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ABSTRACT
The entry of the SARS-CoV-2 virus into a human host cell begins with the interaction between the viral
spike protein (S protein) and human angiotensin-converting enzyme 2 (hACE2). Therefore, a possible strat-
egy for the treatment of this infection is based on inhibiting the interaction of the two abovementioned
proteins. Compounds that bind to the SARS-CoV-2 S protein at the interface with the alpha-1/alpha-2 heli-
ces of ACE2 PD Subdomain I are of particular interest. We present a stepwise optimisation of helical pep-
tide foldamers containing trans-2-aminocylopentanecarboxylic acid residues as the folding-inducing unit.
Four rounds of optimisation led to the discovery of an 18-amino-acid peptide with high affinity for the
SARS-CoV-2 S protein (Kd ¼ 650nM) that inhibits this protein–protein interaction with IC50 ¼ 1.3mM.
Circular dichroism and nuclear magnetic resonance studies indicated the helical conformation of this pep-
tide in solution.
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Introduction

Oligomers with a propensity towards the formation of a well-
folded state, called foldamers, have attracted considerable scien-
tific interest due to their ability to mimic the structural behaviour
of biomolecules by adopting stable and programmable three-
dimensional structures1,2. To move from structure to biological
application, foldamers need to exhibit good stability under physio-
logical conditions, allowing their distribution in a living system,

and contain appropriately spatially distributed functional groups,
which can provide effective interaction with a given molecular tar-
get3,4. Since their introduction5,6, numerous studies have been
reported on peptide foldamers constructed by modification of the
peptide backbone through the incorporation of b-, c-, d-amino
acid residues in various sequence patterns7–9. One of the most
widely studied and best-characterised types of foldamers is chi-
meric a,b-peptides due to their tendency to form distinctive,
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residue-controlled secondary structures10. Furthermore, the pep-
tide backbone can be further altered by the introduction of struc-
turally constrained cyclic b-amino acids (containing cyclopropane,
cyclobutane, cyclopentane or cyclohexane), which greatly promote
self-organisation in a,b-peptides11–15. Due to their synthetic avail-
ability and facile insertion into the peptide sequence, b-aminocy-
clopentanecarboxylic acids (ACPC) are often used in the design of
foldameric structures16,17. The ability of a peptide foldamer to
form a helix can be indicated by the method of stereochemical
patterning: a helical structure is formed if the appropriate w and
/ dihedral angles flanking the amide bond are of the same sign18.
It was demonstrated that a,b-peptides containing the backbone
patterns aab, aaab, and aabaaab can adopt helical conforma-
tions16,19,20. Peptide foldamers have had numerous successful
applications in medicinal chemistry21–26. This class of compounds
can serve as scaffolds for the development of antimicrobial com-
pounds27,28, antifungal agents29, protein–protein interaction (PPI)
inhibitors30,31, and antivirals32. Interactions between proteins are
of great interest as valuable medicinal targets, and it has been
shown that peptide foldamers can inhibit various PPIs, such as the
Bcl-2/BH3 domain30, p53/MDM233, and VEGF/VEGFR1 interac-
tions34. One of the possible approaches for inhibiting PPIs in
which one side contributes a single a-helix to the interface is
based on the mimicry of the critical a-helix by a corresponding
foldamer35,36.

The emergence and rapid international spread of the new
pathogenic severe acute respiratory syndrome coronavirus (SARS-
CoV-2) has caused a global health emergency, leading to the
WHO’s declaration of a Public Health Emergency of International
Concern (PHEIC). Hence, prompt progress in the design and devel-
opment of specific antiviral drugs is urgently needed. The SARS-
CoV-2 virus invades the host cell through the interaction of the
receptor-binding domain (RBD) of its spike (S) protein with the
angiotensin-converting enzyme (ACE2) of the host cell37.
Therefore, the development of specific inhibitors for the SARS-
CoV-2/ACE2 interaction presents an important strategy in the fight
against SARS-CoV-2 infection. The crystal structure of the SARS-
CoV-2 RBD of the S protein bound to the cell receptor ACE2
revealed the most important residues in the SARS-CoV-2 RBD that
are essential for binding38–40. However, the development of S
protein/ACE2 interaction inhibitors remains difficult41–45. Screening
of 800 million peptides provided S protein binders; however, the
identified compounds did not inhibit S protein/ACE2 interac-
tions46. The application of phage display methodology (screening
of 109 peptides) also led to finding peptides with high affinity for
the RDB of the S protein, but no inhibitory activity of the target
PPI has been reported47. Computational studies indicated peptide
sequences that should bind to the S protein; however, these can-
didates either have not been evaluated experimentally or have
shown little activity48–53. Stapled and cyclic peptides were found
to bind the S protein with moderate micromolar affinity54–56. Only
large constructs, including peptide-dendrimer, peptide-antibody,
peptide-quantum dots, peptide-DNA constructs, and proteins,
were effectively developed to exhibit the desired activity57–62.

In this paper, we present a computer-aided design and synthe-
sis of helical peptide foldamers, as well as an evaluation of their
binding to RDB of the S protein and inhibition of the S
protein/ACE2 interaction. The incorporation of trans-ACPC residues
in the aabaaab sequence pattern in the structure of 18-mer pep-
tides rigidifies their helical conformation and thus provides a sta-
ble scaffold for the development of biological activity. Several
rounds of optimisation led to the discovery of highly active
compounds.

Materials and methods

Peptide synthesis

All commercially available reagents and solvents were purchased
from Sigma–Aldrich, Merck, Iris Biotech or Bachem and used with-
out further purification. Peptide foldamers were prepared
using automated solid-state peptide synthetizers (BiotageVR

InitiatorþAlstraTM and CEM Liberty Blue) on H-Rink amide
ChemMatrix resin (loading: 0.59mmol g�1) with DMF as a solvent.
Fmoc deprotection was accomplished using 20% piperidine solu-
tion in DMF at 75 �C. The coupling procedures were carried out
using 0.5M DIC and 0.5M Oxyma solutions (1:1) in DMF. For
a-amino acids (5 eq, 0.1M), single coupling (for Liberty Blue, 4min
at 90 �C) or double coupling (for Biotage, 2� 15min at 75 �C) was
performed, and for trans-ACPC, single coupling (30min at 75 �C)
was used. Acetylation of the N-terminus was performed using a
mixture of NMP/DIPEA/acetic anhydride (80:15:5). The cleavage of
the peptides from the resin and deprotection were accomplished
using a mixture of TFA/TIS/H2O (95:2.5:2.5) after 3 h of shaking at
room temperature. The crude peptide was precipitated with ice-
cold diethyl ether and centrifuged (10000 rpm, 15min, 2 �C). The
peptides were purified using preparative HPLC (Knauer
Prep, 250mm � 30mm preparative column, Thermo ScientificTM

Hypersil GOLDTM, C18, 12 mm) with a water/acetonitrile (0.05%
TFA) eluent system. The purity of the peptides was checked using
analytical HPLC (Shimatzu, ReproSil Saphir 100 C18, 5 m,
150� 4.6mm analytical column) with a water/acetonitrile (0.05%
TFA) eluent system.

Mass spectrometry

Mass spectra of the synthetised peptides were acquired using a
WATERS LCT Premiere XE high-resolution mass spectrometer with
an electrospray ionisation (ESI) and time-of-flight (TOF) detector.

Circular dichroism

All CD spectra were recorded using a JASCO J-815 spectropolarim-
eter between 250 and 190 nm in potassium phosphate buffer
(50mM, pH 7.5) with the following parameters: 25 �C, 0.2 nm reso-
lution, 1.0 nm bandwidth, 20 mdeg sensitivity, 0.25 s response,
50 nm min�1 scanning speed, 5 accumulations, and 0.02 cm
cuvette path length. The CD spectra of the buffer alone were
recorded and subtracted from the raw data. Samples were
obtained by preparing a 0.1mM solution of purified and lyophi-
lised peptide (as TFA salt) in buffer. The CD intensity is given as
the mean residue molar ellipticity (h [deg� cm2�dmol�1]).

Nuclear magnetic resonance

The NMR experiments were performed on a Bruker AvanceTM

spectrometer operating at 600.58MHz for 1H, equipped with a
5.0mm PA BBO probe. The NMR spectra of peptide 27 at 298 K
were recorded in methanol d3. The temperature was controlled to
± 0.1 K. TOCSY and NOESY experiments were performed for chem-
ical shift and structure assignment. All NMR spectra were acquired
with suppression of the solvent OH signal using a 3–9-19 pulse
sequence with gradients. Typical TOCSY - homonuclear Hartman
(Hahn transfer using the mlev17 sequence for mixing using two
power levels for excitation and spinlock) and 2D NOESY were
recorded in phase-sensitive mode with a spectral width of 8620Hz
in both dimensions using 4k data points and a relaxation delay of
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2 s. These spectra were acquired with 1024 increments of 18 scans
for TOCSY and 80 scans for 2D NOESY. Mixing times were set at
80ms and 200ms for the TOCSY and 2D NOESY experiments,
respectively. The data were acquired and processed using Topspin
3.1 (BrukerBioSpin, Rheinstetten, Germany). The processed spectra
were assigned with the help of the SPARKY program63.

NMR structure calculation

NMR structure generation for peptide 27 was performed in Xplor-
NIH v. 2.41.164. Initially, 100 random conformations were
generated from the sequence using the seqTOpsf protocol. NMR-
derived interproton contacts were classified by the standard
method with upper distance limits of 2.5 Å for strong contacts,
3.5 Å for medium and 5Å for weak, and the lower distance limit
was set to 1.8 Å. For the b-amino acid, three backbone torsions
were also restrained to match the previous experimental data65

with a tolerance of 30 degree deviation. Standard simulated
annealing protocols implemented in Xplor-NIH were used and
composed of the following steps: (1) high temperature dynamics
(3500 K, 800 ps or 8000 steps), (2) simulated annealing performed
from 3500 K to 25 K with 12.5 K step, at each temperature, short
dynamics was done (100 steps or 0.2 ps); (3) gradient minimisation
of the final structure. Finally, the top ten lowest energy structures
were superimposed and averaged.

Biolayer interferometry

Biolayer interferometry (BLI) binding data were obtained using an
Octet RED96 (ForteBio) and processed using the instrument’s inte-
grated software. All steps were performed at 30 �C with shaking at
400 rpm in a black 96-well plate, with a working volume of 200 mL
in each well. Fc-tagged RBD (AcroBiosystems) was loaded onto
protein A biosensors (ForteBio) at a concentration of 3 mg mL�1 in
binding buffer (10mM HEPES (pH 7.4), 150mM NaCl, 3mM EDTA,
0.05% surfactant P20 Tween, 0.5% BSA) for 600 s. After baseline
measurement in binding buffer alone, the binding kinetics were
monitored by dipping the biosensors in wells containing the
tested peptide at the indicated concentration (association step,
300 s) and then dipping the sensors back into the binding buffer
solution (dissociation step, 300 s). The initial screening of the
tested peptides was performed at 50 mM, while for the accurate
determination of Kd value, BLI screening was executed for a range
of different peptide concentrations depending on their binding
affinities. Tested peptides were diluted from concentrated stock
solution using binding buffer. Collected raw data were back-
ground subtracted using the reference biosensors with the buffer
alone.

Homogeneous time-resolved fluorescence (HTRF) measurements

The HTRF assay was performed using an HTRF 96-well low volume
white plate (CisBio #66PL96025), antibodies: PAb Anti Human IgG-
Eu cryptate (CisBio #61HFCKLA) and MAb Anti 6HIS-XL665 (CisBio
#61HISXLA), proteins: Human ACE2/ACEH Protein, Fc Tag (MALS
verified) (AcroBioSystem #AC2-H5257) and SARS-CoV-2 (COVID-19)
S protein RBD, His Tag (MALSverified) (AcroBioSystem #SPD-
C52H3) and PPI Europium Detection Buffer (CisBio # 61DB9RDF).
For initial screening of peptide activity, stock solutions were pre-
pared at 1mM and 50 mM in H2OmilliQ and then diluted to 500mM
and 5 mM concentrations with PPI Detection Buffer. The concentra-
tions of peptides in the wells were 50mM and 0.5mM. To

determine the half-maximal inhibitory concentrations (IC50) of the
tested compounds, measurements were performed on individual
dilution series. The peptide 27 concentrations in the wells were as
follows: 50 mM, 25 mM, 5 mM, 0.5mM, 250 nM, 50 nM, and 5nM.
Concentrations of proteins and antibodies in wells were as follows:
PAb Anti Human IgG-Eu cryptate � 1 nM, MAb Anti 6HIS-XL665–
10 nM, Human ACE2/ACEH Protein, Fc Tag � 20 nM, SARS-CoV-2
(COVID-19) S protein RBD, His Tag � 10 nM. Proteins and antibod-
ies were diluted from stock solutions using PPI Europium
Detection Buffer. The assay was performed using the CisBio stand-
ard protocol. First, 2ml of peptide was added to the well, followed
by 4 ml of Fc-ACE2 and 4 ml of His-RBD. After this step, the plate
was incubated at room temperature for 15min, and then 10ml of
antibody mixture (1:1, v:v) was added. After mixing all compo-
nents, the plate was incubated for 2 h at room temperature fol-
lowed by TR-FRET measurements on a CLARIOstarVR fluorimeter,
with an excitation filter at 337 nm and fluorescence wavelength
measurements at 620 and 665 nm. Collected data were back-
ground subtracted using the negative control, normalised to the
positive control, averaged, and fitted with the DoseResp Function
to determine the IC50 value using Origin2019.

Molecular modelling

The first series of peptides (peptides A1-A3 and analogs) was
designed on the basis of the complex of native ACE2 and SARS-
CoV-2 RBD (pdb: 6m0j)66. The next series was designed on the
basis of previously reported ACE2/SARS-CoV-2 RBD miniprotein
inhibitors: LCB1 (pdb: 7jzu) and LCB3 (pdb: 7jzm)62. Full-length
proteins were truncated to single helices responsible for most of
the interaction with RBD (Ile21-Ser43 in ACE2, Ala22-Lys38 in LCB1
and Asn1-His18 in LCB3) and foldamerized by introduction of
transACPC residues, giving different realisations of the previously
experimentally characterised baabaaab motif19. The minimisation
of the obtained structures was performed in Discovery Studio
(BIOVIA) using the Smart Minimiser algorithm and the CHARMm
force field, up to an energy change of 0.0 or RMS gradient of 0.1.
Complexes with RBD were designed by superimposition of inhibi-
tors onto full-length proteins and optimised using the Local
Docking protocol (Rosetta), and different analogs of these pepti-
des were designed by the FastDesign protocol (Rosetta).

Results and discussion

The available structural and biochemical data derived on the basis
of the crystal structures of the SARS-CoV and SARS-CoV-2 S protein
complexes with ACE267,68, cryoEM studies69, and biochemical
binding data of ACE2 with SARS-CoV-2 S68 serve as a good starting
point for the design of small peptide-based inhibitors of the
SARS-CoV-2 S/ACE2 interaction. Studies have shown that among
all secondary structures that form the ACE2 protein, most contacts
with the SARS-CoV-2 RBD originate from the N-terminal a1-helix
(ACEa1, Table S2)38. Therefore, an approach to designing new
SARS-CoV-2 S inhibitors was to mimic the indicated a1-helix motif.
A short peptide built up of natural amino acids, such as the
ACEa1 helix, when synthesised alone, may not be conformation-
ally stable; therefore, additional stabilisation of the helical con-
formation is essential. With this in mind, the following points
should be addressed: (a) retaining as many of the original binding
residues as possible to preserve the biological activity; (b) incorpo-
rating structurally constrained trans-ACPC residues to promote the
formation of stable helical structures; and (c) further modifications
with different natural amino acids to furnish the peptide sequence
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with additional contacts. Therefore, our strategy can be described
as a three-step procedure (Figure 1). Initially, a helical fragment of
a known protein that interacts with the RBD of the S protein is
selected. Here, we used either human ACE2 or de novo designed
LCB1 or LCB3 proteins. Subsequently, we incorporate constrained
b-amino acid residues (i.e. trans-ACPC) to rigidify the three-dimen-
sional structure of the chosen fragment. Because introduced
b-amino acid residues should not disturb peptide interaction with
the target, sequence patterns placing trans-ACPC on one side of
the helix are applied – namely, aabaaab or aaaaaab. Finally, the
obtained constructs are optimised iteratively towards optimal
binding to the target using computer-aided methods.

In the first step, trans-ACPC residues were incorporated into
the a1 helix of the ACE2 protein following two patterns: aabaaab
(A1 and A2) and aaaaaab (A3) (Table S2). Cyclopentane-contain-
ing b-amino acid residues were introduced in place of seven pre-
dominantly nonpolar amino acid residues. In the case of applied
sequence patterning, the heptad residue repeat gives helices in
which b residues are aligned along one side of the helix, forming
a “b-stripe” oriented towards the solvent (Figure S1)70. This one-
sided orientation enables the binding residues to be closely allo-
cated and therefore oriented towards the binding surface of the
RBD protein. The circular dichroism (CD) spectrum of ACEa1
showed a Cotton effect at 200 nm, which is characteristic for
unstructured peptides (Figure S2). However, peptides with
aabaaab patterning (A1 and A2) as well as with aaaaaab pattern-
ing (A3) exhibited a different CD spectrum with a strong minimum
at 204 nm, which indicates the formation of a helical structure.30

The binding affinity of the designed peptides to the RBD of
the S protein was evaluated using biolayer interferometry (BLI)
experiments. The BLI technique is based on the measurement of
the interference pattern of white light reflected from a biolayer
surface. In this case, biosensors coated with a protein A biolayer
were used for the immobilisation of Fc-tagged RBD. Subsequently,
the interaction of the corresponding peptides (analytes) with the
RBD was monitored in real time by recording changes in light
interference due to the association of the analyte. The initial
screening was performed for 50mM solutions of foldameric pepti-
des (BLI sensograms for all tested peptides are given in the
Supporting Information). First, the native ACEa1 helix was synthes-
ised, and its binding affinity measurement revealed a very low
response (small shift in nanometers) towards binding to the RBD
protein. In continuation, all designed and synthesised foldamers
derived from the ACEa1 helix (peptides A1, A2, and A3) as well as
their fragments (decapeptides A1a-c, A2a-c, and A3a-c) and
mutants (A1_v1-A1_v4 and A2_v1-A2_v4, Table S2) were tested
using the BLI assay. The sensograms of several foldameric helices
(A1v3, A2v2, A2v3) gave a noticeably higher response signal in
comparison to the native helix (Figure S3). However, the signal
corresponding to the reference sensor revealed the occurrence of
non-specific binding of these peptides to the empty protein A
sensor. Unfortunately, because of the very low response of the BLI
signal, it was not possible to determine the dissociation constant
values (Kd) for this group of foldameric helices.

Although it was possible to foldamerize the fragment of ACE2
that interacts with RBD by incorporation of trans-ACPC residues,
and peptides with stable helical conformation were obtained, they
did not provide a satisfactory improvement in the binding affinity
towards RBD. Therefore, we implemented a different strategy
based on the modification of the in silico-designed proteins LCB1
and LCB3, which are reported to exert high binding to the SARS-
CoV-2 S protein.40 The LCB1 and LCB3 proteins are built from
three helical fragments, and similar to the ACE2 protein, most of
their binding interactions with the SARS-CoV-2 RBD originate from
one of these helices. In the case of the LCB1 protein, most of the
binding residues are located in the middle helix (sequence 1,
Table 1), while LCB3 interacts with the RBD predominantly
through the N-terminal helix (sequence 6, Table 1). Therefore,
these fragments were selected for the further optimisation and
design of potential foldameric SARS-CoV-2 inhibitors (peptides 1
and 6, Table 1). The first set of designed helical foldamers (pepti-
des 2–5 and 7–10, Table 1) was obtained by incorporating four
trans-ACPC residues into the aabaaab pattern by replacing non-
polar amino acid residues. Furthermore, tryptophan residues were
introduced in sequences to provide hydrophobic interacting side

Figure 1. The strategy for the development of SARS-CoV-2 S protein-human
ACE2 interaction inhibitors based on peptide foldamers.
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chains, which could fit into the cavities formed on the surface of
the binding domain (Figure 2). CD measurements revealed that
peptides 1 and 6 were partially folded into a-helices, while a sub-
stantial increase in the conformational stability of the foldameric
peptides 2–5 and 7–10 was observed in comparison to the ori-
ginal sequences (Figure 3), with a pronounced contribution of the
helical structure.

The affinity of these peptides to bound RBD was also screened
using the BLI method. Within the first group of foldamers, derived
from LCB1 (peptides 2–5, Table 1), none of the peptides showed
any improvement in the intensity of the response on the BLI

sensogram, and it was not possible to perform a reliable calcula-
tion of the Kd value. Among the second set of foldamers, obtained
by altering the LCB3 protein fragment (peptides 7–10, Table 1),
derivative 10 gave a significantly stronger response than its native
variant. To determine the Kd value with high accuracy, we per-
formed BLI screening of different concentrations of peptide 10
(Figure 4), and a value of 82.5mM was obtained after global fitting.
Peptide foldamer 10, compared to the original sequence 6, pos-
sesses two tryptophan residues oriented towards two cavities on
the binding RBD surface, contributing significantly to the binding
affinity (Figure 2(B)).

The consecutive optimisation of the foldameric structure was
focused on further alteration of the peptide 10 sequence.
Therefore, eight new variants (peptides 11–18, Table 2) were
designed, synthesised, and tested for their binding affinity. Each
of the new peptides contained one mutation in comparison to
the parent peptide 10. The alterations for the first four peptides
were made regarding the amino acids adjacent to the Trp7 resi-
due by introducing polar and charged amino acids, which could
contribute to the binding affinity of the foldamers (Figure 5).
Mutations were also made by the introduction of voluminous
hydrophobic residues (Tyr, Phe) or polar amino acids (Gln, Asn).
The highest affinity with a Kd value of 11.4 mM (Figure 6) was
obtained for peptide 12, which differs from the original sequence
in one arginine residue located next to Trp7. The Arg6 side chain
forms additional hydrogen bonds with the hydroxyl groups of
Tyr453 and Ser494 located on the surface of the RBD protein
(Figure 5).

The third round of optimisation was based on mutations of
peptide 12 (Table 3). The attempt to increase activity by introduc-
ing hydrophobic residues (peptides 19–21, Table 3) instead of the
polar threonine residue resulted in a loss of binding affinity. A
similar effect was obtained for foldamers in which Trp7 was
replaced by different hydrophobic residues (peptides 22–24, Table
3), as well as for peptide with one additional Trp residue in the
sequence (peptide 26, Table 3). Next, we examined the effect of
introducing an additional arginine residue into the sequence by
placing it at the C- or N-terminus (peptides 25 and 27, Table 3).
Mutation of the N-terminus with Arg resulted in a significant
increase in the binding activity of peptide 27, with a Kd value of

Table 1. Amino acid sequences of the first set of designed helical fol-
damers (peptides 2–5 and 7–10) and their affinities to the RBD of the S
protein.

�Positions highlighted in yellow were mutated in comparison to peptides
1 and 6, respectively. Trans-(1S,2S)-2-aminocyclopentane-carboxylic acid
residues are shown as black pentagons. n. a. – not active.

Figure 2. Crystal structure of LCB3-RBD complex (A), PDB id 7JZM (residues 1–18 of LCB3 are shown), and the modelled foldameric peptide 10 bound to the RBD of S
protein (B). Peptides are shown in stick representation; trans-ACPC residues’ carbon atoms are coloured green, tryptophan residues’ carbon atoms are coloured pink.
The surface of the RBD is coloured according to interpolated charge: blue – positive, grey – neutral, red – negative. Key intermolecular interactions are shown as
dashed lines: green – hydrogen bonds, orange – charge assisted hydrogen bonds, pink – hydrophobic interactions, white – hydrogen bond donor/p interactions.
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Figure 3. CD spectra of (A) peptides (2–5) derived from LCB1 helix (1) and (B) peptides (6–10) derived from LCB3 helix (6), dissolved in potassium phosphate buffer,
50mM, pH 7.5.

Figure 4. BLI-based screening of the binding affinity properties of peptide 10
towards RBD. Association and dissociation steps are given for different concentra-
tions of peptide 10, ranging from 1 to 100mM.

Table 2. Amino acid sequences of the second set of designed helical
foldamers (11–18) derived from peptide 10 and their binding affinities
to the RBD of the S protein.

�Positions highlighted in yellow and green indicate original mutations
introduced to design peptide 10 and newly introduced mutations,
respectively. Trans-(1S,2S)-2-aminocyclopentane-carboxylic acid residues
are shown as black pentagons. n. a. – not active.

Figure 5. The modelled complex of peptide 12 with the RDB of the S protein.
Peptide 12 is shown in stick representation; trans-ACPC residues’ carbon atoms
are coloured green, mutated residues’ carbon atoms are coloured pink. The sur-
face of the RBD is coloured according to interpolated charge: blue – positive,
grey – neutral, red – negative. Key intermolecular interactions are shown as
dashed lines: green – hydrogen bonds, orange – charge assisted hydrogen
bonds, pink – hydrophobic interactions, white – hydrogen bond donor/p
interactions.

Figure 6. BLI-based screening of the binding affinity properties of peptide 12
towards RBD. Association and dissociation steps are given for the different con-
centrations of peptide 12, ranging from 1 to 100mM.
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1.1mM (Figure 7). Modelling studies revealed that N-terminal
arginine forms additional interactions with the RBD through
Gln498 and Thr500 residues (Figure 8). Among the other tested
foldamers, peptides 29 and 32 containing homoglutamic acid also

showed pronounced binding affinities with Kd values of 6.2 and
6.5 mM, respectively.

The last cycle of optimizations was focused on alterations of
the sequence of peptide 27, which is the most active one. These
alterations resulted in the synthesis of nine new foldamers (pepti-
des 33–41, Table 4), which, according to their CD spectra
(Figure 9), retained the helical structure of the initial sequences.
Among these derivatives, peptide 34 containing a nonnatural
amino acid, eN-carboxymethyltryptophan (WCOOH), instead of Trp
showed good binding affinity with Kd ¼ 2.1mM. One of the

Table 3. Amino acid sequences of the third set of designed helical fol-
damers (19–32) derived from peptide 12 and their binding affinities to
the RBD of the S protein.

� Positions highlighted in yellow, green and cyan indicate mutations of
peptide 10, peptide 12 and newly introduced mutations, respectively.
Trans-(1S,2S)-2-aminocyclopentane-carboxylic acid residues are shown as
black pentagons. n. a. – not active.

Figure 7. BLI-based screening of the binding affinity properties of peptide 27
towards RBD. Association and dissociation steps are given for different concentra-
tions of peptide 27, ranging from 0.25 to 10mM.

Table 4. Amino acid sequences of the fourth set of designed helical fol-
damers (33–41) derived from peptide 27 and their binding affinities to
the RBD of the S protein.

�Positions highlighted in yellow, green, cyan and purple indicate muta-
tions in peptide 10, peptide 12, and peptide 27 and newly introduced
mutations, respectively. Trans-(1S,2S)-2-aminocyclopentane-carboxylic
acid residues are shown as black pentagons. n. a. – not active. WCOOH –
eN-carboxymethyltryptophan.

Figure 8. Modelled complex of peptide 27 with the RBD of the S protein.
Peptide 27 is shown in stick representation; trans-ACPC residues’ carbon atoms
are coloured green, mutated residues’ carbon atoms are coloured pink. The sur-
face of the RBD is coloured according to interpolated charge: blue – positive,
grey – neutral, red – negative. Key intermolecular interactions are shown as
dashed lines: green – hydrogen bonds, orange – charge assisted hydrogen
bonds, pink – hydrophobic interactions, white – hydrogen bond donor/p
interactions.
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peptides in this group, peptide 41, showed the highest activity
thus far, with a Kd value of 0.65mM (Figure 10).

The high binding affinity of peptide 27 to the RBD protein is
not explicit proof of its ability to inhibit the interaction of the
SARS-CoV-2 S protein with human ACE2. To prove that the binding
of peptide 27 is specific and inhibits the RBD/ACE2 interaction,
we also performed an additional screening using a homogeneous
time-resolved fluorescence (HTRF) assay. This technology was
introduced more than two decades ago in the field of drug target
studies and has been widely used ever since for competitive
inhibition and specific binding investigations71. To our knowledge,
the application of this method to inhibition studies of the
RBD/ACE2 interaction has not yet been presented in the published
literature. The assay is based on the interaction between human
ACE2/ACEH protein, Fc Tag, and SARS-CoV-2 S protein RBD, His
Tag. Each of the interacting partners is coupled with a fluorescent
label, namely, PAb Anti Human IgG-Eu cryptate and MAb Anti
6HIS-XL665, respectively. The change in the level of energy trans-
fer between the fluorophores involved is monitored at different
concentrations of the examined foldameric helices (Figure 11). The

IC50 values obtained from the HTRF assay (Table 5) are in good
agreement with the Kd values. The best value was obtained for
peptide 27, with a calculated IC50 value of 0.97 mM.

Peptide 27 was further studied in detail using NMR spectros-
copy. Based on the TOCSY and NOESY spectra, all
resonances were unambiguously identified (Table S4), and numer-
ous nonsequential interproton contacts were identified (Table S5).
In particular, 24 medium range i-iþ 3 contacts accompanied by i-
iþ 2 and i-iþ 4 interactions were present, indicating that the pep-
tide adopts a helical conformation (Figure 12A). The simulated
annealing protocol with NMR-derived restraints provided a well-
folded helical structure of peptide 27 (Figure 12B-C). In particular,
the fragment between ACPC5 and ACPC16 is fully defined.
Moreover, the observed conformation is consistent with the con-
formations resulting from inhibitor–protein molecular modelling
studies, as presented above.

In summary, four rounds of optimisation of the peptide
sequence were performed starting from the foldamerized version
of the helical fragment of the LCB3 protein, peptide 7. In the first
group, peptide 10 was found to be most active due to the pres-
ence of two Trp residues at positions 7 and 17, which anchored
the peptide in two small clefts of the RDB of the S protein.
Subsequently, it was indicated that replacing position 7 with an
Arg residue can significantly improve the binding to the target by
the formation of hydrogen bonds with Ser494 and Tyr453 (pep-
tide 12). Further analogs were obtained screening positions 1, 4,

Figure 9. CD spectra of peptides 33–41 dissolved in 50mM potassium phos-
phate buffer, pH 7.5.

Figure 10. BLI-based screening of the binding affinity properties of peptide 41
towards RBD. Association and dissociation steps are given for different concentra-
tions of peptide 41, ranging from 0.25 to 10mM.

Figure 11. HTRF assay evaluation of the S RBD/ACE2 inhibitory activity of
selected peptides.

Table 5. Comparison of Kd values obtained via BLI screening and IC50
values obtained from the HTRF assay for selected peptides with the
most pronounced activity.

� amino acid residue coding and colouring is the same as in Table 4
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7, 10, 14, 15 and 18, but only the replacement of position 1 with
Arg (interaction with Gln498) and the extension of Glu15 to
hGlu15 provided peptides with binding properties, with the most
active peptide 27 described by Kd ¼ 1.1mM. The fourth round of
the trial did not provide significant improvement of the studied
activity, although several peptides active in the micromolar range
were found. The comparison of interaction energy calculated
using the MMGBSA method (Table S8) for starting peptide 7 and
subsequent optimizations (peptides 10, 12 and 27) clearly shows
the increasing trend that was also observed experimentally.
Moreover, molecular dynamics simulation confirmed the stability
of the structure of the peptide 27–RBD complex (Figure S190).
Interestingly, radius of gyration for 27-RBD complex was signifi-
cantly lower than that observed for the complex of the starting
peptide 1, what indicated its higher stability and is in agreement
with obtained experimental results.

Conclusions

Analysis of the binding affinity of several dozen foldameric pepti-
des in four rounds of optimisation led to the discovery of highly
active molecules that bind to the RBD of the SARS-CoV-2 S protein
and inhibit its interaction with human ACE2. The incorporation of
conformationally restricted trans-ACPC units into the aabaaab
pattern significantly rigidified the helical structure of the obtained
peptides regardless of the introduced mutations. The results of CD
and NMR measurements were consistent with the previously
reported conformation of such peptides that was assumed in the
molecular modelling of inhibitor-protein complexes. Due to

rational control of conformational behaviour, peptide foldamers
were found to be excellent scaffolds for the construction of inhibi-
tors of S protein/ACE2 interactions, although the development of
efficient peptide-based inhibitors of this PPI has previously proven
challenging.
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