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ABSTRACT: Entry inhibitors are an important resource in the
response against emerging pathogens like the novel SARS-CoV-2,
which enters human cells via interaction between the surface spike
glycoprotein and the cellular membrane receptor angiotensin-converting
enzyme 2 (ACE2). Using a combination of comparative structural
analyses of the binding surface of the spike to ACE2, docking
experiments, and molecular dynamics simulations, we identified a stable
fragment of ACE2 that binds to the spike, is soluble, and is not
predicted to bind to its physiological ligand angiotensin II. From this
fragment we computationally designed and experimentally validated a
smaller, stable peptide that disrupts ACE2-spike interaction at
nanomolar concentrations, suggesting its potential use as a decoy that
could interfere with viral binding by competition.
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he entry of the novel SARS-CoV-2 into the host cell is

mediated by the interaction between the viral trans-
membrane spike glycoprotein and the cellular membrane
receptor angiotensin-converting enzyme 2 (ACE2) ' The
spike is synthesized as a precursor of about 1300 amino acids
that is then cleaved into an amino N-terminal S1 subunit of
about 700 amino acids and a carboxyl C-terminal S2 subunit of
about 600 amino acids. Three S1—S2 heterodimers assemble
to form a trimer protruding from the viral surface. The S1
subunit contains a receptor-binding domain (RBD), while the
S2 subunit contains a hydrophobic fusion peptide. Upon
receptor binding, the S1 subunit is cleaved, and the fusion S2
subunit undergoes a conformational rearrangement to form a
six-helix bundle that mediates viral and cellular membrane
fusion.”

The angiotensin-converting enzyme (ACE)-related carbox-
ypeptidase, ACE2, is a type I integral membrane protein
receptor of about 805 amino acids that contains one HEXXH
+ E zinc-binding consensus sequence. ACE2 is a close
homolog of the somatic angiotensin-converting enzyme
(ACE; EC 3.4.15.1), a peptidyl dipeptidase that plays an
important role in the renin—angiotensin system. ACE2
sequence includes an N-terminal signal sequence (amino
acids 1 to 18), a potential transmembrane domain (amino
acids 740 to 763), and a potential metalloprotease zinc-binding
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site (amino acids 374 to 378, HEMGH). The internal cavity
hosts the angiotensin I substrate (consisting of amino acids 1
to 10 of the angiotensinogen precursor) that ACE2 converts
into angiotensin II (amino acids 1 to 8) .>* ACE2 is expressed
mainly in heart, kidney, testis, smooth muscle, and in coronary
vessels and it seems to increase in lately differentiated epithelial
tissues.” The expression of ACE2 seems inversely regulated by
the expression levels of ACE, a key regulator of blood pressure
and the target of the pharmacological ACE inhibitors that
control blood pressure.’

X-ray and cryo-electron microscopy (cryo-EM) structures of
complexes between the viral spike from different Coronavi-
ruses both alone and in complex with ACE2 have been
solved.”~"* We studied the structural features of the binding of
ACE2 to spike by analyzing the crystallographic and cryo-EM
structures of the spikes from SARS-CoV and SARS-CoV-2,
human ACE2, and their complexes.
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Figure 1. Structural analysis of viral spike binding to ACE2. Panel A highlights the residues in ACE2 (blue) that are involved in binding to the
SARS-CoV-2 spike (orange backbone - black labels). The residues are colored by interaction energy as predicted by RosettaDock on a sliding scale:
from —4.64S Rosetta Energy Units (REU) (dark red) to >0 REU (white). Panel B gives a surface representation of the structures in panel A. Panel
C shows a superposition of SARS-CoV (gray backbone - red labels) and SARS-CoV-2 (orange backbone - black labels) spike in complex with
ACE2 (blue). Panel D shows NL63-CoV spike (green backbone - black labels) in complex with ACE2 (blue).
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Figure 2. Energy breakdown of crystal structure 6MO0J interface. Energy values are calculated with Rosetta’s Residue Energy Breakdown
application and curated into the heat map. Interaction energies are labeled, and negative interactions are colored according to the REU scale shown
on the right. Values are calculated after the structure has undergone refinement with 100 rounds of Rosetta’s standard relax protocol.
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Figure 3. Molecular dynamics simulations of the ACE2 single and double helix alone and in complex with spike. Panel A shows the root-mean-
square deviation (RMSD) over time with respect to the initial minimized and equilibrated structures (as determined by GROMACS rms). Panel B
shows the fraction of residues in a-helix (as determined by GROMACS do_dssp) for the two ACE2 fragments over time. All residues are extracted
from PDB 6MO0J. The lines correspond to double-helix residues in isolation (aa 19—83, green), double helix with spike with residues beyond aa 83

of ACE2 removed (blue), and single helix in isolation (aa 19—52, orange).

In addition to small molecules inhibitors,"> several groups
have proposed decoy inhibitors based on the first two a-helices
of ACE2 using different techniques. Some of the publications
rely on a linear component of the ACE2 sequence from either
the first or second a-helix."*™"” Others also investigated
mutations and modifications to the linear sequence of the a-
helices.">'*™** There are only two other publications we are
aware of that combine two fra§ments of ACE2 with a linker
but with different sequences.”>**

By performing structural analyses and molecular docking
experiments, we identified the most important residues of
ACE2 involved in the interaction with spike. These residues
are mostly located along two a-helices, as other studies pointed
out,””** and do not seem to interfere with ACE2 physiological
ligand, angiotensin II. Using molecular dynamics (MD)
simulations we confirmed that the ACE2-derived peptide
that spans the two a-helices remains in complex with the spike
and it appears to be stable in an aqueous environment. From
this fragment, we engineered a smaller, stable peptide of 18
amino acids and experimentally confirmed that it specifically
disrupts ACE2-spike interaction at nanomolar concentrations.
We conclude by discussing scalability and cost related to the
synthesis of this peptide, and we highlight how the molecule
could be further studied for potential applications in a
diagnostic and clinical context.

B RESULTS

Structural Determinants of ACE2 Binding to the
SARS-CoV-2 and SARS-CoV Spike Viral Protein. Using the
coordinates of the crystal structure of the ACE2 in complex
with the spike (PDB: 6M0J), we determined the per-residue
interaction energies with RosettaDock.””>” The results are
shown in Figure 1A and 1B, where we highlight the key

residues involved in binding, according to their interaction
energy values. Additional tables listing the interacting amino
acids between the human receptor ACE2 and viral proteins
from SARS-CoV-2 and SARS-CoV, along with the correspond-
ing interaction energies, can be found in the Supporting
Information.

In addition, we compared the same complex in another
coronavirus, CoV-NL63 (PDB: 3KBH), which targets the
ACE2 as well. The structure of CoV-NL63 spike shows limited
structural similarity in binding to ACE2 as compared to the
other two SARS viruses (Figure 1D). CoV-NL63 spike appears
to bind to a narrower area of ACE2, centered around Lys353,
which interacts with the conserved viral amino acid Tyr498.

The amino acids of the SARS-CoV-2 spike involved in
binding to ACE2 span a poorly structured region from Leu455
to TyrS0S (including a disulfate bridge between Cys480 and
Cys488), which corresponds to the Tyr442-Tyr491 region in
SARS-CoV.

The amino acids of ACE2 involved in viral protein binding
span two back-to-back helices, a-helices 1 and 2, from Serl9 to
Tyr83. Based on the per-residue energy breakdown (Figure 2),
this area contributes almost 80% of the total interaction energy
calculated with RosettaDock. An additional, point-wise binding
feature is represented by Lys353 located in the connecting
loop of a downstream beta-hairpin. Lys353 is anchored to the
N-terminal ACE2 helix by Tyr41 and Asp38, and it contributes
17% of the total interaction energy. An additional small
downstream helix contributes negligibly to the total binding
energy. In addition, Lys31 in ACE2 comes into contact with
the spike loop encompassing amino acids (aa) 452—454,
whose corresponding sequences in SARS-CoV have been
shown to be important for binding by mutagenesis experi-
ments.”*
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Figure 4. Docking of the physiological ligand angiotensin II onto ACE2. The molecule surfaced in pink is angiotensin II docked onto ACE2.
The residues depicted in red and yellow in the ACE2 double helix make contact with angiotensin II and reside at the C-terminus of the a-helix 1.
The residues highlighted in green represent the bulk of the ACE2 physiological binding site and do not encompass the double-helix fragment.

The ACE2 Double Helix Appears Stable in Complex
with the Viral Spike and in an Aqueous Environment.
The comparative structural analyses and the interaction energy
calculations suggest that most ACE2 key residues involved in
spike binding are clustered in the back-to-back N-terminal part
of a-helix 1 and C-terminal part of a-helix 2.

To determine whether the two helices do in fact remain
stably in complex with the spike, we performed a 100 ns MD
simulation of this complex. We visually inspected the trajectory
and computed the root-mean-square deviation (RMSD) over
time with respect to the energy-minimized initial conformer
(Figure 3A, blue curve). In addition, we calculated the fraction
of residues that remain in a-helix conformation over time
(Figure 3B, blue curve). These results suggest that the double
helix in complex with the spike is stable.

Further, we analyzed whether the double helix is stable in an
aqueous environment in the absence of the spike, a feature that
would be desirable for a viable inhibitor. We carried out a 100
ns MD simulation of the double helix alone, visually inspected
the trajectory, and compared the RMSD with respect to the
initial conformer (Figure 3A, green curve). We also computed
the fraction of residues that remain in a-helix conformation
over time (Figure 3B, green curve). The results of this analysis
indicate that the double helix is fairly stable in an aqueous
environment.

We also compared the stability of the double helix versus
that of a-helix 1 alone. As shown in Figures 3A and 3B (orange
curves), the single helix is substantially less stable than the
double helix, with almost half of the residues losing the a-
helical conformation over time. Although the helix might
correctly refold upon substrate binding, this observation

suggests that a double-helical conformation might enhance
the peptide stability.

The ACE2 Double Helix Does Not Appear to Interfere
with the Physiological Substrate Angiotensin Il. To
determine whether the double-helix fragment has the potential
to bind to angiontensin II, possibly interfering with that
physiological system, we docked the angiotensin II ligand
extracted from the crystal structure of the complex with the
ACE receptor (PDB: 4APH, chain P) and docked onto the
crystal structure of ACE2 active site by RosettaDock (Figure
4). The angiotensin II binding site is located in an internal
cavity of the receptor, quite far from the surface where the viral
spike binds. Most of the residues of ACE2 involved in binding
to angiotensin II are internal to the core of the protein. Only
two amino acids (AspS1 and Ser47) in the C-terminal part of
a-helix 1 have appreciable interactions with angiotensin II, and
contribute about 15% of the total interaction energy (not
shown).

These results suggest that the double-helix fragment is highly
unlikely to interfere with angiotensin II in a physiological
context.

Engineering an 18 Amino Acid Peptide That Binds
the Viral Spike at Nanomolar Concentration. Having
identified ACE2 residues interacting with the spike as clustered
in a double helix and assessed that the double-helical
arrangement conferred structural stability to this ACE2
binding site, we engineered an 18 amino acid peptide (18-
mer) out of the back-to-back ACE2 double-helical fragment.
We fused the C-terminal part of the a-helix 2 (aa 78 to 82) to
the N-terminal part of the ared-helix 1 (aa 22 to 32) using a
two glycine linker, obtaining the following 18-mer sequence:
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Figure S. 18-mer predicted interaction with ACE2 and structural analysis Panel A shows the tertiary structure of the 18-mer (gray), predicted by
PEPstrMOD, superimposed to the corresponding ACE2 crystal structure (blue, 60% transparency) in complex with spike (orange) by Chimera,
(MatchMaker tool) with docked position (purple) as predicted by RosettaDock. Panel B shows the interactions between the 18-mer and spike. The
residues are colored by interaction energy as predicted by RosettaDock, on a sliding scale from —2.858 REU (dark red) to >0 REU (white)). Panel
C (front - aligned to panel B) and D (rear) show the surface representation of the hydrophobic interactions as calculated by Chimera
(kdHydrophobicity tool). The peptide is shown with 70% transparency. Hydrophobic regions are displayed in magenta while hydrophilic ones are

displayed in cyan.

78-TLAQM-82 GG 22-EEQAKTFLDKF-32, with numbers
delimiting the amino acids in the two contributing helices.

A tertiary structure of the 18-mer peptide predicted by
PEPstrMOD was superimposed by Chimera MatchMaker to
the crystal structure of ACE2 in complex with the spike and
then docked by RosettaDock (Figure SA). The subsequence
EEQAKT shows good superposition with ACE2. The N-
terminal part of the 18-mer (corresponding to the C-terminus
of a-helix 2) appears to be unstructured, but correctly follows
the orientation of the a-helix 2. In contrast, the C-terminal part
of the 18-mer, FLDKF, is unstructured and does not
encompass the corresponding sequence in a-helix 1, being
somehow folded back and assuming a sort of “globular” fold,
apparently guided by the hydrophobic interaction among
Phe28-Thr78 and Leu79.

Figure 6 displays the per-amino acid interaction energy
between the docked peptide and spike.

PBSA Analysis of Docked Peptide Position. To further
characterize the interaction between the 18-mer and spike, we
performed an MD simulation of the native crystal structure and
predicted docked complex of the 18-mer with the spike RBD
using GROMACS.** Using this MD simulation, we then
performed a Molecular Mechanics/Poisson—Boltzmann (Gen-
eralized-Born) surface area (MMPBSA) analysis to predict the
binding free energy using the tool gmx MMBPSA.>’ The
average free energy binding calculated for the native spike
+ACE?2 interaction (PDB: 6MOJ) was —46.38 + 10.44 kcal/
mol. The average free energy binding calculated for the docked
spike+18-mer interaction was —38.84 + 8.15 kcal/mol,

indicating a slight decrease in binding energy with respect to
the full double helix, as expected. Full plots are available in
Supporting Information Figure S1.

Experimental Validation. The 18-mer Disrupts Spike/
ACE2 Binding at Low Concentrations. We performed
immunoprecipitation experiments to assess the binding
efficiency of the 18-mer. We used an in vitro system where
the spike, overexpressed from HEK-293 cell lysate, immuno-
precipitates ACE2 (Figure 7, upper panel). We assessed the
stability of this binding by using nanomolar concentrations of
three different peptides (Figure 7, lower panel): the
physiological N-terminal part of the a-helix 1 (P1, aa 22 to
42), this same peptide with a single mutation as a control (P2,
aa 22 to 42 with Aspartate 38 mutated to Glycine), and the
engineered 18-mer (P3). Increasing concentrations of these
peptides were incubated with the spike before immunopreci-
pitation with ACE2. The 18-mer efficiently inhibits ACE2-
spike binding, better than the physiological N-terminal part of
the a-helix 1. The Aspartate mutation in ACE2 physiological
peptide dramatically reduces this binding.

The 18-mer Inhibits SARS-CoV-2 Replication in Calu-3
Cells at Low Concentrations. To understand whether the
peptide has any antiviral effect on the SARS-CoV-2 life cycle,
the human lung bronchial epithelial cell line Calu-3 was
pretreated with increasing concentrations of the 18-mer
peptide 2 h before inoculation with a Delta and Omicron
variant of SARS-CoV-2 (lineage: B.1.617.2 and lineage:
BA.1.529) at a multiplicity of infection (MOI) 1 and then
followed for infection progression (Figure 8A). After 48 h, the
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Figure 6. Interaction energy breakdown for 18-mer residues in complex with SARS-CoV-2 spike. Energy values are calculated with Rosetta’s
Residue Energy Breakdown and curated into the heat map. Interaction energies are labeled and negative (favorable) interactions are colored

according to the scale. Positive values are shown but not colored.

cells were fixed and stained after the supernatant has been
collected. Immunofluorescence assay (IFA) confirmed a
productive infection (Figure 8B); the viral kinetics was
measured by RT-qPCR.

Concerning the IFA, the treatment with the 18-mer led to a
decrease in SARS-CoV-2 spike protein staining (green),
indicating that the peptide treatment blocked the virus
infection/replication to a certain extent (Figure 8B).

The 18-mer inhibited SARS-CoV-2 infection in Calu-3 cells
by more than 40% in Delta variant and by more than 35% in
Omicron variant at a concentration of 0.1 yM on IFA based
assay (Figure 8C—D): at 0.1 uM peptide concentration Calu-3
cell viability was around 90% (Figure 8G). At 0.2 uM peptide
concentration, inhibition was even higher (around 50%) and
Calu-3 cell viability was still around 80%, with some variance.
Concerning the viral kinetics, viral loads in the culture
supernatant were measured by RT-qPCR method at different
peptide concentrations. We found that the peptide interfered
with the Delta and Omicron variant SARS-CoV-2 replication
at a half inhibitory concentration (IC50) of 0.19 uM and 0.23
uM, respectively (Figure 8E,F), cross-checking and confirming
the results of the IFA.

B EXPERIMENTAL SECTION

Structural Data for Comparative Analyses and
Sequences. For the structural analyses we used the following
PDB structures:

e 6MOJ: crystal structure of the spike in complex with
ACE?2 from SARS-CoV-2"

e 6ACK: cryo-EM structure of the spike in complex with
ACE2 from SARS-CoV (chain D and aa 23—512 of
chain C, corresponding to CTD1 of spike; extracted
from complex between spike-trimer and ACE2)’

e 3KBH: crystal structure of the spike in complex with
ACE2 from CoV-NL63 (chains A and E)"'

e 4APH: crystal structure of ACEl in complex with
angiotensin 1
1R42: crystal structure of ACE2*

e 2AJF: crystal structure of ACE2 in complex with SARS-
CoV™

The sequence of the two wild type a-helices (aa 19 to 82)
joined by a short loop (aa 52 to 56):
19-STIEEQAKTFLDKFNHEAEDLEFYQSSLASW-
NYN-52-TNIT-56-EENVQNMNNAGDKWSAFL-
KEQSTLAQMY-83
The sequences indicated as P1, P2, P3 are, respectively:

e 22-EEQAKTFLDKFNHEAEDLEFYQ-42
e 22-EEQAKTFLDKFNHEAEGLFYQ-42
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Figure 7. Interaction of ACE2 with viral spike is inhibited by the
18-mer in immunoprecipitation. Spike, overexpressed from HEK-
293 cell lysate, immunoprecipitates ACE2 protein (upper panel).
Physiological ACE2 peptide (P1), its singly mutated counterpart
(P2), and the 18-mer peptide (P3) incubated at increasing,
nanomolar concentration and in different combinations with the
immuno-immobilized spike protein that was overexpressed from
HEK-293 cell lysate, followed by incubation with HEK-293 cell lysate
expressing ACE2. The interaction with ACE2, as detected by
immunoprecipitation, is only weakly inhibited by P1, not affected
by P2 and extensively disrupted by the 18-mer peptide. Controls with
IgG not bound to spike was added.

e 78-TLAQM-82 GG 22-EEQAKTFLGKF-32

The structures were analyzed and rendered in UCSF
Chimera.** The tertiary structure predictions of peptides 1,
2, and 3 were obtained with PepStrMod with standard
parameters.35’36 The structure of the full a-helices 1 and 2 (aa
19 to 82) pulled from the PDB crystal structure 6MOJ.
Structure superpositions was performed by the MatchMaker
module as implemented in UCSF Chimera.>*

Docking Experiments. Structure preparation for docking
was performed by superimposing the peptide being docked to
the ACE2 receptor (PDB: 6M0]J, chain A) and then removing
chain A. The PDB file was then cleaned using the in-house
program PDB_Tools V3.py with the argument -renum. The
cleaning step removes everything but the PDB record types of
HEADER, ATOM, TER, and END and then renumbers the
atoms and residue numbers in consecutive order as required by
Rosetta. The numbering can be rematched to the crystal
structure after docking.

Dockin% experiments were carried out using RosettaDock
v4.0.2%*7°" RosettaDock v4.0 is an improvement over v3.2
with an updated scoring method that allows for lower
computational time of ensemble docking. This allowed us to
provide 100 alternative poses of the peptide being docked to
the spike protein which has an individual relaxed pose. The
100 ensembles were generated with three different relax
protocols: 40 produced by Normal Mode relax, 30 by Rosetta’s
standard Relax protocol, and 30 Backrub ensembles. For the
spike protein, 100 rounds of Rosetta’s standard Relax protocol

were performed and the structure with the lowest total score
was selected. After generating the relaxed structures,
prepacking was performed prior to performing 5,000 docking
permutations. The permutations with the lowest overall
interface score (I sc) then underwent 100 rounds of
refinement using the Rosetta’s standard refinement protocol.
All of the steps listed for RosettaDock v4.0 were automated by
an in-house script (flexauto_rosetta.py).

The selected docked structure can then have the original
crystal structure numbering retained by using the in-house
script PostCoupler.py.

Energy Breakdown. Pairwise energy breakdown of the
interfaces of the crystal structures and docked peptides were
calculated by the Rosetta program Residue Energy Breakdown.
Output from Residue Energy Breakdown was displayed as a
heat map and table (Figure 2, Figure 6, Supporting
Information Tables S1 and S2). These steps were automated
by the in-house script Rosetta Breakdown.py. For structures
that did not undergo docking, Rosetta’s standard Relax
protocol was performed and the best scoring structure of
100 was utilized.

Molecular Dynamics Simulations. Molecular dynamics
simulations were performed using GROMACS*** with the
all-atom OPLS force field. Nonprotein atoms were removed
from the PDB files. The protein structures were placed in a
cubic box with 10 A from the box edge and solvated with
spc216.gro, an equilibrated 3-point solvent model.

Next, we added ions to the system with the genion module
and performed 50,000 steps of energy minimization. We then
carried out equilibration in two steps: NVT (canonical)
ensemble followed by NPT (isothermic—isobaric). For the
NVT equilibration phase, we set the target temperature to 300
K and inspected the temperature graph over time (100 ps) to
make sure the system was stabilized around the target
temperature value. For the NPT equilibration phase, we used
the Parrinello—Rahman barostat, and inspected the density
values over time (100 ps) to check the stability of the system.

After the equilibration steps, we ran a 100 ns production run
on a GPU-accelerated machine. All MD simulations were
performed with the same protocol and a time step of 2 fs. The
trajectories were visually inspected in UCSF Chimera,”* and
the RMSD with respect to the initial energy-minimized
conformer was obtained with the rms module in the
GROMACS suite. Fraction of residues in a-helix was
computed with the GROMACS module do dssp. Data was
then processed and plotted with the in-house script helix -
plot.py.

PBSA Calculations. PBSA calculations were performed
with gmx MMPBSA.>" This tool was selected due to its
support of current versions of GROMACS and its included
analysis program gmx MMPBSA ana. Single Trajectory
Protocol (STP) was performed for the 100 ns MD run of
the docked peptide bound to spike and compared to the spike
+ACE2 complex.’’ Several files were collected from the MD
simulations of the spike+ACE2 (PDB: 6M0J) and spike+18-
mer docked position such as .tpr, .ndx, xtc, and .top files.
These files were then submitted to gmx MMPBSA for Single
Trajectory Protocol (STP) free energy binding decomposition
calculations. All calculations were performed with Generalized
Born (GB) solvation and the default “oldff/leap-
rc.ff99SB leaprc.gaft” force field. gmx MMPBSA was run
with MPI and example command-line input can be found in
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Figure 8. Effect of peptide on SARS-CoV-2 replication in Calu-3 cells. (A) Schematic representation of replication kinetics of SARS-CoV-2
(Delta variant; lineage: B.1.617.2 and Omicron variant; lineage: BA.1.529) measured in Calu-3 cells treated with the peptide. Representative
immunofluorescence images of SARS-CoV-2-Delta variant infected (positive control), or uninfected (negative control) Calu-3 cells treated without
or with different concentrations of peptide (1.56 to 0.48 uM). (B) Cells were probed with antibodies against SARS-CoV-2 S protein (green). Scale
bar; 100 mm. Percentage inhibition SARS-CoV-2 infection Delta (C) and Omicron (D) were quantified from immunofluorescence results. SARS-
CoV-2 viral load Delta (E) and Omicron (F) was quantified by RT-qPCR in Calu-3 cell culture supernatant treated without or with different
concentrations of peptide and IC50 was determined. (G) Cytotoxicity of peptide was measured in Calu-3 cells for 48 h. Data represents mean SEM

from three replicas.

the public GitHub repository that accompanies this study,
along with Ubuntu Linux setup instructions.
Immunoprecipitation Experiments. The HEK293 cells
(2x 106) cultured in DMEM media supplemented with 10%
fetal bovine serum, penicillin, and streptomycin were
transiently transfected with the spike protein expressing
plasmid (Addgene, Cat. No. 145032) using TurboFect (Cat.
No. R0533, ThermoFisher, Waltham, MA). For coimmuno-
precipitation, anti-spike monoclonal antibodies (Cat. No.
7G12, ThermoFisher) or correspondent control IgG antibod-
ies were immune-immobilized on 50 pL magnetic beads
(Dynabeads, Cat. No. 10003D, ThermoFisher) at 40 °C for
4h. The spike protein collected from transfected HEK293 cells
was concentrated and incubated with the antibody-conjugated
magnetic beads for 4h at 40 °C. The spike protein bound
magnetic beads were washed three times with the buffer [20
mM Tris-HCI pHS, 137 mM NaCl, 2 mM EDTA, 1% Nonidet
P-40 (NP-40), 1 mM NaF, 1 mM sodium orthovanadate, 1
mM PMSF, § mg/mL protease inhibitor cocktail], and

incubated with untransfected HEK293 cell lysate expressing
ACE2 overnight at 40 °C on a rotator. The next day, the
immunoprecipitated protein bound magnetic beads were
washed with the lysis buffer, followed by wash buffers with
low (150 mM) and high (300 mM) NaCl concentrations and a
final wash with phosphate-buffered saline. The pulled down
products were eluted with 2X Laemmli sample buffer with f-
mercaptoethanol at 95 °C for 10 min. The pulled down
proteins were resolved using 10% SDS-polyacrylamide gel
electrophoresis, transferred onto the PVDF membrane, and
probed with ACE2 primary antibody (Cat. No. SKU A00756,
Boster, Pleasanton, CA, USA). For competition assay, spike
protein bound magnetic beads were first incubated with
peptides (P1, P2, and P3) at the indicated concentration for 2h
and then incubated with the HEK293 cell lysate overnight at
40 °C.

Cell Culture and SARS-CoV-2 Infection. Calu-3 cells, a
human bronchial epithelial line (ATCC, Manassas, VA, USA),
were maintained in a complete medium [Eagle’s Minimum

https://doi.org/10.1021/acsptsci.2c00180
ACS Pharmacol. Transl. Sci. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acsptsci.2c00180?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.2c00180?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.2c00180?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.2c00180?fig=fig8&ref=pdf
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.2c00180?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Pharmacology & Translational Science

pubs.acs.org/ptsci

Essential Medium (EMEM) ATCC] supplemented with 10%
fetal bovine serum (FBS), 100 U/mL penicillin, and 100 mg/
mL streptomycin (P/S).

Treatment with Peptide and SARS-CoV-2 Infection.
Calu-3 cells were plated in a 96-well transparent bottom black
color plate (Greiner) at the rate of 20,000 cells/well and
cultured for 48h before infection. On the day of infection, the
cells were treated with different concentrations of peptide at
0.024 uM to 100 uM 2 h before infection. The cells were
infected with SARS-Related Coronavirus 2, Isolate hCoV-19/
USA/PHC658/2021 (Lineage B.1.617.2; Delta Variant; no.
NR-55611) and SARS-Related Coronavirus 2, Isolate hCoV-
19/USA/GA-EHC-2811C/2021 (Lineage B.1.1.529; Omicron
Variant; no. NR-56481) obtained through BEI Resources with
1 MOI of viral titer or left uninfected (negative control). At 24
h postinfection virus inoculum was removed from the cells,
washed 3 times with 1X PBS, and replenished with fresh
media. The reaction was terminated 24h later. The culture
supernatant was collected to measure the viral replication
kinetics and the cells were washed and fixed with 50 uL of 4%
PFA for immunofluorescence analysis.

Immunofluorescence Assay. The 4% PFA fixed Calu-3
cells were washed three times with 1X PBS and permeabilized
by adding 50 pL of 0.1% Triton X-100. The cells were blocked
with 3% bovine serum albumin-phosphate buffered saline for
2h. Then S0 uL of the primary antibody against the SARS-
CoV-2 spike (Sino biological, Cat. No. MA14AP0204) was
added at a 1:1,000 dilution and cells were incubated overnight
at 4 °C on a shaker. Next day cells were washed three times
with 1X PBS and 50 uL of secondary antibody Alexa Fluor 488
Goat anti-rabbit (Thermo Fisher, Cat. No. A-11034) was
added per well at a 1:2,000 dilution. The reactions were
incubated on a shaker for 1h in the dark at room temperature.
The cells were then washed once with 1X PBS, stained with
Hoechst 33258 (Invitrogen, Cat. No. H3570) and Cell Mask
(Invitrogen, Cat. No. C10046) to visualize the nucleus and
cytoplasm. Images were captured using a high throughput at
20X air on an Operetta CLS. Percentage SARS-CoV-2 cells
infection were analyzed with the Harmony analysis software.

Real-Time PCR (RT-qPCR). The viral load in the
supernatant was determined to understand the virus kinetics.
Briefly, RT-qPCR was performed on a set of primers targeting
the E gene of SARS-CoV-2 using PrimeDirect Probe RT-
gPCR Mix (TaKaRa Bio USA, Inc.) and Applied Biosystems
QuantStudio3 real-time PCR system (Applied Biosystems,
Waltham, MA, USA). Primers and probes used for SARS-CoV-
2 RNA quantification were as follows:

e E Sarbeco Fl: 5'-ACAGGTACGTTAATAGTTAA-
TAGCGT-3" (400 nM)

e E Sarbeco R2: 5'-ATATTGCAGCAGTACGCACA-
CA-3' (400 nM)

e E Sarbeco_Pl: FAM-ACACTAGCCATCCT-
TACTGCGCTTCG-BHQ1-3" (200 nM)

as recommended by the WHO. The SARS-CoV-2 genome
equivalent copies were calculated using quantitative PCR
control RNA from heat-inactivated SARS-CoV-2, isolating
USA-WA1/2020 (BEL Cat. No. NR-52347). The percent
inhibition of SARS-CoV-2 replication by peptide treatment
was measured based on viral concentration in positive control
wells (considered 0% inhibition) and negative control wells
(uninfected cells). ICSO values were calculated using four-
parameter variable slope sigmoidal dose—response models

using GraphPad Prism 9.0, San Diego, California, USA, www.
graphpad.com.

B DISCUSSION AND CONCLUSIONS

In the context of a pandemic, when the scientific community
and the pharmaceutical industry are hard pressed to discover
and develop life-saving treatments in a short time,”” this work
suggest an easy-to-test and potentially viable strategy to
interfere with the first step of SARS-CoV-2 and SARS-CoV
entry into human cells.

By performing comparative structural analyses, molecular
docking and molecular dynamics simulations we identified the
key residues that are involved in the binding between the viral
spike and the human ACE2 receptor. These key residues are
clustered into the two N-terminal back-to-back helices 1 and 2,
spanning about 60 amino acids and contributing most of the
predicted interaction energy between ACE2 and the SARS-
CoV-2 and SARS-CoV spikes.

An ideal fragment would also include the downstream beta-
hairpin carrying the conserved Lys353. However, this residue is
too far in the primary structure from the double helices. A cut
and seal between these two binding regions is unlikely to work
due to the unpredictable folding of the resulting chimeric
structure.

Compared to a shorter fragment comprising only helix 1, the
ACE2 double-helix fragment remains stable in an aqueous
environment. Further, except for two residues in its apical loop,
the double helix does not appear to interfere with the
physiological substrate of ACE2 (angiotensin II), which is part
of the renin-angiotensin system involved in the regulation of
blood pressure.

Therefore, we searched for a candidate inhibitor peptide
inside the double helix, maintaining the stabilizing, double-
helical arrangement. We engineered an 18-mer peptide
encompassing both ACE2 helices of the identified double-
helical fragment (78-TLAQM-82 GG 22-EEQAKTFLGKF-
32). This 18-mer shows efficient inhibition on ACE2-spike
interaction, as detected in immunoprecipitation experiments.
Tertiary structure prediction of this 18-mer shows a fold that is
globally similar to the physiological counterpart. When
superimposed to the ACE2 in complex with the spike, the
18-mer shows a global fold correspondence, except for a
marked deviation in its C-terminal part, where a newly formed
hydrophobic cleft can accommodate the spike.

Given the diffusion of other coronaviruses among the human
population, included the almost innocuous CoV-NL63, that
target the same human ACE2 receptor, one might expect a
strong immunological memory against this family of viruses.
However, recent data seems to suggest that the immunological
memory triggered by vaccines might not be long lasting.*”
CoV-N163 narrower binding area (not encompassed by our
construct) seems to suggest that coronaviruses diverged by
extending or narrowing the binding surface with ACE2, with
consequences for their binding affinity and infectivity. In
agreement with this observation, the viral spike protein is
poorly structured in its binding surface, probably allowing high
flexibility and quick “adaptability” in target binding.

To understand whether this newly engineered 18-mer
peptide showed inhibition of ACE-2 and spike interaction,
we confirmed this interaction for the SARS-CoV-2 life cycle
and showed a decrease in viral replication. Our data suggest
that the peptide may have the capacity to interfere with ACE-2
and spike interaction during virus replication. Compared to
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other peptidic inhibitors,">"”'**! our 18-mer has IC50 values

in the submicromolar range, and is also considerably shorter
than other published inhibitors."®*!

We expect our 18-mer to be relatively easy to either
synthesize or express and purify at a large-scale level. Possible
clinical applications would require, of course, further analysis
regarding stability. In addition, the fact that CCS0 and IC50
are of the same order of magnitude (Figure 8) suggests a
narrow therapeutic index, and indicates that further mod-
ifications to the peptide are required to lower toxicity. Our
future studies will address such modifications to improve the
therapeutic index. Since the peptide is engineered from a
protein that is normally expressed in human tissues, except for
the poly glycine linker, we expect low immunogenicity. The
fragment could potentially be administered directly by
aereosol, avoiding the systemic route and possible degradation
by proteases, adding to the growing arsenal of inhibitory
strategies*’ against the infection.

A possible extension to this work is the application of a
similar discovery pipeline to design entry interaction inhibitors
for other viruses. To this end, we applied the computational
pipeline developed for this investigation to the epidemic virus
Middle East respiratory syndrome coronavirus (MERS-CoV).
The preliminary results, shown in Supporting Information
Figure S2, suggest that candidate inhibitors for this other virus
could be derived following the same principles outlined in this
study.

B ASSOCIATED CONTENT

Data Availability Statement

All in-house scripts mentioned in the text are available in a
GitHub repository at https://github.com/Aseamann/
ACEdecoy. Additional data such as docking run information
and MD starting poses are also provided.
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