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Inhibition of ACE2-Spike Interaction by an ACE2 Binder Suppresses

SARS-CoV-2 Entry

Young-Hee Shin®, Kiyoung Jeong', Jihye Lee, Hyo Jung Lee, Junhyeong Yim,
Jonghoon Kim, Seungtaek Kim,* and Seung Bum Park*

Abstract: The emergence of SARS-CoV-2 variants is a
significant concern in developing effective therapeutics and
vaccines in the middle of the ongoing COVID-19 pandemic.
Here, we have identified a novel small molecule that inhibited
the interactions between SARS-CoV-2 spike RBDs and
ACE2 by modulating ACE2 without impairing its enzymatic
activity necessary for normal physiological functions. Fur-
thermore, the identified compounds suppressed viral infection
in cultured cells by inhibiting the entry of ancestral and
variant SARS-CoV-2. Our study suggests that targeting
ACE2 could be a novel therapeutic strategy to inhibit SARS-
CoV-2 entry into host cells and prevent the development of
COVID-19.

The coronavirus disease 2019 (COVID-19), caused by the
severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2), was declared a pandemic in March 2020 by World
Health Organization. Accelerated research into the treat-
ment of COVID-19 resulted in the rapid development of
prophylactic measures and therapeutics, including
vaccines."! However, the proactive development of thera-
peutics targeting this virus is urgently needed, especially
considering the current (and future) SARS-CoV-2 mutation
rate.”

The prevention of viral entry is an efficient approach to
interfere with viral transmission at the initial step of viral
infection.’!’. SARS-CoV-2 relies on the spike, a surface-
located trimeric glycoprotein, to enter host cells. The viral
infection starts with the interaction between the receptor-
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Figure 1. |dentification of the main therapeutic targets that would
inhibit SARS-CoV-2 entry. Image was created using BioRender.com.

binding domain (RBD) of the S1 subunit of the spike and
the host receptor angiotensin-converting enzyme-2 (ACE2),
followed by spike cleavage at the S2’ site by host proteases,
such as transmembrane serine protease 2 (TMPRSS2).
This step primes the fusion between the virus and host cell
membrane through the S2 subunit of the spike. Therefore,
antibodies, peptides, and small molecules that could inhibit
interactions or functions of proteins, such as the spike,
ACE2, and TMPRSS2, would be promising therapeutics for
treating COVID-19 (Figure 1).

Molecular binders for the heptad repeat domain (HRD)
of the S2 subunit®™ and the RBD of the S1 subunit!® within
the spike protein have been shown to inhibit SARS-CoV-2
infection effectively. However, the emerging spike mutations
would require extended verification and optimization of
binder efficacy (Figure 1A and B). TMPRSS?2 inhibitors can
protect cells expressing TMPRSS2 and ACE2 from SARS-
CoV-2 infection (Figure 1C).*" The approach of targeting
ACE2 can be broadly applicable to various species of
coronavirus that share the exact viral entry mechanism
involving ACE2 as their host receptor (Figure 1D). More
importantly, targeting ACE2 would allow us to avoid
problems caused by spike mutations.*® However, the
inhibition of the ACE2 active site has not been considered a
viable therapeutic modality because ACE2 plays a vital role
as an endogenous cardiovascular system regulator suppress-
ing hypertension and heart failure,” and protects lung injury
caused by the acute respiratory distress syndrome.'” ACE2
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has non-enzymatic functions, such as regulating renal amino
acid transport mediated by Collectrin (Tmem27), a homolog
of ACE2 sharing 47.8 % sequence homology with ACE2,
suggesting that the selective modulation of ACE2 without
inhibiting its physiological functions would be critical to
prevent possible side effects. On the other hand,
biochemical™! and structural analyses!'” suggested an allos-
teric binding site in ACE2. Therefore, the inhibition of the
ACE2 interaction with the RBD subunit was proposed as a
novel strategy for COVID-19 therapeutics (Figure 1E).!"

In this study, we explored whether small molecules can
inhibit the interaction between ACE2 and the RBD of spike
protein. The RBD-ACE2 binding event induces the corona-
virus attachment and the subsequent invasion to host cells,
which is reported to have a high affinity (K, value 4.7 nM)
with a large contact area that mainly consists of polar
interactions, suggesting that the RBD-ACE2 interface
would not be efficiently affected by orthosteric small-
molecule binders.'! On the other hand, allosteric small-
molecule binders can disrupt interactions that involve large
polar interfaces. We were intrigued by increasing evidence
demonstrating the allosteric regulation of RBDM"! and
ACE2."! A small-molecule screen may identify specific
binders, which could be used as effective therapeutics for
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COVID-19. Here, using the ELISA-based screening, we
discovered a novel heterocyclic skeleton inhibiting the
protein—protein interaction (PPI) between RBD and ACE2.
Furthermore, it suppressed SARS-CoV-2 infection in cul-
tured cells by inhibiting viral entry via the modulation of
ACE?2, suggesting a future potential as a broad-spectrum
antiviral agent against coronaviruses.

To identify the PPI inhibitors of the RBD-ACE2
interaction, we performed a sandwich ELISA-based screen-
ing using the plate-bound RBD (Arg319-Phe541) and
extracellular domain of human ACE2 (GIn18-Ser740),
incubated in the presence of our in-house drug-like poly-
heterocyclic compound library, generated using a privileged
substructure-based diversity-oriented synthesis (pDOS)
strategy (Figure S1).') We identified a number of hits
including tricyclic compound 1 (SB27001) with a pyrimido-
diazepine core structure and consistent inhibition (up to
~50%) of the RBD-ACE2 interaction (Figure S1). To
improve the potency of the initial hit compound 1, we
synthesized a series of analogues based on a structure—
activity relationship (SAR) analysis (Figure 2A). Compound
6 (SB27012) containing cyclopropyl amide at the R* position
showed improved activity with a half-maximal inhibitory
concentration (ICsy) value of 7.7 uM based on an ELISA
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Figure 2. Small-molecule inhibitors of RBD-ACE2 interaction bind ACE2 without affecting ACE2 enzymatic activity. A) Compounds synthesized for
the structure—activity relationship study. B) RBD—-ACE2 sandwich ELISA assay data presented as % inhibition using compounds shown in (A) at

20 uM, n=2. C) Chemical structures of active compound 6 (SB27012) and partial negative compound 2 (SB27016).

D) RBD-ACE2 ELISA assay,

dose-response experiments for SB27012 and SB271016; I1Cs for SB27012 is 7.7 +0.5 pM. E) Surface plasmon resonance (SPR) analysis of
immobilized ACE2 and RBD, representative SPR data, SB27012 (0.156-5 pM) and SB27016 (0.625-5 pM), n=3. Kinetic constants for SB27012

with immobilized ACE2: for association (k,) (7.5+4.8)x10° M™'s

!, for dissociation (kg) (9.9+4.1)x10

57!, for binding affinity (K)

(2.1£0.6) x 1077 M. F) ACE2 enzymatic assay data presented as % activity, n=3.
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assay (Figures 2B-D). Interestingly, compound 2 (SB27016),
although it contained the identical tricyclic pyrimidodiaze-
pine core structure without R*® substituents, did not show
any inhibitory activity and, therefore, was used as a partial
negative control in further investigations (Figures2C and
D).

To determine the direct target of SB27012, we per-
formed a biophysical study using surface plasmon resonance
(SPR) analyses with recombinant RBD (Arg319-Phe541)
and hACE2 (GIn18-Ser740) proteins, identical to the
proteins used for the ELISA assay. SB27012 showed direct
binding to hACE2, but not to RBD, with a binding affinity
with a K, value of ~210 nM (Figure 2E). In contrast, partial
negative SB27016 did not bind to hACE2 or RBD,
confirming that only SB27012 could bind hACE2 with a
high affinity to disrupt the RBD-ACE2 interaction.

Since the enzymatic activity of ACE2 is necessary for the
processing of angiotensin I and ILP*'! we evaluated the
effect of SB27012 on ACE2 protease activity. DX-600, a
potent peptide-based ACE2 inhibitor (K; value 2.8 nM),!""!
inhibited ACE2 activity at 1 pM, while SB27012 did not
have any adverse effect on ACE2 function even at high
concentrations (Figure 2F). These results suggested that
SB27012 did not bind to the active site of ACE2. We can
exclude the possibility of orthosteric inhibition of the RBD-
ACE2 interaction by SB27012, since the hydrophilic nature
of the RBD-ACE?2 interface thermodynamically disfavors
the association with hydrophobic SB27012. This hypothesis
was supported by the docking study measuring the potential
interaction of SB27012 with the RBD-binding surface of
ACE2 (PDB: 6LZG, RBD bound ACE2) and the ACE2
active site (PBD: 1R4L, MLN-4760 bound ACE2). Still, we
did not observe any successful docking modes for both
interactions (data not shown). Our SPR results clearly
showed that SB27012 binds to ACE2 but not RBD (Fig-
ure 2E). Therefore, our data collectively indicated that
SB27012 inhibits the ACE2-spike interaction by inducing
allosteric changes in ACE2, although we cannot completely
exclude the possibility of an orthosteric PPI inhibition by
SB27012.

Next, we examined whether SB27012 can block the
SARS-CoV-2 infection of cultured cells expressing endoge-
nous ACE2. Monkey kidney epithelial Vero cells were
infected with SARS-CoV-2 for 24h in the presence of
SB27012 or SB27016; remdesivir (RDV), the inhibitor of the
RNA-dependent RNA polymerase (RdRp) that has anti-
viral effects on a broad range of RNA viruses in vitro and in
vivo, was used as a positive control.™®! Figures 3A and S2
show that RDV blocked the SARS-CoV-2 spread with ICs,
6.0 uM. Although SB27012 did not fully inhibit the viral
infection, it showed a more potent inhibitory effect at the
lower doses (3.13 uM) than RDV, while not affecting cell
viability (Figures 3D and S3). In contrast, SB27016 (partial
negative control) did not suppress virus spreading at any
concentration. To test whether SB27012 blocked the entry
stage of SARS-CoV-2 infection, we performed a time-of-
addition study, which is a well-accepted protocol to examine
the effectiveness and working mechanism of the compound
in suppressing the viral infection (Figure 3B). Lopinavir
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Figure 3. SB27012 suppressed SARS-CoV-2 infection by inhibiting viral
entry. A) Immunofluorescence images of Vero cells infected with SARS-
CoV-2 for 24 h and treated with active SB27012, remdesivir (RDV,
positive control), and SB27016 (6.25 pM, negative control). Cell nuclei
were stained red and SARS-CoV-2 nucleocapsid (N) protein was
stained green. B) The timeline for the time-of-addition study. C) Immu-
nofluorescence data from the time-of-addition study, SARS-CoV-2 N
protein staining (green). Vero E6 cells were treated with compounds
(25 pM) at the indicated time points. D, E) Quantification of (A) and
(D) presented as % inhibition. Complete data for this study are
presented in Figure S4. Scale bar=100 pm.

(LPV), an HIV-1 protease inhibitor previously shown to
inhibit SARS-CoV-2 replication,™ was used as a positive
control. LPV inhibited SARS-CoV-2 at all tested time
points, while SB27012 reduced infection predominantly at
early time points (—1 and 0 hpi), suggesting that SB27012
blocked the entry step of viral infection (Figures 3C, E, and
S4).

We hypothesized that SB27012 inhibited SARS-CoV-2
entry by allosterically modulating ACE2, thus suppressing
infection by SARS-CoV-2 variants. Therefore, it is necessary
to investigate whether our hit compounds can be also
effective on variants since neutralizing antibodies and
vaccines for COVID-19 had been developed based on the
ancestral SARS-CoV-2 spike protein sequence, and emerg-
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Figure 4. Vero cell infection by SARS-CoV-2 variants suppressed by
SB27041 and SB27047. A, E) Dose-response curve analysis of the
tested compounds in Vero cells infected for 24 h with lineage A (red),
lineage B.1.1.7 (black), lineage B.1.351 (blue), and B.1.617.2 (white)
SARS-CoV-2, respectively. B) Structure of the improved compounds
from the second SAR study. C, D) RBD-ACE2 and RBD (N501Y)-ACE2
sandwich ELISA data presented as % inhibition, n> 4. Statistical
differences between SB27041-, SB27047-, and SB27016-treated groups
compared to the same concentration of SB27012-treated group was
assessed using the one-way ANOVA test with Dunnett’s post hoc
analysis (P>0.05, * P<0.05, ** P<0.01, ***P<0.001). F) Immuno-
fluorescence data from the drug combination study with remdesivir
(RDV) and SB27047 in Vero cells infected with ancestral (left image) or
delta variant (right image) of SARS-CoV-2. Data for SB27041 and
synergistic scores are shown in Figures S6-S10.

ing spike mutations could impact their effectiveness.”” In
this study, SARS-CoV-2 variants including lineages B.1.1.7
(identified from the United Kingdom, alpha), B.1.351
(identified from South Africa, beta), and B.1.617.2. (identi-
fied from India, delta) were used to test our hypothesis.
These variants contain specific mutations such as N501Y on
RBD for the former two variants and D614G near the S1,
S2 conjunction for all three variants.”™ A decreased
antiviral activity of SB27012 against these variants, com-
pared to the ancestral SARS-CoV-2, was observed in Vero
cells (Figure 4A). The negative control compound SB27016
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did not show any inhibitory effect against the infection by
these variants.

To improve the potency of SB27012, we performed a
second SAR study by changing the R' and R* positions
(Figure 4B, Table S1). We evaluated the efficacy of modified
compounds with ELISA assay using ancestral SARS-CoV-2
RBD and hACE2, leading to SB27041 and SB27047 with
improved efficacy (Figure 4C). These compounds are only
different from SB27012 by containing para-chloro and para-
methyl substituents on the R* benzyl ring, respectively, that
may promote better interactions to the binding site in ACE2
with their hydrophobic nature and moderate bulkiness. To
test their inhibitory effect on PPI between variant SARS-
CoV-2 RBD and ACE2, the ELISA assay was performed
using N501Y-RBD, which was demonstrated to be the major
challenger of vaccine efficacy and, therefore, necessary to
evaluate during drug development.”” Both SB27041 and
SB27047 showed improved inhibition of N501Y-RBD and
ACE2 interaction compared to SB27012 (Figure 4D).
SB27041 and SB27047 also showed enhanced inhibition of
variant SARS-CoV-2 infection in Vero cells compared to
SB27012, without affecting cell viability and ACE2 activity
(Figures 4E, S3, and S5). These observations indicated that
the physiological ACE2 binders, SB27041 or SB27047, could
modulate the interaction of ACE2 to either the ancestral or
variant RBDs, presumably via an allosteric manner.

The selected compounds did not elicit a complete
inhibition of viral infection by SARS-CoV-2 in Vero cells,
due to insufficient potency or the innate limitation of ACE2
allosteric regulation. These compounds might require com-
bination treatments with other drugs that have a different
mode of action to fully inhibit the viral infection. To
investigate the synergistic effect of our viral entry inhibitor
in combination with other drugs, especially remdesivir
(RDV), an FDA-approved drug with orthogonal mechanism
(viral replication/ transcription inhibition),"! we pursued the
drug combination study as shown in Figures 4F and S10.
RDYV and SB27047 were used to co-treat Vero cells infected
with SARS-CoV-2 lineage A (ancestral) or lineage B.1.617.2
(delta variant) by systematically varying their concentra-
tions. Intriguingly, the antiviral activities of both compounds
were significantly enhanced in combined treatment, indicat-
ing that both compounds showed clear synergy in antiviral
activities via different mechanisms of action (Figures 4F, S6—
S10). It is worth noting that in the case of infection with
delta variant, even 25-50 yM RDV could not cause the
complete inhibition of the viral infection. However, in
combination with 1.5-3.5 uM of SB27047 treatment, 3.12 uM
of RDV ensures full inhibitory effect with >90 synergy
scores, suggesting the physiological value of the ACE2
inhibitor as a viral entry suppressor for the treatment of
COVID-19.

To confirm the specific interaction of our selected
compounds with ACE2, we re-analyzed the ELISA screen-
ing data to verify other molecular skeletons that contained
the pyrimidodiazepine moiety (Figure S11). All other pyr-
imidodiazepine-based skeletons did not have any inhibitory
effects on the RBD-ACE2 interaction. Next, we validated
the compound specificity to ACE2 by designing and

© 2022 Wiley-VCH GmbH



GDCh
=

synthesizing SB27051, SB27053, and SB27052, the enantiom-
ers of SB27012, SB27041, and SB27047, respectively (Fig-
ure S12). The newly synthesized enantiomers showed resid-
ual activities due to their structural similarities (Figure S13).
SB27051, an enantiomer of the least active SB27012 among
three compounds, exhibited the least activity difference to
SB27012 for the suppression of the RBD-ACE2 interaction
and viral infection in Vero cells. However, all three
compounds SB27051, SB27052, and SB27053 that bear
similar polarities to their enantiomers but with different R-
groups showed significantly decreased activities on the viral
infection inhibition in Vero cells. This suggests that
SB27012, SB27041, and SB27047 inhibited the PPI via
specific interaction with ACE2, and not a result of their
hydrophobic properties (Figure S12, Tables S2 and S3).

The evolution of SARS-CoV-2 within the human pop-
ulation introduced a number of mutations on the spike
protein that affected virus characteristics, including trans-
missibility and antigenicity, possibly due to changing
immune profiles during human-to-human transmission.”
For example, D614G mutation induces the open conforma-
tion of the spike trimer, perhaps leading to increased
infectivity and transmissibility. Over time, this mutation
became predominant in local populations where it was
found.?"! Mutations in the N-terminal domain (NTD) of the
spike S1 region have been reported to escape neutralizing
antibodies.’” N501Y is located at the RBD-ACE2 interface
and enhances the affinity of RBD to ACE2, raising concerns
regarding vaccine efficacy.”” Therefore, COVID-19 thera-
peutics should overcome the fast-evolving spike protein
mutations, including mutations in RBD, one of the most
challenging locations.

Here, we proposed a new therapeutic strategy targeting
the ACE2 receptor instead of RBD to inhibit the RBD-
ACE2 interaction, which would allow us to bypass spike
protein mutations. ACE2 plays critical physiological roles as
a transmembrane protein and has not been considered a
therapeutic target in COVID-19 due to potentially serious
side effects.”1% But, growing evidence indicates that ACE2
may be subjected to conformational changes due to the
dynamic interactions of its subunits or, in other words,
allosteric changes,” and the catalytic function of ACE2 is
not dependent on spike binding.” In fact, a potent ACE2
enzymatic inhibitor, MLN-4760, does not inhibit the inter-
action between ACE2 and spike proteins of SARS-CoV-
1, even though the allosteric connection between two
sites was suggested.['”! There have been no specific studies of
ACE2 allostery or identification of ACE2 allosteric com-
pounds to modulate the ACE2-RBD interaction. Here, we
demonstrated for the first time that pyrimidodiazepine-
based tricyclic compounds from our pDOS library showed
specific binding to the ACE2 receptor but not to RBD,
disrupting the RBD-ACE?2 interaction without affecting the
ACE2 enzymatic function with some evidence of allosteric
modulation of ACE2. Our findings provide evidence that
the regulation of ACE2 leads to the suppression of SARS-
CoV-2 cell entry by inhibiting the RBD-ACE2 interaction.
The identification of putative allosteric sites of ACE2, which
still needs to be confirmed computationally and experimen-
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tally, will provide a new therapeutic strategy to confront
rapidly evolving SARS-CoV-2.
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