 20-fold lower dose than intravenous admin-
istration, and significantly improved SARS-CoV-2-induced pneumonia in a non-human
primate model. Furthermore, Tiruthani et al. [60] developed a “muco-trapping” ACE2-Fc
decoy with picomolar binding affinity and potent neutralizing capability against both
pseudoviruses and live SARS-CoV-2. This decoy demonstrated a significant reduction
in viral load, lowering it by up to 10-fold in the nasal turbinates of rodents at 96 h post-
infection. However, challenges persist in optimizing lung delivery, particularly concerning
the stability of proteins and their potential immunogenicity.

In addition to inhalation therapies, the design of chimeric antigen receptors (CARs)
utilizing the miniACE2 protein sequence to target SARS-CoV-2-infected cells is another
promising therapeutic strategy. This approach involves genetically modifying natural
killer (NK) cells to create an “off-the-shelf” therapy readily available for treating patients
with severe COVID-19 (patent pending NC2022/0005322). By leveraging the targeting
ability of miniACE2 proteins, CAR-NK cells can be programmed to recognize and eliminate
SARS-CoV-2-infected reservoir cells, potentially triggering a robust immune response and
improving patient outcomes. Several researchers have validated this strategy [61–66].
Another innovative approach involves modifying mesenchymal stromal cells (MSCs) to
secrete miniACE2, which could reduce the severe pulmonary effects in critical COVID-19
cases. MSCs with their pulmonary homing signals, can concentrate miniACE2 in the
lungs, one of the organs most affected by COVID-19 (patent pending NC2022/0005322). A
similar approach was assessed by Wang et al., who engineered MSCs to secrete neutralizing
antibodies in vivo to combat SARS-CoV-2 infection [67].

The miniACE2 decoys, BP9 and BP11, computationally designed in this study, exhib-
ited calculated average IC50 values of 4.9 and 17.24, respectively, against four SARS-CoV-2
variants, respectively, compared to 107.15 for the wild-type hACE2 (Table 4). These results
indicate that BP9 has a 21.9-fold stronger affinity than wild-type hACE2, while BP11 shows
a 6.2-fold increase (Table 4). In a prior study, an engineered hACE2 decoy with four mu-
tations (FFWF) demonstrated a roughly 10-fold higher binding affinity for the S protein
than wild-type hACE2 [68]. Similarly, Alfaleh et al. constructed IgG1-based WT ACE2-Fc
and Modified ACE2-Fc, showing that Modified ACE2-Fc exhibited significantly higher
neutralization potency against Omicron SARS-CoV-2 variant compared to WT ACE2-Fc,
with up to 16-fold greater inhibition. Our results indicate that the miniACE2 decoy BP9
used in this study potentially surpasses these previous decoys in terms of neutralization
efficiency against SARS-CoV-2 variants [69].

Furthermore, using the IC50 for hACE2 calculated with the cPass Kit for the BA.1
virus variant, we found that BP9 and BP11 demonstrated greater stability in a human
serum matrix compared to the parental hACE2 control. These findings underscore the need
for further stability testing of BP9 and BP11 in a preclinical SARS-CoV-2 animal models,
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particularly via respiratory administration, to validate their potential effectiveness and
in vivo stability.

These findings are both promising and significant, as the development of affinity-
enhanced tools like miniACE2 decoys is crucial for effectively countering the continuously
evolving SARS-CoV-2 variants. MiniACE2 decoys present a compelling alternative, partic-
ularly as Omicron subvariants increasingly evade monoclonal antibodies that are initially
effective in emergency treatments [70,71]. Moreover, given their demonstrated neutralizing
capacity against Omicron subvariants, miniACE2 decoys may also possess the potential
to neutralize other Sarbecoviruses that utilize ACE2 as an entry receptor, similar to other
engineered ACE2 decoys [53,72]. This underscores the potential of miniACE2 decoys as
broad-spectrum, pan-coronavirus inhibitors.

Meanwhile, SARS-CoV-2 continues to evolve, with emerging variants such as KP.2
and KP.3, challenging the efficacy of current vaccine designs. This raises concerns that
neutralizing titers generated by existing vaccines may not offer sufficiently broad enough
protection [73]. As a result, booster vaccinations are necessary to maintain immunity,
particularly in immunocompromised individuals, where updated vaccination strategies are
crucial for sustaining both humoral and cellular responses [74]. In this context, having pan-
coronavirus inhibitors like miniACE2 decoys readily available for administration would
be highly advantageous. This approach represents a major step forward in integrating
next-generation medical treatments for the global population and provides valuable models
for combating future pandemic threats.

Finally, advancing these strategies in low- and middle-income countries could rep-
resent a pivotal step in technology transfer and local implementation of next-generation
therapies. As demonstrated in this study, computational biology through in silico-guided
design offers a robust foundation for developing potential therapeutic agents against
SARS-CoV-2. This approach can enhance the independence of local health systems and
ultimately improve the health outcomes of vulnerable populations.

4. Materials and Methods
4.1. In Silico Design of miniACE2 Proteins

Using PDB structures 6LZG [56] and 6M0J [26], the relevant regions for the interaction
were located and selected along with the surrounding amino acids (Supplementary Figure S4).
Linker amino acid sequences were added to assemble the discontinuous conformational
regions of the ACE2 interface, which interacted with the RBD on the S protein from the
SARS-CoV-2 virus.

The fragment sequences, joined as indicated above, were used to model the 3D struc-
tures of BPs using the Phyre2 [27] and Robetta servers [28]. The 3D models obtained were
visualized using the PyMOL graphical environment [29]. We performed structural align-
ment for each 3D model using the 6M0J PDB crystal, maintaining the RBD structure in its
spatial location. The most promising candidates for Molecular Dynamics (MD) simulations
were selected by conducting a preliminary visual evaluation and analyzing the interactions
between structures. These proteins were named BP1, BP2, BP3, BP4, BP5, BP6, BP8, BP9,
BP10 and BP11 (Supplementary Figure S1 and Supplementary Table S3).

4.2. Molecular Dynamics Simulation

Once modeled, the coordinates of the proteins selected above in interaction with
the RBD were subjected to 100 or 200 ns of unrestricted MD simulation using the Am-
ber18 package (University of California-San Francisco, CA, USA), essentially as previously
described [75]. In brief, structures were first solvated with a periodic octahedral pre-
equilibrated solvent box using the LEaP module of Amber18, with 12 Å as the shortest
distance between any atom in the protein subdomain and periodic box boundaries. Molecu-
lar dynamics simulations were conducted using the Particle Mesh Ewald (PME) method for
non-bonded interactions with a cutoff distance of 8 Å. The temperature was regulated using
a Langevin thermostat, which maintained a fixed temperature of 297 K with a collision
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frequency of 1 ps. The hydrogen bond constraints were implemented using the SHAKE
algorithm, enabling a simulation timestep of 2 fs. To uphold the NPT conditions (constant
number of particles, pressure, and temperature), the pressure coupling was managed by a
Monte Carlo Barostat set to 297 K and 1 bar. The initial structures underwent 10,000 cycles
of energy minimization, followed by a 1 ns restrained equilibration phase, smoothly raising
the temperature to 297 K, after which the restraints were gradually removed over 10 ns.
Subsequently, each system was subjected to a 100 or 200 ns long free MD production phase.
Trajectories were analyzed using cpptraj [76] and VMD [77]. Detailed data are shown in
Supplementary Table S1 and Supplementary Figure S2.

After the MD procedure, the structures were evaluated using the PRODIGY web-
server [30] to obtain the in silico estimated values for the free energy of interaction (∆G)
and the dissociation constant (Kd). Prior to analysis using PRODIGY, the format of the files
containing the coordinates of the protein pairs was modified accordingly. Thus, histidine
residues protonated at δ or ε (HID or HIE, in AMBER nomenclature) and cysteine residues
forming part of the disulfide bridges (CYX, in AMBER nomenclature) were renamed as
HIS or CYS, respectively.

4.3. Plasmids Construction, Protein Expression, and Purification

The amino acid sequence of candidate BPs was used to construct the corresponding
genes using SnapGene 7.2 Software. The nucleotide sequence was optimized for expression
in E. coli and restriction targets to facilitate cloning were included. The plasmids pEcoBP9
and pEcoBP11 were synthesized by Gene Universal (Newark, DE, USA) (Supplementary
Figure S5) and used separately to transform the BL21(DE3) E. coli strain. Protein expression
was assessed by Gene Universal (Newark, DE, USA). Briefly, protein expression was
induced with 0.5 mM IPTG at 37 ◦C. Then, the solubility was analyzed by IPTG induction
at a final concentration of 0.2 mM or 1.0 mM at 37 ◦C or 15 ◦C by SDS-PAGE. After
ultrasonication (500 W of power for 6 min, with an interval of 6 s every 3 s of operation)
and centrifugation at 8.000 g/4 ◦C/5 min, the supernatant was recovered, and the pellet
was lysed with PBS buffer, 8 M Urea, pH 7.4. The retrieved target proteins in the pellet were
purified by affinity with Ni-NTA beads (Profinity™ IMAC Resin, Ni-charged, Bio-Rad)
and IEX purification (Q Sepharose Fast Flow, Cytiva). The final elution samples were
pooled and dialyzed in PBS buffer, 300 mM NaCl, 2 mM DTT, pH 7.4, and analyzed by
western blot (Supplementary Figure S6). The ACE2 protein encoded in the plasmid pcDNA-
ACE2-His (synthesized for Gene Universal, Newark, DE, USA) was expressed using the
Expi293 Expression System in accordance with the manufacturer’s recommendations and
purified by affinity with Ni-NTA beads (Profinity™ IMAC Resin, Ni-charged, Bio-Rad)
(Supplementary Figures S5 and S7).

4.4. SARS-CoV-2 ELISA Neutralization Assay

Proteins obtained from E. coli were quantified using BSA titration on SDS-PAGE
gels, which were subsequently stained with Coomassie Blue. Gel images were acquired
and quantified using the ImageJ 1.8.0 software. The protein concentration was adjusted
to perform ELISA using the commercially available cPass SARS-CoV-2 Neutralization
Antibody Detection Kit (Nanjing GenScript Diagnostics Technology Co, Jiangsu Province
China Inc.).

The ELISA test was verified under environmental conditions using equipment avail-
able at the IDCBIS infrastructure. A 96-well plate coated with the hACE2 protein was tested
with various concentrations of each BP in the presence of different RBD proteins (Wuhan,
Mu, Omicron BA.1, and Omicron BA. 2 variants/subvariants). To evaluate the amount of
RBD bound to hACE2, the kit utilized RBD conjugated with a peroxidase enzyme, resulting
in the degradation of 3,3′,5,5′-tetramethylbenzidine (TMB) substrate proportional to the
RBD binding to ACE2 at the bottom of the 96-well plate. The intensity of the resulting
color reaction was inversely proportional to the RBD-neutralization activity of the blocking
protein added to the wells. All experiments were conducted following the manufacturer’s
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instructions. Briefly, proteins were diluted in sample dilution buffer and incubated with
RBD-HRP solution for 30 min at 37 ◦C. Subsequently, the samples were plated in in tripli-
cate in a 96-well plate included in the kit and incubated at 37 ◦C for 15 min. The plates were
then washed and incubated with TMB solution, protected from light, at room temperature
(18–25 ◦C) for 25 min. Finally, a stop solution was added and the absorbance was immedi-
ately read at 450 nm. Each run was validated according to predefined criteria provided by
the kit.

4.5. Statistics and Software Tools

Protein modeling was conducted using the Protein Homology/analogY Recognition
Engine V 2.0 (Phyre2.0: http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index
10 September 2024) and the Robetta protein structure prediction service (https://robetta.
bakerlab.org/ 31 August 2024). Molecular dynamics simulations were performed with
Amber v.18 and AmberTools v.18 (University of California, San Francisco, CA, USA).
Analysis of the molecular dynamics trajectories was carried out using Visual Molecular
Dynamics (VMD) version 1.9.3 (University of Illinois Urbana-Champaign, IL, USA). The
In silico assessment of ∆G and Kd values was performed using the PRODIGY web server
(Utrecht Biomolecular Interaction Web, Utrecht University, Utrecht, The Netherlands).

All the BPs concentrations were run in triplicates, and the results were calculated fol-
lowing the manufacturer’s instructions. The results obtained were analyzed by GraphPad
Prism v. 9.0.0. For IC50, dilutions of BPs were prepared in a dilution buffer. IC50 values
were derived from the log(inhibitor) vs. response variable slope (four parameters). The
significance of the IC50 values obtained for BPs in comparison to the performance of hACE2
was assessed using an ANOVA test followed by Tukey’s multiple comparison test. The
significance of the stability test was determined using one-way ANOVA.

5. Patents

Patent application File No. NC2022/0005322. Title: Proteínas miniACE2 solubles
que interaccionan con SARS-CoV-2 y usos de las mismas. Type of Procedure: National In-
vention Patent. Applicant: CONSEJO SUPERIOR DE INVESTIGACIONES CIENTÍFICAS
(CSIC), INSTITUTO DISTRITAL DE CIENCIA BIOTECNOLOGIA E INNOVACIÓN EN
SALUD—IDCBIS. Filing Date: 27 April 2022. Inventors: Paulino Gómez-Puertas, Cesar
Augusto Ramirez Segura.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms251910802/s1.
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 51 

Figure S1. Representation of the most promising miniACE2 candidates selected for Molecular Dy- 52 

namics (MD) simulation. Each structure is depicted from two different angles to provide a compre- 53 

hensive view of their interaction with the Receptor Binding Domain (RBD). The images show the 54 

Binding Partners (BPs) in fuchsia and the RBD in red. The relevant regions involved in the binding 55 

interactions are highlighted: dark blue on the RBD and green on the BPs. 56 

 57 
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 66 

Figure S2. Stability of BPs structure in interaction with the RBD, was measured by monitoring the 67 

RMSD variation through 100 ns MD trajectory. Data comes from Supplementary table 1. 68 

 69 
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Figure S3. Multiple sequence alignment of ACE2, BP2, BP9 and BP11. R1, R2 and R3 are segments 72 

of ACE2 sequence included in the design of the miniACE2. 73 
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 82 

 83 

Figure S4. Method for Extracting ACE2 Regions Interacting with the RBD. A – Crystal structure of 84 

the SARS-CoV-2 spike receptor-binding domain (RBD) complexed with ACE2 (PDB: 6M0J) was an- 85 

alyzed using the PyMOL graphical environment [29]. Three images in panel A depict different an- 86 

gles, highlighting the interactions between ACE2 and RBD (indicated by yellow dots). B – The ACE2 87 

amino acid sequence (from the 6M0J_A structure) is highlighted in green, with the relevant regions 88 

involved in binding to RBD highlighted in red sequence. 89 

 90 

 91 
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Figure S5. Plasmids construction, Nucleotide and Amino Acid Sequence. 100 
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Figure S6. BP9 and BP11 proteins expressed in E. coli analyzed by SDS-PAGE and western blotting. 102 

SDS-PAGE (A) and western blotting confirmation (B).  103 

 104 

Figure S7. Western blot analysis confirming the expression of hACE2 protein in the supernatant of 105 

Expi293F™ cell line cultures. 106 

 107 

 108 

 109 
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Table S1. Values of the root mean square deviation (RMSD) of Blocking protein (BP) structures in 110 

interaction with the Receptor Binding Domain (RBD) through a 100 ns Molecular Dynamic (MD) 111 

trajectory. 112 

RMSD variation 

in BP structure 
► 

Time in ns    ▼ 

BP1-

RBD 

BP2-

RBD 

BP3-

RBD 

BP4-

RBD 

BP5-

RBD 

BP6-

RBD 

BP8-

RBD 

BP9-

RBD 

BP10-

RBD 

BP11-

RBD 

0 0 0 0 0 0 0 0 0 0 0 

1 2.5140 2.6112 2.3051 2.3128 2.2952 2.6146 2.4854 2.7183 2.5781 1.9745 

2 2.9485 2.9376 3.2254 2.8597 2.6906 3.2725 2.2302 2.5386 2.5402 2.3991 

3 3.3620 3.0202 3.2249 4.2012 5.1416 3.4571 2.5699 2.3669 2.9196 2.3361 

4 3.6500 3.1072 4.2180 4.2293 5.7287 3.3547 3.1218 2.3396 3.0402 2.4096 

5 3.8196 3.6704 3.9509 4.6977 5.8108 3.7018 3.0953 2.6016 3.2018 2.3006 

6 3.6489 2.9997 3.5967 4.1345 5.6337 4.4799 3.1807 2.5666 2.9907 2.4913 

7 3.6811 3.1156 3.6615 4.9504 5.0528 4.9468 3.0297 3.1099 2.6230 2.7829 

8 4.0892 3.4745 4.1248 4.8145 5.6538 5.0300 3.0594 2.7254 2.7794 3.2930 

9 4.3982 3.3281 3.9765 4.3619 5.1483 5.4453 3.2019 3.0263 3.2137 3.1034 

10 4.5800 3.4946 3.3178 4.5453 4.9541 4.8422 3.0258 2.9887 2.8445 3.7292 

11 4.8646 3.8297 4.0478 4.8723 5.6108 5.1720 3.4279 2.6733 3.1972 4.2794 

12 5.1394 4.3992 4.3518 4.6874 5.2657 5.4670 3.1021 3.0506 3.2734 4.0520 

13 5.6181 4.2840 3.7525 4.4934 5.7925 4.9335 3.0835 2.4923 2.7007 3.8702 

14 5.0133 3.9552 3.6846 4.6889 5.7742 5.0047 3.1301 2.4202 2.8046 3.8095 

15 5.0451 3.8850 3.6363 4.7538 5.4627 5.1860 3.1225 2.6542 2.5953 3.8993 

16 5.1744 3.6736 3.5120 4.4960 5.3111 5.7786 3.2868 2.5388 2.9604 3.6734 

17 5.3018 3.5418 3.6510 4.7729 5.6953 6.5437 3.3698 2.8153 3.0886 3.9309 

18 5.2577 3.6429 4.0780 4.6975 5.6327 5.9039 3.6308 2.8588 2.7422 3.8621 

19 5.6023 3.6885 4.3414 4.5486 5.4381 7.2726 3.5848 2.7817 2.9436 3.8243 

20 5.7881 3.9291 3.7794 4.6527 5.2485 8.5205 3.4646 3.1621 2.8003 3.6517 

21 5.6571 3.6256 4.2988 4.6398 5.8309 6.9856 3.6500 2.7474 3.4210 3.4311 

22 5.1896 3.4787 4.3715 4.6447 6.0757 6.7696 3.4236 2.7749 3.3873 4.0729 

23 6.1031 3.9023 3.5214 4.4900 5.3744 5.8348 3.4303 3.2604 3.0127 4.2308 

24 5.8154 3.8723 4.3780 4.8023 5.6524 6.1094 3.5315 2.9910 3.2027 3.8788 

25 6.1164 3.7352 4.1087 4.6816 5.4707 5.8459 3.6446 3.1517 3.6748 4.0261 

26 5.8366 3.7964 4.1433 4.5831 6.0300 5.0844 3.4523 3.2107 3.8156 4.1224 

27 5.9445 4.0870 4.3554 4.5282 5.9005 5.1485 3.7936 3.3058 3.3893 4.1393 

28 5.4342 3.9819 4.8786 4.5217 5.6068 5.2763 4.3316 3.3698 3.3933 4.4565 

29 5.4847 3.9088 5.2343 4.8053 5.5064 4.8728 3.7921 3.1101 3.5720 4.2470 

30 5.5761 4.3166 5.3450 4.7229 5.6657 5.2112 3.6481 3.1805 3.3155 4.4778 

31 5.4606 3.9038 5.6281 4.5446 5.4240 4.8801 3.8751 3.1522 3.1626 4.4645 

32 5.5177 3.8774 5.1579 4.9469 5.4250 5.2210 3.9112 3.6279 3.4275 4.0783 

33 5.5493 3.8965 5.9205 4.8877 5.4644 5.4726 4.0674 3.7441 3.6421 4.3122 

34 5.6085 3.3182 6.1712 4.4731 5.6084 4.5321 4.1814 3.8491 3.2870 4.6788 

35 5.9858 3.9039 5.9283 4.6680 6.1925 4.9549 4.0571 3.6657 3.4464 4.4120 

36 5.5275 3.7162 5.4345 4.8410 5.4129 4.9925 4.1447 3.6413 3.2404 4.4029 

37 5.3088 3.5009 4.9321 4.7995 5.4202 4.3729 3.8563 3.8451 3.6942 4.1782 

38 5.7703 3.9020 4.5642 4.5684 5.5310 4.5164 4.4009 3.6545 3.6150 4.3027 

39 5.9581 3.5960 4.6274 5.1430 5.8518 4.2564 3.8205 3.8068 3.4718 4.2773 

40 5.1155 3.8662 4.4130 5.2273 6.0332 4.5745 3.7646 3.8882 3.4557 4.4090 

41 5.4822 3.4638 4.4556 5.1530 5.7711 4.2773 4.6364 3.7161 3.4080 3.9823 
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42 5.4213 3.7638 5.0680 5.2169 5.4216 4.5870 4.1028 3.6607 3.5561 4.1447 

43 4.9447 3.6544 5.2329 5.3537 5.5309 4.8010 4.9352 3.5471 3.6895 4.2480 

44 5.2681 3.8534 4.7712 5.2745 5.6133 4.5888 5.3207 3.3729 3.6140 3.9795 

45 4.7167 3.9913 4.8593 5.3325 5.9490 4.5522 4.0922 3.3446 3.2664 4.4266 

46 4.8197 4.0401 5.2565 5.5404 5.7980 5.0816 4.4865 3.5142 3.8545 4.4037 

47 4.7946 3.9390 5.2191 5.9114 5.5857 4.3679 4.1257 3.5800 3.8856 4.1172 

48 5.0436 4.1826 5.4114 5.6826 5.6504 4.6232 4.4028 3.4808 3.8347 4.0410 

49 5.3067 4.3522 4.4679 6.2343 5.1929 4.7846 4.7919 3.4604 4.0741 4.2132 

50 4.4341 4.2340 5.0401 6.3769 5.3783 5.1172 4.5314 3.3970 3.7788 4.1769 

51 4.9153 4.2799 4.4851 5.6503 6.0350 4.9304 4.5719 3.4656 4.5641 4.2894 

52 4.5789 4.1388 4.8455 5.3490 5.7511 4.5901 4.4815 3.6349 4.0661 4.4722 

53 4.6735 3.8677 4.3858 5.5852 5.2230 4.7434 4.4798 3.6579 4.3546 4.1148 

54 4.4481 4.1206 4.4783 5.2837 5.8191 5.4287 4.5718 3.5621 4.5360 4.2640 

55 4.6362 3.9821 4.3616 5.5062 5.8653 4.7873 4.4482 3.4819 4.2502 3.8754 

56 4.8529 4.2764 4.5632 5.5373 5.8852 4.6105 4.5165 3.6310 4.4779 4.2470 

57 4.9715 4.1296 4.8938 5.4729 5.9081 4.7803 4.5177 3.7003 4.1959 4.3851 

58 5.4722 4.0982 4.7900 5.9558 5.5637 4.3630 4.5076 3.9803 4.2855 3.8853 

59 5.2980 4.3377 4.7806 5.8468 5.5980 4.8540 4.3823 3.7255 3.9371 4.3480 

60 5.3240 4.0628 4.5760 5.4731 5.3789 4.4536 4.6159 3.3690 4.1285 4.2616 

61 5.6714 3.9456 4.9255 5.4799 5.9720 4.9862 4.5379 3.3960 3.8828 4.3770 

62 5.5269 4.1654 5.0651 5.4775 5.6376 4.9704 4.5333 3.2539 3.7795 4.9461 

63 5.0938 3.9820 5.0453 5.6892 5.9745 5.1790 4.5956 3.3637 3.7026 4.8199 

64 5.3969 4.1939 5.1415 5.1002 5.6743 5.1407 4.5167 3.2129 4.3720 5.1858 

65 5.5112 3.6890 4.8233 6.0842 5.7949 4.9186 4.4692 3.1404 4.0464 5.3110 

66 5.4510 3.6692 5.0741 6.1851 5.3697 4.6970 4.5387 3.1985 4.3866 5.0291 

67 5.4689 3.4472 4.6017 6.2876 5.9892 4.5865 4.2453 3.4404 4.1898 5.2317 

68 5.4901 3.6215 4.9091 6.5108 6.1606 4.7976 4.3997 3.0931 4.3420 4.8265 

69 5.9106 3.3059 4.7607 5.7631 6.2500 4.9039 4.4000 3.0234 4.2832 5.2216 

70 6.3188 3.7484 4.7582 5.8317 6.2823 5.0227 4.5178 3.2114 4.1681 5.2895 

71 6.4083 3.5065 4.9129 5.9132 5.9659 4.3988 4.4332 3.2653 4.5433 5.2181 

72 5.5107 3.4430 4.9169 5.9339 6.3854 4.8940 4.6630 3.1644 4.2508 5.1940 

73 5.7910 3.4023 4.9776 6.3303 5.7203 4.5005 4.5829 3.2471 4.7327 5.4321 

74 5.8488 3.6069 5.7761 5.7873 6.1816 5.6385 4.4577 3.2119 4.1421 5.2013 

75 5.6584 3.5592 5.8059 6.1551 6.3041 4.7237 4.5794 3.1168 4.0567 5.1100 

76 6.6001 3.8965 5.9044 6.3955 6.3754 4.9181 4.6366 3.3660 4.1036 5.4655 

77 5.8738 3.5958 5.5266 6.2198 7.0079 4.9212 4.6321 3.3757 3.9976 5.5541 

78 5.6459 3.6433 6.4008 5.8277 6.4564 4.9484 4.7052 2.8646 3.8273 5.4325 

79 5.3624 3.5307 5.7259 5.8203 6.1839 5.0430 4.4413 2.9507 3.7549 5.0749 

80 5.8749 3.4775 6.9106 5.8769 6.3767 5.1753 4.4168 3.1178 4.1038 4.9373 

81 5.9553 3.5619 7.0234 6.2072 6.6038 5.1023 4.2565 3.2677 4.0068 4.8389 

82 5.7464 3.3933 6.5232 6.6199 5.8628 5.2075 4.2186 2.9652 3.7720 4.4652 

83 5.7600 3.7525 5.8846 5.8822 5.4958 4.9616 4.5651 3.0157 4.2604 4.4755 

84 5.8016 3.7955 5.9300 6.1331 5.5478 5.1933 4.3878 2.8786 4.3485 4.6099 

85 5.7640 3.6540 6.4766 6.1908 5.8719 4.6482 4.6649 3.1113 4.1989 4.2987 

86 5.8272 3.8147 5.5571 6.2038 5.8822 4.6630 4.4527 3.4357 4.3889 4.5175 

87 5.7021 3.6406 5.7726 6.0652 5.9226 4.7116 4.3762 3.1538 4.2220 4.4257 

88 5.5402 3.7826 5.6567 6.1505 6.3916 4.8748 4.2453 3.1670 4.0072 4.2471 

89 5.4020 4.3907 5.5742 6.1118 6.2018 4.8703 4.1381 3.1927 4.1070 4.5134 
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90 5.8299 4.0970 6.3784 5.9934 6.1578 5.7759 4.2508 3.1232 4.0177 4.4835 

91 5.4646 4.0397 5.8280 5.9988 5.7130 4.5421 4.0163 3.3186 4.4691 4.2875 

92 5.3583 3.9973 5.6812 6.3398 6.4037 4.2295 3.9910 3.1269 4.4260 4.5816 

93 5.2220 3.8318 5.8316 5.7527 5.8600 4.6433 4.2028 3.2496 4.4067 4.2393 

94 5.8060 3.9039 5.6172 5.6106 5.9101 4.5421 4.2081 3.0246 4.3096 4.3864 

95 5.5460 4.2605 5.6086 5.6096 6.3933 4.2439 4.2226 3.0547 4.6834 4.2603 

96 5.6742 4.1332 6.5894 5.6028 5.5017 3.8676 4.1096 2.9626 4.1367 4.0430 

97 5.7628 4.2952 6.1552 5.7404 4.8547 4.4562 4.0528 3.3108 3.9836 4.4113 

98 5.5927 4.1213 6.7694 6.0943 5.1934 4.2331 4.0759 3.2331 4.3531 4.2589 

99 5.7420 4.0826 5.3227 5.9883 5.9034 4.2226 3.7007 3.0598 4.5499 4.2191 

100 5.7170 4.3356 5.0111 5.6667 5.9973 4.4747 3.8467 3.2181 4.5989 4.1444 

 113 

 114 

 115 

 116 

 117 

Table S2. Human serum samples without neutralizing antibodies against SARS-CoV-2. The absence 118 

of neutralizing antibodies was confirmed using the cPass SARS-CoV-2 Neutralization Antibody De- 119 

tection Kit for the Wuhan, Mu, BA.1, and BA.2 variants of the virus. Percentages of neutralization 120 

below 30% were observed, indicating the lack of neutralizing antibodies. Three technical replicates 121 

were performed for each serum sample. 122 

SE-

RUM 

% NEUTRALIZATION 

Wuhan Mu BA.1 BA.2 

S1 3.34 2.16 1.62 0.92 1.91 12.37 4.87 -0.43 4.03 -0.79 -1.21 2.00 

S2 -1.31 -3.89 0.51 -1.53 -5.10 -1.93 4.90 -1.23 5.23 2.00 2.52 -2.61 

S3 6.74 3.44 2.09 1.48 1.29 1.14 3.15 0.16 4.39 6.23 3.59 4.08 

 123 

 124 

 125 

 126 

 127 

 128 

 129 

 130 

 131 

 132 
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Table S3. Promising Blocking Proteins (BPs) selected for further study. It includes the amino acid 133 

sequences, molecular weights (MW), and isoelectric points (IP) of the candidates, as determined by 134 

https://web.expasy.org/compute_pi/. 135 

Name Amino acid sequence MW kDa IP 

hACE2 

STIEEQAKTFLDKFNHEAEDLFYQSSLASWNYNTNITEEN-

VQNMN-

NAGDKWSAFLKEQSTLAQMYPLQEIQNLTVKLQLQALQQNG

SSVLSEDKSKRLNTILNTMSTIYST-

GKVCNPDNPQECLLLEPGLNEIMANSLDYNERL-

WAWESWRSEVGKQLRPLYEEYVVLKNEMARANHYEDYGDY

WRGDYEVNGVDGYDYSRGQLIEDVEHTFEEIK-

PLYEHLHAYVRAKLMNAYPSYISPIG-

CLPAHLLGDMWGRFWTNLYSLTVPFGQKPNIDVTDAMVDQA

WDAQRIFKEAEKFFVSVGLPNMTQGFWENSMLT-

DPGNVQKAVCHPTAWDLGKGDFRILM-

CTKVTMDDFLTAHHEMGHIQYDMAYAAQPFLLRNGANEGF

HEAVGEIMSLSAATPKHLKSIGLLSPDFQEDNETEINFLLKQAL-

TIVGTLPFTYM-

LEKWRWMVFKGEIPKDQWMKKWWEMKREIVGVVEPVPHDE

TYCDPASLFHVSNDYSFIRYYTRTLYQFQFQEALCQAAKHEG-

PLHKCDIS-

NSTEAGQKLFNMLRLGKSEPWTLALENVVGAKNMNVRPLLN

YFEPLFTWLKDQNKNSFVGWSTDWSPYADQSIKVRIS-

LKSALGDKAYEWNDNEMYLFRS-

SVAYAMRQYFLKVKNQMILFGEEDVRVANLKPRISFNFFVTAP

KNVSDIIPRTEVEKAIRMSRSRINDAFRLNDNSLEFLGIQPT-

LGPPNQPPVSIWLIVFGVVMGVIVVGIVILIFTGIRDRKKPTPLL

GKSWLTAILKD 

 

88.5399 5.44 

BP1 

KQSTIEEQAKTFLDKFNHEAEDLFYQSSLASANYNTNITEEN-

VQNMN-

NAGDKWSAFLKEQSTLAQMYPLQEIQNLTVKLQLQALQQNS

RQDQKAVCHPTAWDLGKGDFRILMCTKVTMDDFLTAH-

HEMGHIQYDMAY 

15.8247 5.07 

BP2 

IEEQAKTFLDKFNHEAEDLFYQSSLASWNYNTNITEEN-

VQNMN-

NAGDKWSAFLKEQSTLAQMYPLQEIQNLTVKLQNGTIYSTGT

QGFSENSMLTSKAVCHPTAWDLGKGDFRILMCT 

13.4259 4.72 

BP3 

KQSTIEEQAKTFLDKFNHEAEDLAYQSSLASANYNTNITEEN-

VQNMN-

NAGDKWSAFLKEQSTLAQMYPLQEIQNLTVKLQLQALQQNS

VAFKEAEKFIRQDQKAVCHPTAWDLGKGDFRILM-

CTKVTMDDFLTAHHEMGHIQYDMAY 

16.9119 5.13 

BP4 

TIEEQAKTFLDKFNHEAEDLFYQSSLASWNYNTNITEEN-

VQNMN-

NAGDKWSAFLKEQSTLAQMYPLQEIQNLTVKLQLQALQQNS

GSGAVCHPTAWDLGKGDFRILSCTKVTMDDFLTAH-

HEMGHIQYDMAY 

15.0977 4.76 
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BP5 

STIEEQAKTFLDKFNHEAEDLFYQSSLASWNYNTNITEEN-

VQNMN-

NAGDKWSAFLKEQSTLAQMYPLQEIQNLTVKLQLQALQQNS

RQDQKAVCHPTAWDLGKGDFRILMCTKVTMDDFLTAH-

HEMGHIQYDMAY 

15.6835 4.92 

BP6 

IEEQAKTFLDKFNHEAEDLFYQSSLASWNYNTNITEEN-

VQNMN-

NAGDKWSAFLKEQSTLAQMYPLQEIQNLTVKLQNGTIYSTGT

QGFWENSMLTQKAVCHPTAWDLGKGDFRILMCTKVTMDD 

14.2559 4.63 

BP8 

IEEQAKTFLDKFNHEAEDLFYQSSLASWNYNTQITEEN-

VQNMN-

NAGDKWSAFLKEQSTLAQMYPLQEIQQLTVKLQNGTIYSTGT

QGFSENSMLTSKAVCHPTAWDLGKGDFRILMCT 

13.4539 4.72 

BP9 

TIEEQAKTFLDKFNHEAEDLFYQSSLASWNYNTQITEEN-

VQNMN-

NAGDKWSAFLKEQSTLAQMYPLQEIQQLTVKLQLQALQQNS

GSGAVCHPTAWDLGKGDFRILSCTKVTMDDFLTAH-

HEMGHIQYDMAY 

15.1258 4.76 

BP10 

IEEQAKTFLDKFNHEADELFYQSSLASWNYNTQITEEN-

VQNMN-

NAGDKWSAFLKEQSTLAQMYPLQEIQQLTVKLQNGTIYSTGT

QGFSENSMLTSKAVCHPTAWDLGKGDFRILMCT 

13.4539 4.72 

BP11 

TIEEQAKTFLDKFNHEADELFYQSSLASWNYNTQITEEN-

VQNMN-

NAGDKWSAFLKEQSTLAQMYPLQEIQQLTVKLQLQALQQNS

GSGAVCHPTAWDLGKGDFRILSCTKVTMDDFLTAH-

HEMGHIQYDMAY 

15.1258 4.76 
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