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Abstract

ACE?2 is a key receptor for SARS-CoV-2 cell entry. Binding of SARS-Cov-2 to ACE2 involves
the viral Spike protein. The molecular interaction between ACE2 and Spike has been resolved.
Interfering with this interaction might be used in treating patients with COVID-19. Inhibition of
this interaction can be attained via multiple routes: here we focus on identifying small molecules
that would prevent the interaction. Specifically we focus on small molecules and peptides that
have the capacity to effectively bind the ACE2: RBD contact domain to prevent and reduce
SARS-CoV-2 entry into the cell. We aim to identify molecules that prevent the docking of viral
spike protein (mediated by RBD) onto cells expressing ACE2, without inhibiting the activity of
ACE2. We utilize the most recent ACE2-RBD crystallography resolved model (PDB-ID:6LZG).
Based on animal susceptibility data we narrowed down our interest to the location of amino acid
34 (Histidine) located on ACE2. We performed an in silico screen of a chemical library of
compounds with several thousand small molecules including FDA approved compounds. All
compounds were tested for binding to the proximal binding site located close to histidine 34 on
ACE2. We report a list of four potential small molecules that potentially have the capacity to
bind target residue: AY-NHp>, a selective PAR4 receptor agonist peptide (CAS number: 352017-
71-1), NAD+ (CAS number: 53-84-9), Reproterol, a short-acting 32 adrenoreceptor agonist used



in the treatment of asthma (CAS number: 54063-54-6), and Thymopentin, a synthetic immune-
stimulant which enhances production of thymic T cells (CAS number: 69558-55-0). The focus is
on a High Throughput Screen Assay (HTSA), or in silico screen, delineating small molecules
that are selectively binding/masking the crucial interface residue on ACE2 at His34.
Consequently, inhibiting SARS-CoV-2 binding to host ACE2 and viral entry is a potent strategy
to reduce cellular entry of the virus. We suggest that this anti-viral nature of this interaction is a
viable strategy for COVID19 whereas the small molecules including peptides warrant further in

vitro screens.
Introduction

Similar to SARS-CoV, SARS-CoV-2 enters the cell by means of binding to the Angiotensin-
converting enzyme 2 (ACE2) cellular receptor *. ACE2 is a type 1 integral membrane
glycoprotein protein which functions as acarboxypeptidase and its main role is the degradation of
angiotensin 112, It is expressed widely across human tissues including lungs, heart, kidneys and
intestine, and adipose tissue as shown in The Genotype-Tissue Expression (GTEX) project®.
Pulmonary ACE2 regulates the balance of circulating angiotensin 11 / angiotensin 17 levels 2.
Furthermore, in preclinical ARDS models, ACE2 knockout mice displayed more severe
symptoms of this disease compared with wild-type?. It has been shown that ACE2 is expressed
primarily in alveolar epithelial type 11 cells, likely a viral reservoir®. ACE2 has been shown to be
the viral entry receptor also for SARS-CoV°. Overexpression of human ACE2 enhanced the
severity of disease in mice infected with SARS-CoV°® which would imply higher viral titer.
Decreased expression of ACE?2 is associated with cardiovascular diseases. Rare genetic variation
in ACEZ2 likely affects the propagation capacity of the virus ultimately affecting variation in
susceptibility across individuals. ACE2 genotype-tissue analysis points to a rather rare population
frequency of potential variants that may constitute susceptibility or resilience to infection of
SARS-CoV-2 in certain individuals. The capacity of viral binding to the target cell might be
specifically altered by natural human variation that would affect the ACE2-RBD binding region.

The risk for serious disease and death from COVID-19 is higher in males, in older individuals
and those with co-morbidities. Host genetic variation is essential in determining susceptibility to
COVID-19 as well as in variation in course of disease and outcomes. It has been recently

discovered that polymorphisms in the host IFNL region which control expression of IFNL3 and



IFNL4 modulate ACE2 expression and could affect varied response to COVID-19°.
Furthermore, there are age related differences in expression of ACE2 and in ACE2 relative to
ACE. The ACE2/ACE ratio is much higher among the young as compared to the older
individuals. Furthermore, the fact that the human ACEZ2 protein is located on the X chromosome
means that males who carry rare ACE2 coding variants will be hemizygous, expressing only
those variants in all ACE2-expressing cells. Conversely, females will typically express those rare
ACE2 variants in a mosaic distribution determined by early X-inactivation events’. In a recent
study, site-directed mutagenesis analysis of ACE2 interface interactions identified
polymorphisms expected to have an impact on the function of the resulting protein, but also
grouped these variants based on their predicted effects on interactions with the SARS-CoV-2
spike protein®. Authors report variants that could alter the binding affinity to for example the
p.Thr92lle variant (rs763395248) amongst others®.

The structural basis for the ACE-2 RBD Spike protein recognition has been recently mapped out
and the cryo-EM structure of the full length, viral spike protein that targets human ACE2
complex has been reported®. The viral spike glycoprotein (S protein) mediates receptor
recognition'®. The authors show that viral S protein binds ACE2 up to x20 times more tightly,
when compared to the previous SARS-CoV strain. Recently the 3.5-angstrom-resolution
structure of the S protein has been described!®. The S protein is cleaved into two subunits: S1 and
S2. This cleavage of S proteins by host proteases is critical for viral infection®. The structure of
ACE?2 as well as that of Spike protein is shown on Figurel. The interaction between the viral
Spike protein and ACEZ2 is a critical step in the replication cycle. Currently there are two models
describing the interaction'*2, Both studies show the C-terminal domain (CTD, the part of the
Spike protein where RBD is located) physically attaching to host ACE2 (the Spike protein’s N-
terminal domain, NTD, does not bind). Authors'? show interaction of the CTD (but not NTD) of
Spike by flow cytometry (expressed in mouse cells). Interaction was shown between partial
structure SARS-CoV-2 Spike (RBD, residues Arg319-Phe541) and the N-terminal peptidase
domain of ACE2 (residues Ser19-Asp615) 1. In the trimer structure, only one molecule of RBD
is exposed (in the up conformation) to directly interact with ACE2*12, Additionally S binding is
independent of ACE2 catalytic activity and occurs on the outer surface of ACE2, whereas

angiotensin substrates bind within a deep cleft that houses the active site®.


https://www.biorxiv.org/content/10.1101/2020.03.16.994236v1

In the present study, we first identified via crystal structure and genetics a target amino acid
region, and second we identified potential small molecule inhibitors of RBD-ACE2

binding. Specifically we focus on small molecules and peptides that have the capacity to
effectively bind to histidine 34 (His®**) of the ACE2 protein in order to modulate viral binding.

Results

Natural genetic variation in ACE2 likely affect the propagation capacity of the virus and
variation in susceptibility across individuals. The capacity of viral binding to target cell might be
altered by natural, human variation that is present within ACE2 RBD region. Looking at
tolerance status of ACE2 in gnomAD?? database, there are on average 3 LOF variants

in ACE2 and the gene is predicted to be loss-of-function variant intolerant with a pLI of 1.
Among reported inherited ACE2 missense variant list from gnomAD, we considered variants
near the ACE2S protein interface. We inspected the region for nonsynonymous polymorphisms
and the LOF variants with MAF>0.0005 are shown on FigurelA and FigurelB. One interesting
variant closest to the region of interest is rs4646116, missense ACE2 locus (MAF_gnomAD _all
= 0.003) encoding p.Lys26Arg. Rare variants (MAF_gnomAD _all<0.0005) are not shown. All of
these variants could plausibly affect risk for progression to COVID-19 after an initial exposure
with SARS-CoV-2 which greatest effect coming from p.Lys26Arg as it is the more common

variation.

We used the most recent inter-species susceptibility data to narrow down whichaa residues are
crucial for maintaining ACE2 receptor entry4. SARS-CoV-2 replicates poorly in dogs, pigs,
chickens and ducks, whereas cats and ferrets are more permissive to infection*4. We aligned the
ACE2 sequence across species based on a study by comparing susceptibility to infection!*. We
focused on the functional contact amino acid residues located on either ACE2 or the RBD
domain (Spike protein)!®. The authors show RBD residues GIn*%, Thr*®, and Asn®* form a
network of H-bonds with Tyr*, GIn*?, Lys®2, and Arg®®’ from ACE2. Additionally Lys**” and
Tyr*?2 of the RBD interact with Asp® and His®* of ACE2°.

We aligned multiple amino acid sequences of ACE2 at the RBD-interacting domain across
selected species, and surprisingly one amino acid was segregating with inter-species
susceptibility (Histidine 34, region shown on FigurelC). We hypothesize that this one amino

acid is essential for effective viral entry and we therefore sought to identify small molecules and



peptides that could block or mask this residue. We focused on a simultaneous in silico chemical
library screen in order to find potential small molecule candidates that will selectively bind or
mask that residue, effectively inhibiting SARS-CoV-2 binding to ACE2 and subsequent viral
entry.

A glide docking protocol was applied followed by the determination of pharmacokinetically
relevant molecular descriptors to narrow down the initial hits. Next, molecular dynamics
simulations were conducted to validate the stability of docked binding modes. Altogether
~11,000 non-redundant molecules were tested (Tocris, TargetMol and FDA approved —
downloaded from Zinc database®®). We report a list of small molecules in Table 1 together with
the docking Glide Score®®. We used visual docking modeling as well as the docking score to
guide and select candidates. Docking score (GlideScore) is an empirical scoring function
designed to maximize separation of compounds with strong binding affinity from those with
little to no binding ability. As an empirical scoring function it is comprised of terms that account
for the physics of the binding process including a lipophilic-lipophilic term, hydrogen bond
terms, a rotatable bond penalty, and contributions from protein-ligand coulomb-vdW energies. A
lower docking score corresponds with a more optimal docking. Candidate molecules were
assessed for actual interactions at the docking site, hbond score (hbond term is lower if the
hydrogen bonds are more optimal, for example a closer distance) and ligand efficiency
(normalized version of the glide score, gscore divided by a number of heavy atoms).

The top binding candidates are shown in Table 1. A full list is provided in Supplementary
Material 1. AY-NH: is a selective PAR4 receptor agonist peptide (H-Ala-Tyr-Pro-Gly-Lys-Phe-
NH2) and yielded the most favorable docking score. Figure 2A is a graphical depiction of the
AY-NH: compound annotated according to the determinations described above with respect to
predicted interactions of the compound with the relevant amino acids of ACE2. These include
predicted hydrogen bonding with the ACE2 Asp®, Ala®’, GIn®*#, and Glu®®** amino acids. Figure
3B is a three-dimensional representation of AY-NH: bound to ACE2 as predicted above. Bound
as such, binding by the SARS-CoV-2 S protein RBD to the His®* (blue) or ASP* (red) of ACE2
is effectively blocked by NY-HN:2 (grey).



Table 1 Top hits from in silico small molecule docking experiments
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ZINC000000001872 | Oxiniacic Acid | 2398-81-4 ‘ 1‘ -6.948‘ -0.695‘ -0.16‘

NAD" (oxidized nicotinamide adenine dinucleotide), a coenzyme involved in many metabolic
reactions, yielded the second most favorable docking score. It is an essential pyridine nucleotide
that serves as an electron carrier in metabolism. It was reported that significant decline in the
plasma levels of NAD* occurs with age'’. Interestingly recent studies show SARS-CoV-2
infection of cell lines significantly dysregulates the NAD™ pathway with regards to

NAD* synthesis and utilization®8. Furthermore, gene expression and data suggest that increasing
NAD™ withnicotinamide may restore antiviral PARP functions. Viral replication and host cell
homeostasis are dependent on NAD coenzymes including NAD+. PARPs which are upregulated
due to the virus are dependent on NAD+ in order to transfer the ADP-ribose moiety*®. In has
been shown that PARP10- mediated loss in NAD+ could be restored by boosting NAD+ levels®e,
Furthermore, in a small placebo-controlled clinical trial of Nicotinamide riboside (NR) in older
men, it was discovered that 1 gram of Nicotinamide riboside per day decreases the inflammatory
response (including levels of IL-6, IL-5, IL-2), ultimately reducing cytokine storm?°. Figure 2B
is a graphical depiction of the NAD* compound similarly annotated according to the
determinations described above with respect to predicted interactions of the compound with the
relevant amino acids of ACE2. Figure 2B is a three-dimensional representation of NAD* bound
to ACE2 as predicted. Bound as such, binding by the SARS-CoV-2 S protein RBD to the His*
(blue) or ASP* (red) of ACEZ2 is effectively blocked by NAD* (grey).

Reproterol (7-[3-[[2-(3,5-dihydroxyphenyl)-2-hydroxyethyl]amino]propyl]-1,3-dimethylpurine-
2,6-dione) is a short-acting . adrenoreceptor agonist approved for use in the treatment

of asthma. It yielded the third most favorable docking score. Figure 2C is a graphical depiction
of the reproterol compound annotated according to the determinations described above with
respect to predicted interactions of the compound with the relevant amino acids of ACE2. Figure
2C is a three-dimensional representation of reproterol bound to ACE2 as predicted. Bound as
such, binding by the SARS-CoV-2 S protein RBD to the His** (blue) or ASP® (red) of ACE2 is
effectively blocked by reproterol (grey).

Thymopentin (H-Arg-Lys-Asp-Val-Tyr-OH) is a synthetic pentapeptide used to enhance the
production of thymic T cells. It yielded the fourth most favorable docking score. Figure 2D is a



graphical depiction of the thymopentin compound annotated according to the determinations
described above with respect to predicted interactions of the compound with the relevant amino
acids of ACE2. We furthermore show a three-dimensional representation of thymopentin
bound to ACE2 as predicted. Bound as such, binding by the SARS-CoV-2 S protein RBD to the
His®* (blue) or ASP*° (red) of ACE2 is effectively blocked by thymopentin (grey).

The other compounds of Table 1 yielded lower docking scores but were still believed to be
capable of acting to inhibit binding at His34 and other of the ACE2 amino acids noted above,
thereby having the potential to inhibit SARS-CoV-2 infection. We previously evaluated the
natural variation in ACE2 and RBD (Nextstrain®®) to ensure docking was not within a
polymorphic region. Positive controls ofactual, known docking molecules were therefore run.
We have confirmed docking of TRMPRSS2 with ligand 56677007, as described recently in the
literature?*. We have further tested a benchmark set of molecules??. We describe theset of true

positive controls and the mapping strategy in Supplementary Table.
Discussion

There are several strategies to block SAR-CoV-2 entry into cell, and further replication. Small-
molecule inhibitors of SARS-CoV replication that block viral entry have been described to block
SARS-CoV?Z. In previous reports SSAA09E? interferes with the interaction of the RBD with
ACE22%, There is a therapeutic strategy whereby they administer ACE2 soluble as a trap for the
virus. Furthermore, given recent data that human recombinant soluble ACE2 can block early
stages of SARS-CoV-2%4. Authors showed that clinical grade human recombinant soluble ACE2
reduced SARS-CoV-2 recovery from Vero cells by a factor of 1,000-5,000%*. The described
candidates from our screen call for further validation. One option would be to use models of
CoV-2 infection on Caco-2 cells with overexpression of ACE2 differentiating only by this one
amino acid — quick proof of concept. There are other ACE2 residues that are segregating with
susceptibility across other species, but they were not confirmed RBD-contact residues. Those
residues were initially ruled out in the light of extensive work that was done to elucidate

RBD/ACE2 physical interaction using Electron Microscopy.

Conclusions



There is urgent need for the development of specific antiviral therapeutics to conquer SARS-

CoV-2. In order to find novel inhibitors of ACE2-RBD binding, we computationally screened a

compound libraries for binding using the solved crystal structure of ACE2. The focus on in silico

screen delineating small molecules selectively binding/masking the histidine residue and

consequently inhibiting SARS-CoV-2 binding to ACE2 and viral entry may be a potent strategy

to reduce cellular entry of the virus. We suggest that this is a viable antiviral strategy whereas the

small molecules, including peptides, warrant further validation.
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