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Abstract—Computer simulation has been used to identify peptides that mimic the natural target of the SARS-
CoV-2 coronavirus spike (S) protein, the angiotensin-converting enzyme type 2 (ACE?2) cell receptor. Based
on the structure of the complex of the protein S receptor-binding domain (RBD) and ACE2, the design of
chimeric molecules consisting of two 22—23-mer peptides linked to each other by disulfide bonds was carried
out. The chimeric molecule X1 was a disulfide dimer, in which terminal cysteine residues in the precursor
molecules h1 and h2 were connected by the S-S bond. In the chimeric molecule X2, the disulfide bond was
located in the middle of each precursor peptide molecule. The precursors hl and h2 mimic amino acid
sequences of al- and o2-helices of the ACE?2 extracellular peptidase domain, respectively, keeping intact
most of the amino acid residues involved in the interaction with RBD. The aim of the work was to evaluate
the binding efficiency of chimeric molecules and their constituent peptides with RBD (particularly in depen-
dence of the middle and terminal methods of fixing the initial peptides h1 and h2). The proposed polypep-
tides and chimeric molecules were synthesized by chemical methods, purified to 95—97% purity, and char-
acterized by HPLC and MALDI-TOF mass spectrometry. Binding of these peptides to the SARS-CoV-2
RBD was evaluated by microthermophoresis with recombinant domains corresponding in sequence to the
original Chinese (GenBank ID NC_045512.2) and the British (B. 1.1.7, GISAID EPI_ISL_683466) variants.
The original RBD of the Chinese variant bound to three synthesized peptides: linear h2 and both chimeric
variants. Chimeric peptides were also bound to the RBD of the British variant. The antiviral activity of the

proposed peptides was evaluated in Vero cell line.
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INTRODUCTION

Over the past 20 years, coronaviruses (SARS-CoV,
MERS-CoV and SARS-CoV-2) have caused a num-
ber of severe respiratory diseases with alarmingly high
mortality rates. The World Health Organization
(WHO) has included these infections in the priority
list of diseases requiring scientific research. The
COVID-19 pandemic stimulated studies on the search
for vaccines, the development of diagnostic tools , and
specific antivirals. In the context of development of
the coronavirus infection a glycoprotein known as the
spike protein (S), significantly protruding from the
surface of the SARS-CoV-2 virion envelope, attracts
much attention [1]. Protein S is a typical type I fusion
protein responsible for binding to the cell receptor and
mediating the fusion of the viral and cellular mem-
branes. In the virion it exists in the form of a precursor,

which is proteolytically cleaved by cellular serine pro-
teases (particularly by furin and TMPRSS2) into S1
and S2 subunits; this cleavage induces conformational
changes in the S2 subunit, leading to the exposure of
the fusion peptide and attack of the cellular mem-
brane. This triggers the fusion of the viral and cellular
membranes. The penetration of the virus into the cell
occurs through a mechanism common to many
viruses: formation of a coiled-coil complex between
two heptad repeats HR1 and HR2 of the S2 subunit.

The main target required for the penetration of
SARS-CoV-2 [2] into a human cell is a transmem-
brane receptor protein known as angiotensin-convert-
ing enzyme type 2 (ACE?2). The related SARS-CoV-2
coronaviruses SARS-CoV (the causative agent of
atypical pneumonia) [3, 4] and HCoV-NL63 (the
causative agent of respiratory diseases in children) [5]
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Table 1. Characteristics of synthesized peptides
Code Sequence Mol Mass, | 1 A1 DI-TOF, m/ Purity
a g/mol »MZ I HPLC, %
SPB1 IEEQAKTFLDKFNHEAEDLFYQS-NH, (control) 2802.01 2801.4 97.6
hl IEEQAKTFLDKFNHEAEDLFYk 2716.0 2715.4 97.26
h1-D-Cys | cEEQAKTFLDKFNHEAEDLFYk 2705.95 2705.3 96.8
h1-Mpa |IEEQAKTFLDK(Mpa)FNHQAEDLFYk 2802.4 2802.5 96.3
h2 DKWSAFLKEQSTIAQNIeYPLQECI 2712.1 2711.4 95.9
h2-Cys DKWSAFLKECSTIAQIYPLQEI-OH 2584.0 2583.1 96.4
fEEQAKTFLDKFNHEAEDLFYk
X1 S S 5412.9 5413.9 2711.5% 2705.4* 95.0
|
DKWSAFLKEQSTIAQNIeYPLQECI
IEEQAKTFLDIl(FNHQAEDLFYk
X2 CO(CH2)2S—? 5383.9 5382.8 2583.4* 2802.5* 96.2
DKWSAFLKECSTIAQIYPLQEI

Modifications are shown in bold; lowercase letters designate D-amino acids; *m/z correspond to the molecular weights of the daughter

peptides constituting the disulfide; Mpa—3-mercaptopropionic acid.

also use the ACE2 receptor to enter the cell. ACE2 is
an enzyme found in cell membranes of many organs of
the body: lungs, cardiovascular system, intestine, kid-
neys, etc. [6]. The ACE2 expression in the cells of the
structural elements of the central nervous system
determines their susceptibility to the SARS-CoV-2
infection, which leads to anosmia and ageusia during
the course of the disease (these symptoms are cur-
rently considered as the key symptoms of COVID-19).
The binding of the virion to the receptor occurs
through the interaction of the protein S RBD with
the ACE2 molecule. Inhibition of binding of SARS-
CoV-2 RBD (and related viruses) to ACE2 by compet-
ing with specifically designed peptide and protein-
based drugs is one of the strategies for inhibiting virus
entry into human cells. For example, the authors [7]
found that a soluble recombinant protein correspond-
ing to the human ACE2 sequence (hrsACE-2) was
capable of dose-dependent inhibition of the reproduc-
tion of SARS-CoV-2 isolated from the nasopharynx of
a patient with confirmed COVID-19.

Some authors [8—10] used molecular dynamics
modeling to design potential peptide inhibitors that
would restrict the attachment and penetration of the
SARS-CoV-2 into the cell. Based on modeling of the
crystal structure of the ACE2 and RBD SARS-CoV-2
complex authors of [11] found that the most signifi-
cant for the entry of SARS-CoV and SARS-CoV-2
coronaviruses into the cell was protein S RBD binding
to the peptide sequence of the spike-binding peptide 1
(SBP1, Table 1); they synthesized a 23-membered
SBP1 peptide and using bio-layer interferometry
showed that SBP1 was tightly bound to RBD with a
dissociation constant (K;) of 47 nM (this value was

comparable to that (14.7 nM) for full-length water-
soluble ACE2 [12]). In the present work, based on the
analysis of the structure of the complexes, an attempt
has been undertaken to design peptides that mimic the
natural target of the SARS-CoV-2 protein S, the
ACE2 cell receptor. The most promising peptides
according to the prediction data have been synthesized
and the efficiency of their binding to RBD and also
their antiviral activity have been investigated in vitro.
The newly synthesized SBP1 peptide was used as a
control compound.

MATERIALS AND METHODS
Synthesis of Peptides

Automatic synthesis of linear peptides was carried
out on a Tribute-UV synthesizer (Protein Technologies
Inc., USA) on a scale of 0.15 mmol in accordance with
the program of single coupling of Fmoc-amino acids
(Novabiochem, Germany) using a polymer carrier with
2-chlorotrityl chloride anchor group (Iris Biotech, Ger-
many) containing 1.2 eq. Cl/g. The control peptide
SPB1 was synthesized on a Rink amide polymer (Nov-
abiochem). To create an amide bond, N,N,N,6N'-
tetramethyl-O-(benzotriazol-1-yl)uronium hexafluo-
rophosphate (HBTU) was used in the presence of 2 eq.
N-methylmorpholine. At the end of the synthesis, the
peptides were cleaved from the polymer with simultane-
ous removal of protecting groups by trifluoroacetic acid
(TFA) with scavengers for 1.5 h. The products of the
solid-phase synthesis were purified by reverse phase
high performance liquid chromatography (HPLC) to
95—97% purity on a Knauer chromatograph (Ger-
many) with a column (250 X 20 mm) Eurospher 100-
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Table 2. Binding of the studied peptides with RBD and their antiviral activity in vitro

Binding to RBD (Kj, uM) Antiviral activity in vitro (ECsy, uM)
. . . (2) Preincubation
Peptide RBD RBD M (l));;len;lilg:;lon of cells with peptides
(Wuhan) (B.1.1.7) with the virus follow.ed l?y sub.sequent
viral infection
SBP1 >1000 * >250%** >250
hl >1000 >250 >250
h1-Mpa >1000 >250 >250
h2 40+ 8 > 300 >250 >250
h2-Cys >1000 >250 >250
Chimera X1 42+0.5 0.91+0.2 >250 >250
Chimera X2 12x5 1.8 £ 0.54 >250 >250

* Not studied; ** inacitve.

10 C18 (Knauer). Buffer A (0.1% aqueous TFA) and
buffer B—(80% acetonitrile (Carl Roth GmbH, Ger-
many) in buffer A) were used as eluents. Elution was
performed from 100% buffer A in a concentration gra-
dient of 0.5%/min buffer B at a flow rate of
10 mL/min, peptides were detected at 220 nm. Ana-
Iytical HPLC was carried using a Knauer chromato-
graph and the columns Kromasil 100-5 C18 (4.6 %
250 mm) (AkzoNobel, Sweden), sorbent particle size
5 um, pore size 100 A and Vydac 300-5 C18 (Supelco,
USA), sorbent particle size 5 um, pore size 300 A. The
following solvents were used as eluents: buffer A (0.05
M KH,PO,, pH 3.0), buffer B (70% acetonitrile in
buffer A). The elution was carried out at a flow rate of
1 mL/min in the concentration gradient of buffer B in
buffer A from 20% to 80% in 30 min. Chimeric mole-
cules were obtained by directed disulfide bond forma-
tion using temporary 2-pyridine sulfenyl (PyS) [13]
protection of cysteine residues involved in the disul-
fide formation and purified by HPLC on a column
Vydac Protein & Peptide 300-5 C18 (10 x 250 mm;
Grace/Alltech, USA). The eluents used were:
buffer A—0.1% aqueous TFA and buffer B—0% ace-
tonitrile in water. The elution was performed from
100% buffer A in a linear gradient of buffer B concen-
tration by 0.5% per min at a flow rate of 3 mL/min
(with detection carried out at 220 nm). The structure
of the peptides was confirmed using matrix assisted
laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF). Mass spectra were recorded
on a Bruker Autoflex speed mass spectrometer
(Bruker Daltonics Inc., Germany). The amino acid
sequences and characteristics of the peptides are
shown in Table 1.

Microthermophoresis

The peptide binding was evaluated by microther-
mophoresis with recombinant RBD molecules corre-
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sponding to sequence of two SARS-CoV-2 variants:
the original strain (GenBank ID NC 045512.2, the
protein S amino acid residues 331-524) and the British
variant B.1.1.7 with the N501Y mutation (GISAID
EPI_ISL 683466) (Table 2). We used fluorescently
labeled recombinant proteins obtained in the E. coli
expression system. Fluorescent labeling of each pro-
tein by lysine residue (1 label per protein) and subse-
quent purification from excess dye was performed by
flash chromatography using the NT™ Protein Label-
ing Kit RED-NHS (Nanotemper, Germany) accord-
ing to the manufacturer’s protocol. The final protein
solution in 10 mM potassium phosphate buffer
(pH 7.4) containing 0.05% Tween-20 was titrated with
peptide solutions. In this case, the final concentrations
of peptides varied in the range from 0 to 175 uM, and
the protein concentration was maintained constant
(20 nM). Microscale thermophoresis curves were reg-
istered by fluorescence label detection at 22°C on a
Monolith NT.115 instrument using standard capillar-
ies (NanoTemper). The proportion of the complex was
calculated from the change in the normalized fluores-
cence in the initial part of the thermophoretic curve
and then the binding curves were obtained and ana-
lyzed using the MO. Affinity Analysis software
(NanoTemper). The experimental data were approxi-
mated by the Hill’s model and the dissociation con-
stants (K;) were calculated as the effective peptide
concentrations corresponding to 50% of the complex
fraction.

Evaluation of the Antiviral Activity

The antiviral activity of peptides was studied in
vitro using the SARS-CoV-2 strain PIK35 (GISAID
EPI_ISL 428852) [14]. The RBD sequence of the
SARS-CoV-2 strain used corresponded to the RBD
sequence of the original Wuhan strain, so that the in
vitro model was similar to the binding of the studied

No. 4 2021



PEPTIDES INHIBIT ACE2 INTERACTION WITH SARS-CoV-2 RBD

peptides to the recombinant RBD molecule consid-
ered above. The antiviral activity was determined
according to a previously published method [15] in
two versions: (1) peptide dilutions were mixed with
equal volumes of a viral suspension containing 100
TCIDjy, per well, incubated for 1 h at 37°C, then the
virus-peptide mixtures were added to the confluent
monolayers of Vero cells (in duplicates); or (2) pep-
tides were added to the confluent monolayers of Vero
cells in (duplicates), incubated for 1 h at 37°C, then
the cells were infected with a viral suspension contain-
ing 100 TCIDs, per well. Each experiment contained a
positive control—N-hydroxycytidine (NHC) [16]—
and virus titration for dose control.

The peptides were dissolved in 10% DMSO
(Sigma, Germany) in water to a concentration of
10 mg/mL, and this solution was used in experiments
with a maximum concentration in the culture medium
of 1.25 mg/mL. (At this concentration we did not
observe no precipitation for any of the studied pep-
tides.)

RESULTS AND DISCUSSSION
Design of Peptides

Figure 1 shows a fragment of the spatial structure of
the complex formed by the SARS-CoV-2 protein S
RBD and the ACE2 cell receptor (Protein Data Bank
ID: 7DX9 [17]); it was elucidated by cryoelectron
microscopy. Based on this structure, the design of pre-
cursor peptides and chimeric molecules was carried
out. The aim of the design phase of potential peptide
inhibitors was to achieve maximal possible structural
similarity between the original (ACE2 receptor) and
the model (peptide inhibitor). During peptide struc-
ture construction, we have made two assumptions.
First, the length of peptide fragments was limited to
22—25 residues; this was due to not only the technical
capabilities of peptide synthesis and the practical fea-
sibility of developing prototypes of peptide drugs, but
also by the fact that polypeptides of this length could
have their own spatial structure. In our case they can
simulate the elements of the ACE?2 spatial structure.
Second, the options for creating intermolecular cova-
lent bonds in chimeric peptides were limited to disul-
fide bonds. Linear peptides hl and h2, used to con-
struct chimeric molecules, corresponded to the frag-
ments 21—42 and 64—88 of amino acid sequences of
helices o1 and o2 of the ACE2 extracellular peptidase
domain, respectively; they maintained unchanged
most of the amino acid residues (a.a.) involved in the
interaction with RBD. For example, the hl peptide
included most of the amino acids critical for binding to
RBD a.a. from helix ol ACE2 [8]: Q24, T27, D30,
K31, H34, E35, E37, D38, Y41.

Modifications of the precursor peptides included
residues that were not involved in the interaction with
RBD and were aimed at providing the possibility of
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synthesizing chimeric molecules on their basis, in
which these peptides could be linked by covalent disul-
fide bonds.

For construction of the X1 chimera, we introduced
the substitutions /le21D-Cys (hl peptide) and Glu87-
Cys (h2 peptide) and for construction of the X2 chi-
mera, the Lys31 residue (hl peptide) was modified
with 3-mercaptopropionic acid (Mpa), and GIn76 was
replaced with Cys76. The need of Lys31 modification
was due to the fact that the length of the linker bond
between the h1 and h2 peptides in the case of Cys31-
Cys76 was insufficient in the X2 chimera. The dis-
tance between the peptides was increased by Lys31
modification. In addition, in the h2 peptide, the
Met82 residue, which was not involved in contact with
RBD, was replaced with isoleucine or norleucine to
avoid oxidation problems. At this stage of the study, we
also tried to preserve the stacking motif of aromatic
amino acid residues Phe32-Phe72, Phe40-Trp69,
although these regions were not involved in the inter-
action with RBD. In addition, minimal structural
modification of the regions directly interacting with
RBD was aimed at the increase in binding efficiency
mainly due to dimers formation, rather than by other
reasons. The chimeric molecules X1 and X2 differed
from each other in the localization of disulfide bridges.
The chimeric X1 molecule was a disulfide dimer in
which the terminal cysteine residues in the h1 and h2
precursor molecules were connected by an S-S bond.
In the case of modeling the chimeric X1 molecule, the
optimal orientations of the side chains of the N-termi-
nal cysteine residue and the C-terminal lysine residue
in the hl peptide, as well as the configuration of the
disulfide bond, were obtained using the Cys21 and
Lys42 D-isomers. In addition, the presence of
D-amino acids on the flanks of the h1 peptide should
increase its resistance to the action of amino and car-
boxypeptidases. In the chimeric X2 molecule, the
disulfide bond was in the middle of the molecule of
each of the precursor peptides. Table 1 shows the
structural formulas and characteristics of precursor
peptides and chimeric molecules obtained on their
basis.

Evaluation of Peptide Binding to SARS-CoV-2 RBD
and their Antiviral Activity

The primary screening for binding to the Wuhan
RBD revealed 3 active peptides: h2, and also chimeras
X1 and X2. Therefore, the binding to variant B.1.1.7
RBD was evaluated only for these peptides. The active
peptides demonstrated dose-dependent binding. Chi-
meric peptides X1 and X2 bound to RBD with the
highest affinity (dissociation constants of 1—10 uM).
At the same time, the X1 chimera with the terminal
localization of the disulfide bond (D-Cys21-Cys87)
between the h1 and h2 peptides had a higher (approx-
imately 2 times) affinity for both RBD variants than
the X2 chimera with the central localization of the
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Fig. 1. A fragment of the spatial structure (contact zone) of the SARS-CoV-2 receptor-binding domain (RBD) complex with the
ACE?2 cellular receptor [17] in a ribbon presentation. RBD—beige with a green border. Fragments of ACE2: helix al (h1) is shown
in blue, helix o2 (h2)—in turquoise, beta hairpin centered on residue 353—in pink, a loop near residue 325—in blue.

disulfide bond [Lys31 (Mpa)—Cys76] between pep-
tides h1 and h2. The data are presented in Table 2 and
Fig. 2. The data obtained suggest that chimeric pep-
tides may have antiviral activity by blocking interac-
tion with the cellular ACE2 receptor. It should be
noted that in the studied concentration range the con-
trol peptide SBP1 showed very weak binding to the
recombinant RBD of the Wuhan virus. Similar results
were obtained by the authors of [11]; they used RBDs
obtained in various commercially available systems.
Despite the micromolar dissociation constants of the
SBP1 complex with RBD obtained by Sino Biological
(China) in insect cells, this peptide did not bind to
other RBD preparations obtained both in insects and
in HEK cells. In our experiments, none of the synthe-
sized peptides, including the control peptide SBP1
[11], exhibited any antiviral activity in the Vero cells
(Table 2), regardless of the experimental protocol.

Similar data were obtained by the authors of the
study [18]; they developed a series of stapled peptido-
mimetics based on the ol ACE2 helix, in which an
intramolecular hydrocarbon bridge was created to fix

the o-helical structure. However, none of these
15 peptidomimetics, including SBP1 used by the
authors as a control, showed any antiviral activity
in vitro [18].

The putative mechanism of action of the proposed
peptides is similar to the action of neutralizing anti-
bodies and must be realized before the virion penetra-
tion into the cell by means of blocking the RBD bind-
ing to the receptor. Thus, the ability of peptides to pen-
etrate the cell should not have a significant impact, at
least in cell culture studies. It can be assumed that the
lack of in vitro activity of peptides is associated with
the RBD conformation in the virion, which does not
allow peptides to bind tightly to the protein.

CONCLUSIONS

The proposed chimeric peptides showed binding to
RBDs of both the original Wuhan variant and the
British variant B.1.1.7 of the SARS-CoV-2 with disso-
ciation constant values ranged from 1 to 10 uM. The
obtained experimental results demonstrated the essen-
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Fig. 2. Binding of the studied peptides with the recombinant RBD molecules corresponding in sequence to the original Wuhan
strain (Wuhan, GenBank ID NC_045512.2) and the British variant with the N501Y mutation (B.1.1.7, GISAID EPI_IS-

L _683466) as determined by microthermophoresis.

tial role of the localization of covalent crosslinks
between monomers for the binding of peptides to
SARS-CoV-2 RBD.
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