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ABSTRACT: Despite the availability of vaccines, COVID-19 O\W/Q
continues to be aggressive, especially in immunocompromised

0\ LN
individuals. Therefore, the development of a specific therapeutic ( )

agent with antiviral activity against SARS-CoV-2 is necessary. The O/
S
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Antiviral activity against

Native ACE2 (24-42) SARS-CoV-2

the host cell surface. In this scenario, ACE2 analogs binding to the

RBD and preventing the cell entry can be promising antiviral AR

ACE2(24—42). In order to increase the stability of the secondary

structure and thus antiviral activity, we designed different triazole-stapled analogs, changing the position and the number of bridges.

infection pathway starts when the receptor binding domain of the
viral spike protein interacts with the angiotensin converting enzyme 2 Qog ®

(ACE2), which acts as a host receptor for the RBD expressed on L

agents. Most of the ACE2 residues involved in the interaction

belong to the a1 helix, more specifically to the minimal fragment

The peptide called P3, which has the triazole-containing bridge in the positions 36—40, showed promising antiviral activity at
micromolar concentrations assessed by plaque reduction assay. On the other hand, the double-stapled peptide P4 lost the activity,
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showing that excessive rigidity disfavors the interaction with the RBD.

B INTRODUCTION

In December 2019, the first case of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection was
diagnosed in the city of Wuhan. Since then, the virus infected
over 649 million people and caused over 6.6 million deaths
worldwide.! The disease related to SARS-CoV-2 infection,
termed coronavirus disease 19 (COVID-19), can be a mild
asymptomatic illness or cause a wide range of symptoms,
ranging from a simple cold to severe, even fatal pneumonia.
The development of efficient vaccines represented a real
milestone in the prevention of this disease, which, however,
still remains aggressive in immunocompromised subjects.”’
Complementary to vaccination, it is therefore important to
develop antiviral drugs against SARS-CoV-2. Two antiviral
drugs are currently available to treat infected individuals with a
high risk of developing severe disease. Molnupiravir (Lagevrio)
exerts its antiviral action by introducing copy errors during
viral RNA replication.“_6 On the other hand, Nirmatrelvir
(Paxlovid) acts as an orally active SARS-CoV-2 protease
inhibitor.”~” However, other therapeutic agents are necessary,
not only to diversify the mechanism of action but also to make
the therapy more specific. In this scenario, the specific
molecular mechanisms by which the virus recognizes and
infects the target cells, that is, the entry process, appear as an
appealing target for the development of specific therapeutic
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agents, potentially able to block the virus before the infection.
This approach has been successfully implemented in the case
of several different viruses, including human immunodeficiency
virus (HIV) and Ebola virus (EboV).'"!

The mechanism of SARS-CoV-2 entry into cells is complex,
being based on three molecular events that can be targeted to
block cell infection,"> whose key player is the viral spike
glycoprotein, located on the surface of the viral membrane
envelop. The spike glycoprotein of SARS-CoV-2 is a trimeric
protein, which exists in metastable prefusion conformation that
undergoes a substantial structural rearrangement during the
interaction with the host cell and is composed of the subunits
S1 and $2." Initially, the receptor binding domain (RBD) of the
spike glycoprotein recognizes the angiotensin converting enzyme
2 (ACE2) expressed on the host cell surface.'* This interaction
produces a conformational change in the spike glycoprotein
that enables the proteolytic cleavage of its S1 subunit by the
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transmembrane protease serine 2 (TMPRSS2) of the host cell.
Subsequently, subunit S2 changes the conformation by
inserting the fusion peptide (FP) into the cell membrane and
triggering the association between the heptad repeat 1 and
heptad repeat 2 (HR1 and HR2) domains to form a six helix
bundle (6-HB), which brings the viral and cellular membranes
in close proximity for fusion.'>'®

The complex entry mechanism described above suggests
several interesting molecular targets for the development of
new antiviral agents. Indeed, several studies were focused on
the very first event, the binding of RBD to ACE2, aiming at the
development of inhibitors of this protein—protein interaction.
Two complementary strategies can be envisaged: the first one
aims at the development of ACE2 inhibitors, that is, molecules
capable of occupying the binding site on ACE2, while the
second one focuses on RBD binders, able to compete with
ACE2. Villa et al. synthesized aptamers binding to the region
surrounding the K353 in ACE2, which is reported as a key
residue for interaction.'” However, it should be noted that the
antiviral use of ACE2 inhibitors is afflicted with a relevant
drawback, that is the potential to inhibit the physiological
function(s) of a key enzyme such as ACE2. Accordingly,
molecules capable of binding to the RBD appear much more
promising, and the binding site of ACE2 is indeed an
interesting template for the rational design of such molecules.
The cryo-EM structure of the ACE2-spike S1 complex (PDB:
6MO0J) shows that most of the ACE2 residues involved in the
protein—protein interaction (PPI) belong to helix al,
corresponding to the sequence ACE2(23-52).'*" In
particular, the key residues are Asn,** Thr,”’ Asp,’m Lys,31
His,** Glu,*® Glu,*’ Asp,‘q’8 Tyr,41 and GIn.** Some
publications report al fragments capable of interacting with
the RBD.””*! Nevertheless, linear peptides derived from the
al sequence do not maintain a helical structure in solution and
thereby display limited ability to efficiently bind to the
RBD.””*’ In light of these considerations, many reported
potential inhibitors of ACE2-RBD interaction are based on this
N-terminal domain of ACE2 modified to increase the
conformational propensity to form an a-helix.

In this perspective, a series of ACE2(23—52)-derived
antiviral peptides were designed by substituting residues not
involved in the PPI with residues that will contribute to a-helix
stability. For example, the hACE2(19—4S)-derived peptide
P10 designed by Karoyan et al. is characterized by a high
content of leucine residues, aiming to increase the helical
content, together with the substitution of Ala* with an L-
homotyrosine (hTyr) residue.”* This modified sequence
showed a promising higher bindin§ affinity (Ky = 0.03 nM)
assessed by biolayer interferometry.” Likewise, Odolczyk et al.
synthesized a modified hACE2(30—35)-derived hexapeptide
with Phe’ replacing the Gly residue, which is capable of
binding to the RBD fragment (K; = 210 + SO nM) in a
microscale thermophoresis experiment.”® In a recent pub-
lication, Schmalz et al. reported N-capped peptides with the
rigidified diproline-derived module termed SHAsp-ProM-5, to
increase the a helical content.”” Despite a significant increase
in secondary structure stability, the binding affinity of the
peptide remains modest (Ky = 1.21 + 0.36 uM) in microscale
thermophoresis (MST). On the other hand, N-capping with
the non-natural motif fHAsp-Pro-Pro enhances the affinity (K
= 0.062 + 0.017 uM) without increasing the helical content.”®
Stabilization of the secondary structure is frequently obtained
by side chain-to-side chain cyclization, leading to macrocycles

often called “stapled peptides”, referring to any short sequence,
that has the propensity for a-helical conformation that is
constrained by a variety of cross-link synthetic strategies.”” The
simplest one is side chain-to-side chain lactam bridge
formation.”® Maas et al. exploited this reaction to obtain
different ACE2(21—55) stapled analogs. The sequence bridged
at the position i—i + 4, that is, 36—40 is able to inhibit the
Spike-ACE2 PPI (ICs, = 3.6 uM).”" Another widely used
method is the alkenyl bridge formation by ring closing
metathesis (RCM)** exploited by Curreli et al. who designed
four double-stapled peptides displaying antiviral activity (ICs,
of 1.9 to 4.1 uM). Moreover, one of the fragment was able to
bind the RBD with a K4 = 2.2 uM, as determined by surface
plasmon resonance (SPR) experiments.*® Similarly, a stapled
analog of ACE2(34—42) was capable of inhibiting the RBD-
ACE2 interaction (ICs, = 21.7 + 7 uM) in ELISA.**

As mentioned above, most of the ACE2 residues involved in
the RBD-ACE2 PPI belong to the helix a1. In addition, there
are four residues spatially close to al, namely L353, G354,
D35S, and R357, which are located on the f sheets 33 and f4,
interacting with the RBD. In this scenario, the heptapeptide
GK-7, corresponding to the sequence ACE2(352—358), was
reported to exhibit an interesting dissociation constant (K, =
25.1 nM) measured in Biolayer interferometry and also
displayed a moderate antiviral activity in vitro (ICg, = 2.96
ug/mL).* To improve binding affinity, other authors reported
different chimeric stapled helical peptides composed of the two
key fragments in ACE2. For example, Sarto et al. designed a
conformational stapled chimera called p6cyc with a Ky = 270 +
140 nm, assessed by microscale thermophoresis (MST) using
the RBD. Similarly, Shah et al. synthesized a double stapled
peptide bearing a lactam bridge in the al portion and a
disulfide bridge in the 4 one that showed a promising antiviral
activity in vitro (ICgo = 0.37 #M).*° In addition to peptides,
miniproteins were reported to bind to the RBD. One of these
miniproteins, termed LCB1, folds into three distinct a-helices
and has a potent antiviral activity in vitro (ICs, = 23.54 pM).””
Given the length of LCB1 (S5 residues), Weiflenborn et al.
synthesized a cyclic truncated analog of LCBI, called
LW25.13, which also maintained a strong antiviral activity
(IC5, = 630 + 240 pM).* Finally, there are several antiviral
peptides studied in silico as potential inhibitors of ACE2-RBD
PPI. For example, Panda et al. designed a potential inhibitor
based on al, making single-point mutations on non-key
residues. The most promising peptide is the one that
simultaneously contains all the individual mutations
(IDWQFWFHYDKWDHEWEDEWYQSS).*” Similarly, Basit
et al. proposed an al-based sequence (EAAAKAKLS-
NENHDNSTVSF), which has a lower predicted binding
affinity for the RBD (—13.2 kcal/mol) than the native
sequence (—10.2 kcal/mol).*” It should be noted that the
large majority of the multitude of studies reporting putative
anti-SARS-CoV-2 peptides are based on binding affinity
measurements, performed with different available techniques,
while very few report the real antiviral activity, measured in cell
systems. The lack of this information hampers the possibility to
evaluate the real potential of these products as candidate
antiviral agents.

With all these considerations in mind, we designed and
synthesized a series of @1-ACE2 stapled analogs based on the
minimal fragment ACE2(24—42). In order to stabilize the
secondary structure, we introduced one or two i-to-i + 4 side
chain-to-side chain triazole bridge formation by copper(I)-
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Table 1. Peptide Sequences

Peptide Linear precursor

ACE2(24-42) QAKTFLDKFNHEAEDLFYQ

P1

QAKT-Nle(e-N;)-LDK-Pra-NHEAEDLFYQ
[Nle(e-N3)*® (&), Pra* (&%)|ACE2(24-42)

P2

QAKTFLDK-Nle(e-N;)-NHE-Pra-EDLFYQ
[Nle(e-N3)*? (&"), Pra*® (&?)]ACE2(24-42)

P3

s QAKTFLDKFNHE-Nle(&-N)-EDL-Pra-YQ
[Nle(e-N3)** (&), Pra* (&%)|ACE2(24-42)

P4
[Pra® (&), Nle(e-N3)? (&2);
Nle(e-N3)** (&), Pra*’ (&*)]ACE2(24-42)

“Nle(e-N3): L-e-azido norleucine; Pra: L-propargylglycine.

QAKT-Pra-LDK-Nle(e-N3)-NHE-Nle(e-N3)-EDL-Pra-YQ

1,4-[1,2,3]triazolyl containing cyclo-peptides

N=N
/
( I')TN >
QAKT-NHCHCO-LDK-NHCHCO-NHEAEDLFYQ
N=—N
/
( ")TN p
QAKTFLDK-NHCHCO-NHE-NHCHCO-EDLFYQ

N=—N
/

( PTN >
QAKTFLDKFNHE-NHCHCO-EDL-NHCHCO-YQ
N=—=N N=—=N

N

\ /
B
QAKT-NHCHCO-LDK-NHCHCO-NHE-NHCHCO-EDL-NHCHCO-YQ

catalyzed azide—alkyne cycloaddition (CuAAC),*" an ap-
proach that, to the best of our knowledge, has not been
systematically explored in the design of ACE2-derived analogs
as SARS-CoV-2 antiviral candidates. The conformational
preferences of the peptides were analyzed by circular
dichroism(CD), and the antiviral activity against SARS-CoV-
2 was tested in vitro by plaque reduction assays (PRAs). The
results obtained provide a structure—activity correlation study
that can serve as a sound foundation for the development of
new ACE2 analogs endowed with antiviral activity.

B RESULTS AND DISCUSSION
Peptide Analog Design and Synthesis. In light of the

considerations mentioned above, we selected the ACE2
minimal fragment containing all the amino acid residues
involved in the interaction with the SARS-CoV-2 spike
glycoprotein RBD, that is, ACE2(24—42). With the aim to
stabilize the a-helical structure of this peptide, we stapled its
sequence placing one or two triazole bridges in different
positions, according to the click-chemistry approach based on
copper(I)-catalyzed azide—alkyne cycloaddition (CuAAC),
introduced into peptides by the recently recognized Nobel
prize winner, Morten Meldal, to produce conformationally
constrained analogs of many bioactive peptides, including
ours.""" In fact, the triazolyl moiety, isostere of the amide
bond, can be easily formed in biorthogonal conditions, without
affecting unprotected amino acid side chains, thus obtaining a
conformational constraint that may enhance target specificity
and/or biological potencgf, as compared to the linear,
unmodified peptides.43_4‘ Generally speaking, drug-like
properties of the new compounds are improved since the
stapling triazolgfl enhances its in vivo resistance to enzymatic
degradation.*”*’ Initially, we have introduced in the
ACE2(24—42) sequence, a single side chain-to-side chain i
to i + 4 triazolyl-containing bridge-modifying positions located
in the center of the sequence that are not directly involved in

22667

RBD binding, that is, 28—32, 32—36, and 36—40. In order to
obtain the singularly modified triazolyl-containing analogs, we
introduced two different non-natural residues, namely, L-e-
azido norleucine (Nle(e-N;)) and L-propargylglycine (Pra) in
the i and i + 4 positions, restrictively. The triazolyl moiety is
flanked by a total of 5 methylenes, 4 on the N-terminal
proximal- and 1 on the C-terminal proximal side, flanking the
1,4-triazolyl moiety, which has been previously reported to be
the optimal length to stabilize the a-helical structure.*®
Accordingly, as shown in Table 1, the conformational
constraint in position 28—32 was obtained replacing Phe*
by Nle(e-N;) and Phe’® by Pra, obtaining, after CuAAC
reaction, the stapled cyclopeptide P1, with the triazole bridge
in 1,4 orientation. Similarly, we obtained peptides P2 and P3,
bearing the triazole bridge in the positions 32—36 and 36—40,
respectively. Finally, we designed and synthesized peptide P4,
containing a double staple, involving positions 28—32 and 36—
40. In this case, the bridge connecting positions 28—32 was
obtained in the 4,1 orientation and 5 methylenes in 1 + 4
permutation, while the second one, 36—40, was constructed in
the opposite orientation (1,4) and with the S methylenes in 4
+ 1 permutation. This strategy was designed in order to avoid a
possible unwanted cyclization between positions 32 and 36.
This topology of the triazole bridges was anticipated to support
the conformational propensity of this sequence in the native al
helix conformation since it was reported that there is no
negative effect on the stabilization of the helix by reversing the
triazolyl orientation.*”** The linear precursors were prepared
by microwave-assisted solid-phase peptide synthesis (MW-
SPPS), following the 9-fluorenylmethoxycarbonyl (Fmoc)/tBu
orthogonal protection strategy. Cyclization was performed on
resin, using CuBr, 2,6-lutidine, and DIPEA under microwave
irradiation, employing a procedure recently optimized in our
laboratory.*” All the peptides were purified to homogeneity by
flash reverse-phase liquid chromatography (RP-LC) and
analytically characterized by analytical HPLC coupled to a
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single quadrupole ESI-MS. Full analytical data (Rt, purity, and
MS characterization) are reported in Table S1.

Circular Dichroism. The secondary structure propensity of
the stapled analogs was studied by circular dichroism(CD)
spectroscopy performed both in H,O and in the H,O:TFE 1:1
(v/v) mixtare at 200 uM concentration (Figure 1), in

A
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100 — P2
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S 50
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0 y
-50
200 220 240
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: — ACE2(24-42)
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Figure 1. Comparative analysis of CD spectra of ACE2(24—42) and
P1—P4 peptides in (A) H,O and (B) H,O:TFE 1:1.

comparison with the linear native peptide sequence
ACE2(24—42). These solutions appeared stable over time,
indicating that no aggregation occurred. Already in water, P3
(containing one single triazolyl bridge in 36—40), and P4
(containing a second triazolyl bridge in 28—32) showed a high
tendency to assume an a-helical secondary structure. On the
other hand the other stapled analogs P1 and P2 and the parent
peptide (ACE2(24—42) showed a random coil conformation
(Figure 1). As expected, in the H,O:TFE (1:1) mixture, the
effect of TFE induces in all the peptides a more ordered
structure.”

Interestingly, simulation by the online tool BestSel
confirmed the experimental CD analysis, suggesting that in
H,O:TFE (1:1) the stapled peptides P1 and P2 (triazolyl-
containing bridge in 28—32 and 32—36, respectively) have a
lower tendency to form an a-helical structure than the linear
peptide ACE2(24—42) compared to P3 (triazolyl-containing

bridge in 36—40) that has an a-helix propensity similar to that
of the linear reference peptide. On the other hand, P4 (with
two triazolyl-containing bridges) is strongly structured and
almost completely folded as an a-helix (Table 2).

Antiviral Activity and Cytotoxicity. The antiviral activity
of all the stapled peptide analogs of the linear native peptide
ACE2(24—42) was evaluated against SARS-CoV-2 in Vero E6
cells using the inhibitory viral plaque reduction assay (PRA).
All the clicked peptides, except P2, feature improved antiviral
activity, compared to ACE2(24—42). In particular, P3
([Nle(e-N3)* (&), Pra* (&*)]JACE2(24—42)) containing
one single side chain-to-side chain triazolyl bridge in 36—40
shows a significant dose-dependent antiviral activity at
micromolar concentrations (Figure 2). Cell cytotoxicity was
tested by the MTT reduction assay in Vero E6 cells, indicating
that none of the tested peptides exerted significant toxicity
(Figure S2).

According to the CD spectra, all the peptides showed a
tendency to assume a a-helical secondary structure in
structuring the solvent like the H,O:TFE 1:1 (v/v)
mixture.”””" Differently, only the analogs P3 and P4 maintain
a tendency to form an a-helix in water. Significant antiviral
activity against SARS-CoV-2 (evaluated by PRA) was
significant. The lack of antiviral activity of the native
ACE2(24—42) indicates that stabilization of the secondary
structure, by stapling positions 36—40 is fundamental to
reproduce the correct side chain orientation required for
optimal interaction of the ACE2 derived peptide with the RBD
domain in the Spike protein. This helix stabilizing effect
increases by shifting the position of the staple toward the C-
terminal part of the sequence or by introducing a second
staple, which is located at position 18—32, that by itself did not
contribute to increase in helicity relative to the parent peptide
(cf. P1 and ACE2(24—42)). However, the very high
conformational stabilization of P4 is associated with excessive
rigidity and appears to compromise its antiviral activity. In fact,
significant antiviral activity (evaluated by PRA) is observed
only in the mono-stapled but more flexible analog P3 in which
the triazolyl-containing bridge is located upstream, as
compared to P1 and P2, conferring a conformational
propensity quite similar to that observed with the parent
native ACE2 fragment.

In conclusion, we report herein that the triazole stapling of a
short peptide derived from the a1-ACE2 helix can stabilize its
helical conformation, yielding an analog with enhanced
antiviral activity against SARS-CoV-2 relative to the native
parent peptide. Up to now, similar results were obtained only
with much longer peptide sequences (about 40 residues)® and
complex sequence modifications requiring more demanding
syntheses,”® or short peptides that are easily degradable in
vivo and therefore have a lower drug-like propensity.”
Accordingly, the triazolyl bridged peptide P3 represents an

Table 2. Simulation of Percentage of the Secondary Structure of CD in H,O:TFE (1:1) and in H,O (in Bracket) Evaluated

Using the Online Tool BestSel

peptide a-helix P-strand p-turn random coil
ACE2(24—42) 63.3 (8.8) 23.6 (15.1) 13.1 (14.7) 0.0 (61.3)
P1 40.1 (5.4) 135 (22.9) 8.5 (16.9) 37.9 (54.7)
P2 37.3 (7.7) 15.7 (25.8) 102 (14.6) 36.8 (51.9)
P3 57.0 (34.6) 32.8 (31.7) 52 (25.1) 5.0 (8.6)
P4 96.2 (49.5) 0.0 (1.5) 3.8 (7.0) 0.0 (42.0)
22668 https://doi.org/10.1021/acsomega.3c01436
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% Inhibition
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mACE2(24-42)
P1
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Figure 2. Antiviral activity of ACE2(24—42) and clicked peptides P1—P4 against SARS-CoV-2 in Vero E6 cells. SARS-CoV-2 infection of Vero E6
cells at MOI of 0.01 in the presence of all the peptides at indicated concentration was assayed with the viral plaque reduction assay. Data represent
means + standard deviation. Asterisk shows that the inhibitory activity of the peptide was significantly different from that of the linear native

peptide ACE2(24—42) at p < 0.05 * and P < 0.01 ** (Student’s t-test).

interesting lead for the development of anti-SARS-CoV-2
peptidomimetics with enhanced metabolic stability and
synthesized through an advantageous bioorthogonal method-

ology.

B EXPERIMENTAL SECTION

Reagents. All Fmoc-protected amino acids, N,N'-diisopro-
pylcarbodiimide (DIC) and oxyma (ethyl cyanohydroxyimi-
noacetate), were purchased from Iris Biotech GmbH
(Marktredwitz, Germany). Dichloromethane (DCM), piper-
idine, triisopropylsilane (TIS), and trifluoroacetic acid (TFA)
were purchased from Sigma-Aldrich (Milano, Italy). Tentagel S
RAM resin was purchased from Rapp Polymere (Tuebingen,
Germany). Acetonitrile and peptide synthesis-grade N,N-
dimethylformamide were purchased from Carlo Erba (Milano,
Italy).

MW-Assisted Solid-Phase Peptide Synthesis. The
peptides were synthesized using the Liberty Blue automated
microwave peptide synthesizer (CEM Corporation, Matthews,
NC, USA) following the Fmoc/tBu strategy and using
Tentagel S RAM resin (loading 0.23 mmol/g) as previously
described.”” The following Fmoc-amino acids were used:
Fmoc-Ala-OH, Fmoc-Asp(tBu)-OH, Fmoc-Glu(tBu)-OH,
Fmoc-Phe-OH, Fmoc-His(Trt)-OH, Fmoc-Lys(Boc)-OH,
Fmoc-Leu-OH, Fmoc-Asn(Trt)-OH, Fmoc-GIn(Trt), Fmoc-
Thr(tBu)-OH, Fmoc-Tyr(tBu)-OH, Fmoc- Nle(e-N;)-OH,
and Fmoc-Pra-OH. The Fmoc deprotections were performed
using a solution of 20% piperidine in DMF (2 M). The
coupling steps were performed using Fmoc-protected amino
acids (5 equiv, 0.4 M) and a mixture of DIC ($ equiv, 0.5 M)
and OxymaPure (S equiv, 1 M). Finally, N-acetylation was
performed using Ac,0O (10% v:v in DMF) for 10 min. The
cleavage and side-chain deprotections were performed using a
cocktail cleavage composed by TFA/TIS/H,O (95:2.5:2.5,
v:v:v) at room temperature for 2.5 h. Then, the resin was
filtered, followed by precipitation with cold Et,O. The
suspensions were centrifuged and lyophilized. The crude
peptides were purified by reverse-phase flash liquid chroma-
tography (RP-LC) using a SNAP ultra C18 column 12 g at 12
mL/min as solvent systems A (0.1% TFA in H,0) and B
(0.1% TFA in ACN). The purified peptides were characterized
by RP-HPLC-MS using a Waters ACQUITY HPLC equipped
with a Waters ZQ Detector, supplied with a BEH C18 1.7 um,
2.1 X 50 mm column at 0.6 mL/min using solvent systems A

and B previously described. All the characterization data are
reported in the Supplementary Material (Figures S1—SS).
Click reaction was performed on resin as previously
described.”’

Circular Dichroism. CD spectra of the peptides were
recorded using a JASCO J-810 CD spectropolarimeter at 25
°C. The spectrum was measured using a quartz cells of 0.1 cm
path length in the 260—190 nm spectral range, 4
accumulations, 50 nm/min scanning speed, and 1 nm
bandwidth. The peptides were dissolved in H,O or
H,O:TFE 1:1 (v/v) at a concentration of 200 M. The
secondary structure content was predicted using the online
BestSel.”’

Antiviral Activity. Antiviral activity against SARS-CoV-2
was tested on Vero E6 cells using the inhibitory viral plaque
reduction assay (PRA). The cell propagation medium was
performed in Dulbecco’s modified eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and with 1%
penicillin/streptomycin. SARS-CoV-2 stock, consisting of cell-
free supernatants of acutely infected Vero E6 cells, was
aliquoted and stored at —80 °C until use. Titration of the viral
stocks expressed as plaque forming unit (PFU) was carried out
in Vero E6 cells. SARS-CoV-2 was used to infect Vero E6 cell
lines in duplicate, and viral plaques were visualized 3 days after
infection. Briefly, 6-well plates were seeded with 2.5 X 10° cells
in 3 mL of growth medium and kept overnight at 37 °C with
5% CO,. In order to produce a 0.01 multiplicity of infection
(MOI), before the infection, the SARS-CoV-2 viral stock was
mixed 1:1 in a final volume of 0.3 mL with 10-fold serial
dilutions (final concentrations of 100, 10, 1, and 0.1 uM) of all
the synthetic peptides ACE2(24—42) and P1-P4 (in DMSO)
used as inhibitors and immediately added onto the cell
substrate and incubated for 1 h at 37 °C with 5% CO,. The
SARS-CoV-2 treated with DMSO was used as the control.
Then, the cells were washed with PBS, and the overlay medium
composed of 0.5% sea plaque agarose diluted in propagation
medium, was added to each well. After 3 days incubation at 37
°C, the monolayers were fixed with methanol and stained with
0.1% crystal violet and the viral titers were calculated by PFU
counting. Percentage of plaque reduction activity was
calculated by dividing the average of PFU obtained in the
presence of the different peptide samples by the average of
PFU obtained in the presence of DMSO (viral positive
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control). All experimental procedures were conducted under
biosafety level 3 (BSL3) containment.

Cell Cytotoxicity Assay. The cytotoxicity was evaluated
by MTT reduction assay. Vero E6 cells were plated at a density
of 10* cells per well in a flat-bottom 96-well culture plate and
allowed to adhere overnight. When the cell layers were
confluent, the medium was removed, the wells were washed
twice with PBS, and treated with 100 L of MEM in DMSO or
with the appropriate concentrations of the different synthetic
peptides developed in this study. The final solutions of the
peptide (0.1—100 uM) were added to the cells and incubated
at 37 °C in a CO, incubator for 72 h. After treatment, an MTT
kit (Roche, Milano, Italy) was used according to the supplier’s
instructions, and the absorbance of each well was measured
using a microplate spectrophotometer at 4 = 595 nm.
Cytotoxicity was calculated by dividing the average optical
density of the treated samples by the average of the mock-
treated samples in the presence of DMSO.
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