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Abstract: Medicinal chemistry is constantly searching for new approaches to develop more effective
and targeted therapeutic molecules. The design of peptidomimetics is a promising emerging strategy
that is aimed at developing peptides that mimic or modulate the biological activity of proteins. Among
these, stapled peptides stand out for their unique ability to stabilize highly frequent helical motifs, but
they have failed to be systematically reported. Here, we exploit chemically diverse helix-inducing i,
i + 4 constraints—lactam, hydrocarbon, triazole, double triazole and thioether—on two distinct short
sequences derived from the N-terminal peptidase domain of hACE2 upon structural characterization
and in silico alanine scan. Our overall objective was to provide a sequence-independent comparison
of α-helix-inducing staples using circular dichroism (CD) and nuclear magnetic resonance (NMR)
spectroscopy. We identified a 9-mer lactam stapled peptide derived from the hACE2 sequence (His34-
Gln42) capable of reaching its maximal helicity of 55% with antiviral activity in bioreporter- and
pseudovirus-based inhibition assays. To the best of our knowledge, this study is the first comprehensive
investigation comparing several cyclization methods with the goal of generating stapled peptides and
correlating their secondary structures with PPI inhibitions using a highly topical model system (i.e., the
interaction of SARS-CoV-2 Spike RBD with hACE2).

Keywords: peptidomimetics; protein–protein interaction (PPI); SARS-CoV-2; circular dichroism (CD);
nuclear magnetic resonance (NMR)

1. Introduction

Protein–protein interactions (PPIs), which involve the complex, highly dynamic and
complementary surfaces of two proteins, regulate a variety of intra- and extra-cellular
biological processes. One example of such processes is the initial contact of pathogens with
eucaryotic cells, such as SARS-CoV-2 [1–3]. Despite the promising therapeutic value of
controlling PPIs via inhibition or activation, this topic has remained largely underexplored
for several reasons. First, the PPI interface is composed of large polar contact regions
ranging in surface area from 1500–3000 Å2; the interface often additionally includes shallow
binding pockets that constitute 200–900 Å2 [4,5]. Such surfaces are not convenient for
traditional small-molecule drugs (200–500 Da) [6,7]. Without a defined and confined pocket
to target, it remains a challenge to design a molecule capable of interfering effectively
in the PPI. Moreover, high-affinity interactions are ensured by either continuous and/or
distinct “hot spot” regions and hydrophobic patches rich in Tyr, Trp, Leu, Ile, Phe and
side chains of Arg or Lys [8]. Therefore, the high affinity of natural PPI interfaces requires
potent inhibitors to effectively disrupt the majority of these heterogeneous interactions.
Finally, screening for PPI modulators often requires specialized functional assays such
as protein complementation assays or biophysical techniques. These methods might not
perform as well as traditional high-throughput enzymatic assays. To overcome this dauting
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challenge—which is often referred to as an “undruggable” target [9]—researchers have
largely relied on the development of macrocycles [10], neutralizing antibodies [11,12]
and high-molecular-weight inhibitors based on the binding motifs of the complementary
protein [13].

Peptidomimetics closely emulate the conformation of a natural protein, and they often
retain its ability to interact with the biological target [14]. This class of compounds possesses
distinct features that render them promising candidates for PPIs. For instance, they can
effectively counteract the highly dynamic behavior of PPI involved proteins, and they can
cover a large surface area (>800 Å2) with a high affinity and specificity. Given that 62% of
PPI interfaces are made up of helical motifs [15] formed from 4–15 amino acids leading to
1–4 α-helical turns, α-helix-based mimetics represent promising tools.

Synthetic low-molecular-weight peptides that mimic bioactive α-helical conformations
hold potential for drug design and optimization. Depending on the desired pharmacody-
namic (PD) and pharmacokinetic (PK) parameters, two residues facing the same interface
might be “stapled” using various cyclization techniques (Figure 1) to compensate for their
lack of pharmacological properties (e.g., aqueous versus membrane solubility, metabolic
stability, high renal clearance, etc.) [16]. The stapling technique is therefore viewed as a
way of simultaneously optimizing both bioactive conformation and PK/PD properties.
However, conformation alterations due to changes in the staple can have detrimental effects
on peptide efficacy [17].

Several independent research groups have focused on peptidomimetic synthesis based
on the α1-helix of hACE2. They have produced peptides ranging from 9–65 residues,
and their work has highlighted the direct impact of helicity on antiviral activity [18–23].
However, a systematic comparative study of the i, i + 4 helix-inducing constraints leading
to the desired hACE2 α-helical conformation has not been conducted to date.

Short (<9 AA) and long (>16 AA) Ala-based peptide sequences have exhibited helici-
ties up to 71% and 80%, respectively, due to i, i + 3 and i, i + 4 side-to-side chain salt bridge
interactions of the Glu with Lys/Arg [24,25]. These studies also pointed out that i, i + 4
stabilization is more effective than i, i + 3 stabilization; that finding is further supported
by the formation of covalent lactam-based staple peptides between Asp/Glu and Lys that
lead to 20-/21-membered rings [26,27]. Although their structure has been validated [26],
the ubiquitous presence of peptidases limits the use of lactam bridges for in vitro and
in vivo applications. Hydrophobic hydrocarbon staples obtained by ring-closing metathe-
sis (RCM) have been optimized by systemically varying position, orientation, length and
stereochemistry [28] to improve metabolic stability and cell permeability. As a result, en-
hanced bioavailability has been achieved [29,30]. In vivo efficacy was validated via the
intravenous administration of i, i + 4 stabilized helical peptides bearing two S-pentenyl
alanine residues (S5) in a murine model of cancer [31,32]. From a synthesis perspective,
this technique offers on-resin cyclization and is orthogonal to amino acid-protecting groups
but requires synthetically challenging α,α-disubstituted building blocks [33] to yield two
double-bond isomers [34]. Because enhanced hydrophobicity can also lead to aggregation,
a more hydrophilic thiol-ene stapling technique has recently been compared with hydro-
carbon stapled analogues [35]. CD spectra measured in TFE/20 mM phosphate buffer
for 16 residues peptides incorporating divinyl succinate staples yielded a comparative
helicity of 23% relative to the hydrocarbon stapled control (25%) [36]. Another attractive
alternative to increase the polarity of side chain crosslinking is via copper(I)-catalyzed
Huisgen 1,3-dipolar azide-alkyne cycloaddition, which requires an inexpensive and less-
toxic metal—copper—compared with ruthenium [37]. The “click” reaction provides great
tolerance to functional groups and leads to a chemically stable 1,2,3-triazole that can
participate in hydrogen bonding, dipole–dipole and π-stacking interaction, if positioned
correctly [38,39]. The triazole staple strategy has been used to generate α- and 310-helical
peptides [37,38,40]. Double azide-alkyne cycloaddition between the synthetically prepared
L-azidoalanine (L-Dap(N3)) residue and 1,5-hexadiyne (HDY) was successfully performed
to create a 22-membered triazole staple peptide [39,41,42]. To achieve macrocycle size
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variability, a 23-membered thioether staple was synthesized via S-cysteine alkylation on
a 1,4-Bis(bromomethyl)benzene (BMB) substrate [17]. Another method exploiting only
inexpensive proteinogenic residues involved performing a cysteine perfluoroarylation
with hexafluorobenzene (HFB), which resulted in an aromatic 1,4-regioselective, rigid and
lipophilic linker. Such regio- and chemo-selective nucleophilic aromatic substitution (SNAr)
can be carried out in solution [17,43] on unprotected peptides or on resin; the latter requires
selective cysteine deprotection and produces high yields [44]. Together, the chemical tools
currently available for cross-linker formation can confer a range of lengths, physicochemical
properties and rigidities due to a variety of chemical transformations. They are accordingly
worthy of a comparative investigation.

Figure 1. Staple screening performed on a short hACE2-derived α-helical sequence (His34-Gln42)
(shown in pine green) via i, i + 4 side-to-side chain cyclizations by lactamization, olefin ring-closing
metathesis (RCM), S-alkylation, S-arylation and copper(I)-catalyzed Huisgen 1,3-dipolar azide-alkyne
cycloaddition (CuAAC). Ball-and-stick model staple representations are shown in the insets and
macrocycle sizes are indicated in the upper-righthand corner. Residues from hACE2 involved in the
SARS-CoV-2 S RBD/hACE2 interaction are shown as yellow sticks labeled with three-letter codes.

The incorporation of helix-inducing constraints, and thus the replication of protein-
inspired α-helical interaction motifs, is of great interest in the design of pharmacological
tools. However, analyzing the structure stabilization resulting from linkers has proven to
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be challenging, largely due to variabilities in peptide sequences and lengths and the limited
availability of consistent experimental data pertaining to the helicity of short peptides. In
this study, we systematically evaluated the impact of various i, i + 4 cyclizations on two
short linear hACE2-derived sequences that adopt a random-coil structure in solution. The
most helical peptides identified via CD were further characterized using NMR and two
distinct neutralization assays in order to evaluate the consequences of the conformational
constraints imposed. Our results provide guidance for selecting an optimal staple strategy
in the de novo design of short protein-inspired 3.613-helical peptides, based on structural
recognition of “hot spot” residues.

2. Results and Discussion
2.1. Experimental Design and Synthesis

The first sequencing of the SARS-CoV-2 genome [45] led to a 3.5 Å (and 3.2 Å) resolu-
tion cryogenic electron microscopy (Cryo-EM) reconstruction of the Spike (S) trimer in the
prefusion state with a single receptor binding domain (RBD) in up conformation [46,47].
The SARS-CoV-2 S RBD protein bound to ACE2 was resolved using cryo-EM and X-ray
crystallography shortly thereafter [1,2,48]. Other groups focused on the structural resolu-
tion of the SARS-CoV-2 S RBD protein in the presence of full-length hACE2 or a neutralizing
antibody: CR3022 [49,50]. These early and highly accurate [51] structural insights provided
a blueprint for our rational structure-based design of peptidomimetics.

To compare the intrinsic similarity of the SARS-CoV-2 RBD domain bound to hACE2,
we explored four models with Protein Data Bank (PDB) access codes 6M0J, 6VW1, 6LZG
and 6M17. The models were selected on the basis of their diversity of techniques, their
resolution and the specific target proteins they investigated. Our detailed PPI analysis
revealed 17 residues within hACE2 involved in hydrogen bonds, salt bridges, aromatic-
aromatic and hydrophobic interactions with the SARS-CoV-2 S RBD (Tables S1–S3). Within
all four resolutions, only three residues—Asp38, Tyr83 and Lys353—shared the same
interacting partner (Tyr449, Asn487 and Gly496, respectively). These subtle differences that
we observed when we analyzed the four resolved structures suggest that the SARS-CoV-2
RBD/hACE2 interface is highly complementary and dynamic in nature. Furthermore, it is
difficult to assign a significant importance to only one particular residue. Ten amino acids
contributing to the H-bonding network are part of a highly organized 3.613-helix (α-helix)
of hACE2, characterized by a main chain N-H(i)···O=C(i+4) bonding pattern (Table S4). We
accordingly exploited the compact and continuous α1-helix (Ser19-Thr52) of hACE2 to
ensure that our PPI inhibitors were able to achieve the best possible target recognition. We
note that none of the previously described rare (<1%) hACE2 variants included a mutation
(K26R, D206G G211R, R219C, K341R, I468V) in the studied contact area of SARS-CoV-
2/hACE2 [52], which would have impacted our rational peptide design.

Using an in silico alanine scan (BudeAlaScan) performed on the α1-helix of hACE2
taken from the crystal structure of SARS-CoV-2 S RBD bound with ACE2 (PDB 6M0J), we
identified residues critical to binding (Figure 2). Of the 34 amino acids, 16 are important
energetic contributors to the overall interface energy. Thr27 and Leu45 face a hydrophobic
binding pocket at the SARS-CoV-2 interface and were therefore considered less critical in
our design (Figure S1). On the other hand, Asp30 and Tyr41 exhibited the highest energetic
contributions (8.8 and 12.3 kJ/mol, respectively). We therefore deleted 11 residues from the
C-terminal region and 10 residues from the N-terminal region of α1-helix (Ser19-Thr52).
Doing so produced two short mid-section sequences: Asp30-Asp38 and His34-Gln42.

The 3.613-helical secondary structures are naturally stabilized by hydrogen bonds
between the amide nitrogen and the carbonyl oxygen atoms positioned i, i + 4 but destabi-
lized by unfavorable C- and N-terminal charges through the “charge-helix dipole” interac-
tion [53]. Therefore, we introduced the acetyl group at the N-terminus and the carboxamide
group at the C-terminus of the staple peptides. We accordingly created additional internal
hydrogen bonds at both ends.
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Figure 2. In silico alanine scan (BudeAlaScan a) results for α1-helix (Ser19-Thr52) of hACE2 taken
from the crystal structure of SARS-CoV-2 S RBD bound with hACE2 (PDB 6M0J). Residues from
hACE2 involved in the SARS-CoV-2 S RBD/hACE2 interface are shown as yellow sticks labeled with
three-letter codes. Selected hACE2-derived sequences (Asp30-Asp38) and (His34-Gln42) are outlined
in light green and blue, respectively. a BudeAlaScan is an online software (version 1.0) available at
https://pragmaticproteindesign.bio.ed.ac.uk/balas/ (accessed on 7 June 2023); it is only applicable
to proteins consisting of natural amino acids.

Moreover, each additional salt bridge formed by Glu/Asp and Lys/Arg [24] or Gln
at position i + 4 [54] may substantially contribute to the helical content of short peptides.
With respect to the residues involved in the PPI between SARS-CoV-2 Spike RBD/hACE2
and potential salt bridges, we aimed to stabilize the α-helical conformation of hACE2
analogues by substituting the non-essential amino acids at positions i and i + 4. Doing
so resulted in two sequences, Ac-NH-Asp-Lys-X1-Asn-His-Glu-X2-Glu-Asp-CO-NH2 and
Ac-NH-His-Glu-X1-Glu-Asp-Leu-X2-Tyr-Gln-CO-NH2, where X1 and X2 correspond to
amino acids present in the natural hACE2 protein or to variable linker constituent residues.
We note that the second sequence identified (His34-Gln42) contains an additional “hot spot”
residue compared with the hACE2 sequence (Asp30-Asp38).

We also obtained linear derivatives 1 and 2 of the native hACE2 sequence. We synthe-
sized covalent lactam-based peptides 3–8, 22 and 23 on resin using orthogonally protected
lysine by allyl carbamate and aspartic/glutamic acid by allyl ester. We used structurally
less flexible α,α-disubstituted amino acids (S5) to obtain hydrocarbon staple compounds 9,
10, and 11 with a characterized isomer configuration. Analogues 14–17 exhibited a triazole
cross link using the bio-orthogonal “Click” reaction, which was recently the subject of a

https://pragmaticproteindesign.bio.ed.ac.uk/balas/
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Nobel prize in chemistry [55–57]. To fully explore the effect of physicochemical bridge
properties on helicity, we obtained thioether staple peptides 18 and 19 by S-alkylation to
form 23-membered rings. Alternatively, peptides containing i, i + 4 disubstituted cysteines
yielded 21-membered conformationally constrained peptides 20 and 21 via SNAr on an
electron-withdrawing, group-activated ring such as HFB. In total, we synthesized various
helix-inducing constraints contributing to the overall polar or hydrophobic surface of the
staple peptides given our goal of better understanding conformation and biological activity
(Figure 3B,D).

Figure 3. Data generated from Far-UV CD spectra for hACE2-derived peptides measured at a
concentration of 100 µM in 10 mM sodium phosphate buffer at pH 7.4 and 25 ◦C. (A) Far-UV CD
spectra of hACE2 (Asp30-Asp38)-derived linear and i, i + 4 staple peptides in molar ellipticity per
residue. (B) Table listing the derivatives of 1 with a focus on the macrocyclization technique and
measure-based calculated helicity (%) via CD. (C) CD spectra of hACE2 (His34-Gln42)-derived linear
and i, i + 4 staple peptides in molar ellipticity per residue. (D) Table listing the derivatives of 2 with
a focus on the macrocyclization technique and measure-based calculated helicity (%) via CD. HDY
1,5-Hexadiyne; BMB 1,4-Bis(bromomethyl)benzene; HFB hexafluorobenzene. a Predicted helicity (%)
using AGADIR online software available at http://agadir.crg.es (accessed on 17 April 2023); it is only
applicable to peptides consisting of natural amino acids.

2.2. Circular Dichroism

The Far-UV CD spectra revealed that linear peptides 1 and 2 derived from the α1-
helix of hACE2 (Asp30-Asp38) and (His34-Gln42), respectively, folded into a random-coil
structure that exhibited characteristic small dichroism at 222 nm and stronger negative
dichroism at roughly 200 nm (Figure 3A,C). We confirmed these results using the online
analytical tool AGADIR [58], which predicted helicity in the conditions used to generate the
CD experimental data (i.e., pH 7.4 and 25 ◦C) (Figure 3B,D). In the presence of 50% TFE [59],
both linear peptides exhibited a higher helical content of up to 36.9% and 27.3%, respectively
(Figure S2). This indicates their steric potential to adopt an α-helical conformation.

The Far-UV CD spectra recorded for the hACE2-derived staple peptides (Asp30-
Asp38) did not display the characteristic shape expected for an α-helical conformation
(i.e., one maximum between 190 and 195 nm and two negative minima at approximately

http://agadir.crg.es


Int. J. Mol. Sci. 2024, 25, 166 7 of 22

208 and 222 nm, as previously reported [60]). However, our analysis of the Far-UV CD
spectra of the hydrocarbon staple peptide 10 with BeStSel (online software for CD spectral
analysis) revealed the presence of an α-helical character to some extent (28.9%); we noted
a significant population of an antiparallel, right-twisted β-sheet conformation (23.2%).
Proline residue at the N-terminus has also been suggested to induce helicity [53]. This
finding prompted us to synthesize the lactam stapled peptides 22 and 23. Similar to our
observations of compound 10, we also noted a dominant conformation of 22 attributable to
a regular helix1 (53.7%) and an antiparallel, right-twisted β-sheet (46.3%). Therefore, the
high percentage of calculated helicity in compounds 10 and 22 can be explained on the basis
of the contribution of a strong, negative absorbance band within the 217–218 nm spectral
range of the Far-UV CD spectra. Such features are typical of a right-twisted β-sheet [60,61].

We were also successful at applying several cyclization strategies across the panel
of hACE2 (His34-Gln42)-derived peptides. Lactam 4, 23 and hydrocarbon 11 stapled
compounds not only displayed an unprecedented degree of helicity (up to 55.5%, 56.7%
and 53.5%, respectively), but peptides 4 and 11 also exhibited the highest attainable helicity
for such short sequences (Figure S2). Moreover, the CD spectra obtained for linear and
respective cyclic compounds revealed that a stabilized helical conformation is associated
with the selected staple strategy (Figures S3–S6). BeStSel analyses demonstrated that the
helical content of 4 was 37.0%; 18.7% was ascribed to a regular helix1, and 18.3% was
ascribed to a distorted helix2. The associated root mean square deviation (RMSD) was 0.5.
As expected, 11 exhibited a higher helical content of 41.9% with BeStSel compared with 4
and 23; 24.2% was attributed to a regular helix1. The distortion of the helical conformation
can be partially explained by the highly polar nature of our peptide sequence (7 out of
9 amino acids) and inherent limitations in terms of the maximum helicity possible for short
peptides due to C- and N-terminal distortions. Unlike hACE2 derivatives (Asp30-Asp38),
the double triazole staple cyclization technique applied to the hACE2 sequence (His34-
Gln42) resulted in 17 exhibiting a helicity of 50.7%. That finding highlights the substantial
influence of the initial linear sequence on staple-induced helicity.

Lactam and hydrocarbon staple peptides exhibited higher helicity than linear or other
staple techniques. We next conducted analyses using NMR.

2.3. Nuclear Magnetic Resonance

2.3.1. 1H Resonance Assignments

Whereas CD spectro-polarimetry can provide an estimate of the α-helical content of
a peptide, NMR enables the determination of its precise location and extent. 1H-1H-Total
Correlation Spectroscopy (TOCSY) (mixing time = 50 ms) and 1H-1H-Nuclear Overhauser
Effect Spectroscopy (NOESY) (mixing time = 300 ms) were used to assign 1H resonances
for lactam 4 and hydrocarbon 9, 10, 11 staple peptides (Figures S7–S13, Tables 1 and S5–S7).
Except for the Gln at the C-terminus of hACE2-derived sequences (His34-Gln42), NH, CαH
and CβH were unambiguously assigned using the classical sequential assignment procedure.

Table 1. Proton chemical shift assignments for compound 4.

Residue NH CαH CβH CγH CδH CεH

N-terminus
His 8.37 4.58 3.03, 3.1 - 7.1, * 2, *

Glu2 8.65 4.15 1.87, 2.01 2.19, * - -
Lys(linker) 8.29 4.04 1.72, 1.80 1.30, 1.47 1.12, * *, *

Glu1 8.40 3.90 1.92 2.21, * - -
Asp 7.60 4.4 2.58, 263 - - -
Leu 7.81 4.03 1.64, 1.76 1.71 0.74, 0.77 -

Asp(linker) 8.13 4.56 2.50, 2.72 - - -
Tyr 7.62 4.37 2.97, 3.01 - *, * *, *
Gln * * *, * *, * - *, *

C-terminus

* The protons could not be assigned unambiguously.
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2.3.2. NMR-Based Peptide Structural Comparisons and Hydrocarbon Staple Isomeric
Investigations

Because compounds 4 and 11 share the same linear sequence and differ only in
the nature of their staple, we rigorously compared their NH and CαH chemical shifts.
Surprisingly, we found that only the NH and CαH protons of the Leu residue preceding
the linker were significantly upfielded in compound 11 compared with compound 4. We
can only assume that this finding arises from steric hindrance of Me-Cα that in turn results
in local distortion from helical structure and/or simply affects the electron density around
Cα. We note that the methyl group has been previously reported to promote proteolytic
stability [17].

The RCM reaction performed on i, i + 4 S5-substituted hACE2 derivative (Asp30-
Asp38) yielded two products 9 and 10 as a mixture of E- and Z- isomers with an E:Z ratio
of 5:3 in moderate yields. (The E:Z ratio determined by isolated yields.) The E:Z selectivity
was characterized using the coupling constants 3JCH=CH = 15.6 Hz and 9.6 Hz between
two olefinic protons of peptides 9 and 10, respectively (Figures S14 and S15). Peptide 9
exhibited a conformation that differed from that of the linear native peptide 1 and was
therefore of interest for further characterization with TOCSY.

Better selectivity was achieved for the i, i + 4 S5-substituted, hACE2-derived peptide
(His34-Gln42) (E:Z = 13:3), which enabled peptide 11 to be isolated with a high purity
and furthermore characterized using the coupling constant 3JCH=CH = 16.2 Hz between
two olefinic protons (Figure S16). Compound 11 attained a helical content of up to 53.5%
based on CD. This finding suggests clear superiority of the TRANS isomer in terms of
helicity but only due to the favorable entropic conformational flexibility of the double
bonds in the RCM reaction context. These results also indicate that the initial sequence has
a strong impact on the selectivity of the RCM reaction, which is consistent with previously
published results [34].

2.3.3. Secondary Chemical Shifts of Peptides 4, 9, 10 and 11

We next exploited the chemical shifts of the CαH and NH protons as indicators
of secondary structure. We compared the 1H NMR assignments with the characteristic
random-coil 1H chemical shifts previously reported in the literature [62]. As expected, all of
the CαH protons in peptide 4 were found to be upfield shifted from the random-coil value
by −0.22 ppm on average. That finding is indicative of helical conformation throughout
the entire peptide (Figure 4). The largest upfield shifts were observed for the amino acids
Lys(linker), Glu2, Asp and Leu, which are encompassed by the staple or form the linker
themselves. That result is suggestive of a strong helical constraint induced by the lactam
bridge.

The secondary (−∆δ) NH and CαH proton chemical shifts of hydrocarbon staple
peptides 9, 10 and 11 are much smaller than those of peptide 4 (Figures S17–S19). This
finding reveals that peptides 9, 10 and 11 are less likely to adopt a helical conformation
compared with 4. Peptide 11 experiences a strong end effect given that the His and Tyr
residues at the N-terminus and C-terminus, respectively, are strongly downfielded by
−0.23 ppm on average from the random-coil value (Figure S19).

This end effect, which is not observed for the lactam staple peptide, can be explained
by the long side chain of the Lys(linker) residue. That chain forces the linker to adopt a
highly constrained conformation by bringing the NH and CαH protons of the terminal
residues into an ideal position [26]. The data presented above show that a lactam bridge is
the best strategy to stabilize the helical conformation of short peptides derived from hACE2
sequence (Asp30-38).
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Figure 4. Secondary chemical shifts a of (A) CαH and (B) NH protons for peptide 4. Secondary
chemical shifts of linker-formed residues have been highlighted with an orange-colored outline.
a Random-coil chemical shifts for 20 common amino acids followed by alanine were measured using
a peptide with free N- and C-termini at pH 5.0 and 25 ◦C.

2.3.4. α-Helical NOESY Connectivities of Peptide 4

Ideally, 1H two-dimensional NOESY spectra of an α-helical peptide enable the assign-
ment of sequential short-range dNN(i,i+1) and dαN(i,i+1), as well as sequential and medium-
range dαN(i,i+3) and dαN(i,i+4). However, only short-range nuclear Overhauser effect (NOE)
could be observed. This finding is due to NOE’s low efficacy for such short peptides; the
correlation times fall in between the extreme narrowing and spin-diffusion limits (Figure 5).

Resonance assignments within the amide dNN and the fingerprint dαN regions of
the NOESY spectrum of the lactam stapled peptide 4 that enable secondary structure
characterization are shown in Figure 4. Strong sequential dNN(i,i+1) connectivities are
observed between the amino acids Lys(linker), Glu2, Asp, Leu, Asp(linker) and Tyr of peptide
4 (Figure 5A,B,D). This finding reveals the helix-stabilizing effect of the lactam staple.
Accordingly, the α-proton chemical shifts of these residues are upfield shifted relative to
the random-coil value (Figure 4). Consistent with the chemical shift index, this finding
is an additional validation of the α-helical conformation of these residues. Moreover, as
expected, we observed stronger dNN(i,i+1) and weaker dαN(i,i+1) connectivities on average
(Figure 5D).

The apparent coupling constants (3JNH-αCH in Hz) for peptide 4 all lie in the range of
3 Hz ≤ 3JαNH-αCH ≤ 7 Hz, with an average value of 5.5 Hz (omitting the unassigned Gln
residue) (Figure 5D). Given that the 3JαNH-αCH coupling constant is inferior to 6 Hz, we
can only assume that peptide 4 exhibits a helical conformation with a dihedral angle φ of
−57◦ ≤ φ ≤ 60◦, which is characteristic of α-helix or 310-helix [63]. We note that it is
impossible to make a distinction between the two helical conformations given the rela-
tively consistent values of 3JαNH-αCH = 3.9 Hz for α-helix and 3JαNH-αCH = 4.2 Hz for
310-helix [63].

The dαN(i,i+2) cross-peaks must be analyzed or further quantitatively evaluated to
accurately distinguish between the α- and 310-helical structure formed by the peptide. Gen-
erally, only the 310-helix displays dαN(i,i+2) connectivities [64]; the characteristic dαN(i,i+2)

distance for the α-helix is 4.4 Å and 3.8 Å for the 310-helix [65]. Whether due to the very
weak signal intensity or the need for more accurate structure determination, it must be
stipulated that the measured NOESY spectra of peptide 4 lack dαN(i,i+2) cross-peaks and
that therefore neither peptide 4 (nor 9, 10 and 11) display any 310-helical characteristics
along their extents.
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Figure 5. Characteristic short- and medium-range sequential NOEs for an α-helix assessment. (A) The
dNN and (B) dαN regions of a NOESY spectrum recorded for peptide 4. (C) Graphical illustration of
sequential and medium-range 1H-1H distances in a peptide sequence. (D) Schematic representation of
NOESY patterns involving NH and CαH protons observed in a NOESY spectrum recorded for α-helix
compared with peptide 4. The horizontal lines of various lengths indicate NOE connectivities between
protons of peptide sequences; the thicknesses of the lines is proportional to the observed strong,
medium, and weak NOEs signal intensities. * The protons could not be assigned unambiguously.

2.3.5. Comparative NOESY Connectivities for RCM-Based Staple Peptides

To investigate the influence of linear sequences and isomer formation on conformation
in RCM-based staple peptides, we compared the NOESY spectra of peptides 9, 10 and 11
(Figures S7–S9). The reduced number of dNN connectivities in peptides 9 and 10 indicates
a lower conformational rigidity compared to that of peptide 11. Peptide 10 acquired
additional dαN(i,i+1) and dαN(i,i+2) connectivities compared to peptide 9, but that increase
alone was not sufficient to favor the CIS isomer.

As in peptide 4, we measured stronger dNN(i,i+1) and weaker dαN(i,i+1) connectivities
for peptide 11; this finding indicates the adoption of a helical conformation (Table S8). The
NOESY spectrum of peptide 11 (Figure S9) exhibits significantly greater solvent exchange
of the peptide’s backbone amide protons compared with peptide 4. That result suggests
that peptide 11 is prone to movement.

Our observations of upfielded α-proton chemical shifts, coupling constants and
NOESY connectivities between protons of neighboring and non-neighboring amino acid
residues are all consistent: they provide independent, indirect and direct evidence that
peptide 4 adopts an α-helical conformation in solution throughout its entire chain, with the
exception of the more-flexible terminal residues.

2.4. Inhibition Assays

We evaluated the PPI disruption capacity of linear native peptides and staple ana-
logues using a bioluminescence-based bioreporter assay. SARS-CoV-2 Large BiT-RBD
(LgBiT-RBD) was co-incubated with the compounds for 30 min; we next added the Small
BiT-ACE2 (SmBiT-ACE2) reporter for 5 min. The substrate, coelentrazine, was next added
to determine the disruption capacity of analogues in relative luminescence units (RLUs)
(Figure 6A).
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As previously reported [66], an anti-SARS-CoV-2 Spike Glycoprotein RBD monoclonal
antibody (NR-53795) was used as a positive control for biosensor validation and induced a
complete loss of luminescence at 7.41 µM. Pre-incubation of LgBiT-RBD with linear peptides
1 and 2 of the native hACE2 sequence reduced the luminescence signal; a similar outcome
was noted with lactam 4 and hydrocarbon 11 staple peptides. These results revealed that
our compounds are capable of competing with hACE2 and disrupting SARS-CoV-2 Spike
RBD/hACE2 interactions.

However, we did not observe any statistically significant differences between the
linear and staple peptides. That finding suggests that conformational changes in the linear
analogues are responsible for the correct orientation of the side chain residues required for
short-term interaction with RBD, which in turns leads to a reduction in luminescence.

To evaluate the long-term binding capacity and antiviral efficacy of hACE2 derivatives,
we co-incubated staple peptides and their respective linear derivatives with SARS-CoV-2
pseudovirus for 30 min at 37 ◦C. We next conducted an additional 48 h of incubation
with hACE2-HEK293T cells overexpressing transmembrane serine protease 2 (TMPRSS2).
Evidence of efficient SARS-CoV-2 virus entry was confirmed by an increase in fluorescent
expression upon cell infection. Conversely, inhibition of virus entry was observed when
fluorescent expression was reduced compared to pseudovirus-only conditions, which was
normalized to 100% infection. Our results are represented as the efficacy of viral entry
inhibition (Figure 6B). The anti-SARS-CoV-2 Spike Glycoprotein RBD monoclonal antibody
(NR-53795), which has previously demonstrated high neutralization potency with an IC50
of 0.11 µg/mL, was used as a positive control.

Figure 6. The SARS-CoV-2 Spike RBD/hACE2 inhibition assessment involving a bioluminescence-
based bioreporter assay and a pseudovirus-based entry inhibition assay. (A) Split-luciferase biore-
porter assay demonstrating the disruptor capacity of peptides 1, 2, linear 4, 4, linear 11 and 11.
Asterisks indicate a statistically significant difference between the RLUs measured for SmBiT-ACE2 +
LgBiT-RBD and the neutralizing Ab control or an individual peptide. (B) Antiviral activity of peptides
linear 4, 4, linear 11 and 11 was assessed using a SARS-CoV-2 pseudovirus carrying a fluorescent
reporter gene and HEK-293T-hACE2 cells transfected with TMPRSS2. The fluorescence data (RFUs)
were converted into percentages via normalization with the infection-free control (Dulbecco’s Eagle
Medium; DMEM) set as 0%; we furthermore considered that the pseudovirus-only samples repre-
sented maximum infection (100%) using GraphPad Prism software (version 9.3.1). Both experiments
were repeated in triplicate three times, and the data are expressed as means ± standard error of
the mean (SEM) (error bars). The means of more than two groups were compared using one-way
ANOVA with Tukey’s multiple comparison correction. For all analyses, **** p < 0.0001; ** 0.0017 ≤
p ≤ 0.0025; n.s., not significant.



Int. J. Mol. Sci. 2024, 25, 166 12 of 22

The lactam 4 and hydrocarbon 11 staple peptides inhibited 48% and 68% of the
pseudovirus, respectively. Both compounds displayed enhanced inhibition compared with
their respective linear sequences; compound 11 demonstrated a six-fold higher efficacy
than that of linear 11. The reduced pseudoviral inhibition exhibited by the respective linear
sequences shows that retention of conformation by peptide stapling at positions 36 and
40 is crucial for the long-term disruption of SARS-CoV-2 RBD/hACE2 interactions and,
consequently, for neutralizing activity. Surprisingly, the hydrocarbon staple peptide 11
demonstrated a significantly higher inhibition efficacy than peptide 4, which suggests that
an excessive level of rigidity may be detrimental to its antiviral activity. In fact, a recent
study demonstrated significantly superior antiviral activity of single-stapled peptides
compared with their less-flexible, double-stapled analogues [21].

2.5. Plasma Stability

We determined resistance to proteolysis for linear 1 and 2, lactam 3 and 4 and hy-
drocarbon 10 and 11 staple peptides by incubating the compounds for 24 h in rat plasma
at 37 ◦C and recording degradation using UPLC-MS (Figure 7). As a reference control,
we used a well-characterized 13-mer peptide known as Apelin-13 [67], which possesses a
short in vitro half-life (t1/2). Additionally, Angiotensin II (AngII), an upregulator of hACE2
expression in human bronchial cells [68], is an important factor in coronavirus disease
(COVID-19) lung infections and has a half-life of 4.2 h in rat plasma. Linear peptides 1 and
2 both exhibited levels of degradation similar to those of 8-amino acid-long AngII.

Figure 7. Plasma stability measured in rat plasma over 24 h of incubation at 37 ◦C. (A) The proteolytic
stability of hACE2 (Asp30-Asp38)-derived peptides recorded as a function of degraded peptide
over 24 h. (B) The proteolytic stability of hACE2 (His34-Gln42)-derived peptides recorded as a
function of degraded peptide over 24 h. The data are plotted as means and SEMs of duplicate
independent experiments. The percentage of residual peptide was monitored using UPLC-MS. All of
the experiments were repeated three times.

Interestingly, the lactam 4 and hydrocarbon 11 staple peptides were significantly more
stable than their respective natural linear sequences after 24 h. That finding suggests that a
helical conformation shields amide bonds within the peptide core and thereby prevents
access to proteases. As expected, the in vitro half-lives of lactam staple peptides 3 and
4 (2.9 and 5.0 h, respectively) were slightly lower than those of RCM-based compounds
10 and 11 (4.0 and 6.8 h, respectively).

3. Materials and Methods
3.1. Reagents

Fmoc-protected amino acids, trifluoroacetic acid (TFA) and N,N-Diisopropylethylamine
(DIPEA) were purchased from Combi Blocks (San Diego, CA, USA), Chem-Impex (Wood Dale,
IL, USA) or Matrix Innovation (Quebec, QC, Canada). (S)-N-Fmoc-α-(4-pentenyl)alanine
and Grubbs 1st Catalyst were obtained from Sigma Aldrich, St. Louis, MO, USA. Palladium
(O)tetrakis(triphenyphosphine) (Pd(PPh3)4) was purchased from Strem Chemicals, Newbury-
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port, MA, USA. TentaGel™ S RAM resin was purchased from Rapp Polymere, Tübingen,
Germany. N,N-Dimethylformamide (DMF) and diethyl ether (Et2O) were purchased from
Fischer Scientific, Hampton, NH, USA. All other reagents were purchased from Sigma Aldrich.

SARS-CoV-2 (2019-nCoV) Rabbit Mab neutralizing antibody was obtained from Sino
Biological, Beijing, China (Catalog No. 40592-R001, HA140C2601). All media and supple-
ments for cell maintenance were obtained from Life Technologies Ltd. (Paisley, UK), except
otherwise stated.

3.2. Peptide Synthesis
3.2.1. Solid-Phase Peptide Synthesis

All of the linear peptides were synthesized on a 0.1 mmol scale using a Symphony
X® Peptide Synthesizer from GYROS PROTEIN Technologies (Uppsala, Sweden) using
TentaGel™ S RAM resin with a loading capacity of 0.23 mmol/g. Coupling of proteinogenic
Fmoc-protected amino acids (5 eq, 0.2 M in DMF) was achieved by treatment with DIC
(5 eq, 0.5 M in DMF) and Oxyma Pure (5 eq, 0.5 M in DMF) at room temperature for 45 min.
Non-proteinogenic Fmoc-protected acids such as (S)-N-Fmoc-α-(4-pentenyl)alanine were
double coupled for 1 h. Fmoc-protecting group was removed using a solution of 20%
piperidine in DMF for 10 min. This step was repeated twice. After each coupling and
deprotection reaction, the resin was washed with DMF five times. After the linear sequence
was completed, the peptides were washed with DCM five times according to the standard
procedure recommended by the Symphony X® Peptide Synthesizer.

3.2.2. N-Terminal Acetylation

After Fmoc deprotection with a solution of 20% piperidine in DMF, all of the peptides
were treated on resin with acetic anhydride (3 eq), DIPEA (4.5 eq) and DMF (7 mL for
0.1 mmol of resin) for 20 min on an orbital shaker operating at 120 rpm. The resin was then
washed with DMF (3 × 5 mL), DCM (3 × 5 mL), iPrOH (1 × 2 mL) and DMF (3 × 5 mL)
prior to other reactions or peptide cleavage and global deprotection.

3.2.3. Lactam Staple Formation

Peptides containing Fmoc-Lys(Alloc)-OH and Fmoc-Asp(OAll)-OH/Fmoc-Glu(OAll)-
OH were treated on-resin to selectively remove the allyl carbamate of lysine and the allyl
ester of aspartic/glutamic acid prior to on-resin side-to-side chain lactamization. Pd(PPh3)4
(0.1 eq) and N,N-dimethylbarbituric acid (4 eq) were pre-mixed in anhydrous DCM (2 mL
for 0.1 mmol of resin) and added to the resin. The resultant solution was stirred at 25 ◦C for
1 h. The reaction was monitored with UPLC-MS after cleavage of the peptide from a resin
aliquot. This procedure was repeated twice if we detected acetylated orthogonally protected
linear peptide. The resin was then washed with DCM (2 × 5 mL), DMF (2 × 5 mL), 0.5%
diethyldithiocarbamate in DMF (2 × 5 mL) and DMF (2 × 5 mL). Lactam staple formation
was performed on-resin using BOP (1.5 eq) and DIPEA (2 eq) in 2:8 DMSO/NMP (2 mL for
0.1 mmol of resin). The reaction progression was monitored by using the Kaiser test [69].
BOP (1.5 eq) and DIPEA (5 eq) in a 2:8 DMSO/NMP ratio (2 mL for 0.1 mmol of resin)
were added to the resin when we observed a positive (i.e., blue) Kaiser test; the resin was
then agitated overnight at room temperature. If the Kaiser test was negative (i.e., yellow),
the resin was washed with DMF (3 × 5 mL), DCM (3 × 5 mL), iPrOH (1 × 1 mL), DCM
(3 × 5 mL) and DMF (3 × 5 mL); peptide cleavage/global deprotection, purification and
characterization were then conducted according to the procedures described below.

3.2.4. Hydrocarbon Staple Formation

Peptides containing (S)-N-Fmoc-α-(4-pentenyl)alanine were stapled on-resin via RCM.
Following solid-phase peptide synthesis (SPPS) and subsequent acetylation, the resin
was suspended in dry DCE (10 mL for 0.1 mmol of resin), filtrated and weighted out in
microwave flash prior to the addition of Grubbs 1st Catalyst (0.2 eq) at 25 ◦C. The solution
was stirred at 70 ◦C for 1 h in the microwave. We monitored the reaction via UPLC-MS
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after cleavage of the peptide from a resin aliquot. If we detected acetylated linear peptide,
the resin was washed with DCE (3 mL), and we then performed a second round of RCM
with fresh catalyst. The resin was then washed with DMF (2 × 5 mL), DCM (2 × 5 mL),
iPrOH (1 × 5 mL), DCM (2 × 5 mL) and DMF (2 × 5 mL) prior to peptide cleavage/global
deprotection, purification and characterization.

3.2.5. Triazole Staple Formation

A copper(I)-catalyzed Huisgen 1,3-dipolar azide-alkyne cycloaddition for triazole
staple formation [38] was performed on pure lyophilized peptide with the goal of accurately
following up retention-time changes using UPLC-MS. A solution of linear peptide (1 eq)
and CuSO4·5H2O (4.4 eq) in 2:1 H2O/t-BuOH (1 mL/mg peptide) was degassed with
nitrogen for 15 min, and we then slowly added sodium L-ascorbate (4.4 eq) dissolved in
H2O (2 mL). The reaction mixture was vigorously stirred in a nitrogen atmosphere for
30–90 min at room temperature. After removing the t-BuOH in vacuo, the crude was
lyophilized and then purified by preparative HPLC-MS.

3.2.6. Double Triazole Staple Formation

A copper(I)-catalyzed Huisgen 1,3-dipolar azide-alkyne cycloaddition for double
triazole staple formation was performed on crude linear di-azido peptide sequences; we
adopted a procedure similar to that reported in the literature [39]. A solution of diazido
peptide (1 eq) and dialkynyl linker (1.1 eq) in a 1:1 H2O/t-BuOH ratio (1 mL/mg peptide)
was degassed with nitrogen for 15 min, followed by the addition of CuSO4·5H2O (1 eq),
tris(3-hydroxypropyltriazolylmethyl)amine (1 eq) and sodium L-ascorbate (3 eq). After
stirring the solution in a nitrogen atmosphere at room temperature for 24 h, the reaction
mixture was lyophilized and purified via preparative HPLC-MS to yield the final stapled
peptide. If the analytical UPLC exhibited a broad peak near the expected stapled peptide
peak, we added EDTA (1 eq) to the lyophilized crude prior to purification.

3.2.7. Thioether Staple Formation (S-Alkylation)

Thioether staple was performed on purified linear di-Cysteine sequences according to
a previously described protocol [17]. We added 1,4-Bis(bromomethyl)benzene (1.5 eq) to a
solution of purified lyophilized peptide (1 eq) in 100 mM Tris solution (1 mL/mg peptide)
at 25 ◦C; the resulting solution was stirred until complete conversion was attained and
confirmed via UPLC-MS. Then, the reaction mixture was acidified to pH 4 via the addition
of a solution of 0.1% TFA. The crude was then lyophilized and purified by preparative
HPLC-MS to yield the final stapled peptide.

3.2.8. Thioether Staple Formation (S-Arylation)

Di-substituted cysteine-containing peptides were stapled by SNAr on HFB using
a procedure similar to that reported previously in the literature [44]. After SPPS and
subsequent acetylation, the resin was washed with DCM (2 × 5 mL) and DMF (2 × 5 mL).
We next applied on-resin selective deprotection of trityl-protected cysteine residues using
a solution of TIPS/TFA/DCM (1/4/35, 2 mL/10 mg of resin), for 1 h at 25 ◦C on an
orbital shaker at 120 rpm. The resin was subsequently filtered to discard the cleavage
solution and washed with DCM (2 × 5 mL) and DMF (2 × 5 mL). Next, a solution of HFB
(10 eq) and DIPEA (0.4 M in DMF; 1 mL/10 mg of resin) was added to the swollen peptide
resin and shaken at 25 ◦C overnight on an orbital shaker at 120 rpm. Subsequently, the
reaction mixture was gently evaporated under a stream of weak airflow and the resin was
washed with DMF (2 × 5 mL), DCM (2 × 5 mL), iPrOH (1 × 5 mL), DCM (2 × 5 mL)
and DMF (2 × 5 mL) prior to peptide cleavage/side chain deprotection, purification and
characterization.
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3.2.9. Peptide Cleavage and Side Chain Deprotection

Peptides were cleaved from the resin using a solution of TFA/TIPS/H2O (95/2.5/2.5,
1 mL/30 mg of resin) for 2 h on an orbital shaker at 120 rpm. The resin was subsequently
filtered, and the peptide was precipitated in cold Et2O. The suspension was centrifugated
at 4 ◦C for 10 min at 2000 rpm in an Allegra TM 6R Centrifuge (Beckman Coulter Life
Sciences, Indianapolis, IN, USA). Finally, the supernatant was decanted into the waste, and
the remaining white solid was dissolved in a mixture of H2O and ACN with 0.1 % TFA
and lyophilized overnight in a freeze dryer (LABCONCO, Kansas City, MO, USA).

3.2.10. Peptide Purification

The previously lyophilized peptide was dissolved in a 1.8 mL mixture of H2O and
ACN depending on peptide solubility and filtrated through a 0.22 µm PTFE Chromatogra-
phy Syringe Filter. The peptides were purified using Waters preparative HPLC-MS (column
XSELECTTM CSHTM Prep C18 (19 × 100 mm) packed with 5 µm particles, UV detector
2998, MS SQ Detector 2, Sample manager 2767 and a binary gradient module). We isolated
peptides with a purity exceeding 95% for use in subsequent experiments (Tables S9–S12).

3.3. General Procedures
3.3.1. Peptide Characterization and Data Analysis

All of the data were analyzed using GraphPad Prism (version 9.3.1) (San Diego,
CA, USA).

UPLC-MS Analysis

All of the peptides were analyzed using a Waters UPLC-MS system (column Acquity
UPLC® CSHTM C18 (2.1 × 50.0 mm) (Agilent Technologies, Santa Clara, CA, USA) packed
with 1.7 µm particles). A 5–95% gradient of ACN and H2O containing 0.1% TFA was used
over the course of 2.5 min at a flow rate of at 1 mL/min at 25 ◦C.

HRMS Analysis

High-resolution mass spectra were acquired on a maXis 3G orthogonal mass spectrom-
eter (ESI-QqTOFMS) (Bruker Daltonik; Bremen, Germany) using electrospray ionization in
positive (or negative) ion mode. Each compound was dissolved in dichloromethane (or
methanol) and then diluted 10-fold in methanol. Each solution was then infused individu-
ally into the ESI-QqTOFMS using a syringe pump at a flow rate of 5 µL/min. Mass spectra
were recorded over a range of m/z 50–1200, and external calibration was performed using
a sodium formate 0.5 mM solution.

3.3.2. Peptide Plasma Stability

At each time point—i.e., 1, 2, 7 and 24 h—0.2 mM peptide (6 µL) was incubated
in 27 µL of rat serum at 37 ◦C with agitation. Then, the 96-well PTFE Chromatography
Syringe Filter plate was cooled to room temperature, and the serum was precipitated using
a solution containing 0.1% formic acid and 0.25 mM N,N-dimethylbenzamide (internal
standard) in 50/50 ACN/EtOH (140 µL). We used a multichannel pipette to collect 173 µL
of each precipitate, which was then transferred to an Impact™ protein-precipitation plate
(Phenomenex Inc., Torrance, CA, USA) assembled with a 96-well plate and centrifuged at
25,000 rpm at 4 ◦C for 10 min. We then retrieved 5 µL of the filtrate from the 96-well plate
and subjected it to UPLC-MS analysis. A 5–95% gradient of ACN and H2O containing 0.1%
TFA was used over 2.5 min at a flow rate of at 1 mL/min at 25 ◦C. Each integration of the
peptide peak was normalized over the internal standard integration at the same time point,
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t = x. Proteolytic degradation was quantified as a ratio of the normalized value at t = x
relative to the normalized value for the peptide at t = 0, using Equation (1):

Compound integration t=x
Internal standard integration t=x

Compound integration t=0
Internal standard integration t=0

× 100 = % of compound degradation. (1)

Each experiment was repeated in duplicate for each time point for each peptide.

3.3.3. Circular Dichroism Spectroscopy
Circular Dichroism Measurements

CD measurements were performed in a quartz flow cell with a 1 mm path length
at room temperature (25 ◦C) using a Jasco J-810 CD spectrometer. We collected spectra
over a wavelength range of 190–250 nm at a speed of 50 nm/min. The bandwidth was
1 nm, we averaged over 10 scans and the baseline (phosphate-buffered saline (PBS) only)
was subtracted from each spectrum. The peptides were dissolved in PBS (pH 7.4) at a
concentration of approximately 100 µM (0.1–1.0 mg/mL).

Quantification of Helicity

The raw CD data (mdeg) were converted to mean residue ellipticity ([θ], deg·cm2·
dmol−1·res−1) by normalizing for peptide concentration, the number of amide bonds and
path length, using Equation (2):

[θ] =
θ

10 × C × Np × l
(2)

where θ is the measured ellipticity (mdeg), C is the peptide molar concentration (M), Np is
the number of amino acid residues in the peptide and l is the cell path length (cm).

The maximum mean ellipticity [θ]max was calculated using Equation (3), as reported
previously:

[θ]max = (−44000 + (250 × T))×
(

1 − k
Np

)
(3)

where T is temperature (◦C) and k is the number of non-hydrogen-bonded peptide car-
bonyls. For N-terminal acetylated peptides, k = 3. For N-terminal-free peptides, k = 4
because the ellipticity at 222 nm is mainly affected by the electronic environment of the
peptide carbonyl [70].

Because the random coil and the maximum mean ellipticity are temperature depen-
dent, Equation (4) must be used when calculating the percent helicity:

[θ]c = 2220 − 53 × T. (4)

The percent helicity can then be calculated using Equation (5):

% Helicity =

(
[θ]222 − [θ]c
[θ]max − [θ]c

)
× 100. (5)

3.3.4. Nuclear Magnetic Resonance Measurements and Data Analysis

The NMR samples were prepared in 10% D2O (Sigma-Aldrich, Poole, UK), 40 mM
K2HPO4 pH 6.8, 40 mM KCl and 0.2% NaN3. 1H-1H NOESY spectra (mixing time of
300 ms), 1H-1H TOCSY (mixing time 50 ms) and 1D-1H spectra were acquired at 25 ◦C on a
Bruker Avance operating at a 1H frequency of 600 MHz and equipped with a cryogenic
probe (TCI H&F-C/N-D-05 2 XT) and Z-axis pulsed-field gradients. The NMR data were
processed using Topspin 3.6.2 (Bruker) and analyzed using CcpNmr software (version 3.1.1)
(Leicester, UK) or MestReNova chemistry software (version 12.0.0-20080) (©2017 Mestrelab
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Research S.L., Santiago de Compostela, Spain). Chemical shifts (d) are reported in parts per
million (ppm).

3.3.5. Bioreporter-Based Neutralization Assay
Cell Maintenance

Human embryonic kidney (HEK293) cells were cultured in DMEM supplemented
with 10% Fetal Bovine Serum (FBS) and 1% penicillin/streptomycin at 37 ◦C in a 5% CO2
atmosphere.

Generation of Biosensors

HEK293T cells at 70% confluency were transfected with SmBiT-ACE2 or LgBiT-RBD
using PolyJet transfection reagent (Signagen, MD, USA) following the manufacturer’s
protocol. Forty-eight hours after transfection, the cells were lysed using 1× passive lysis
buffer (Promega, Madison, WI, USA, Cat.#E1910) on ice and centrifuged to clear the lysate.
Lysates that were not used immediately we restored at −80 ◦C.

Biosensor Assay

In an opaque, white 96-well plate, 50 µL of cell lysate containing biosensor LgBiT-RBD
was co-incubated with 50 µL of compound that had been previously prepared at 1 mM in
PBS (pH 7.4). Thirty minutes later, the cell lysate containing the biosensor SmBiT-ACE2 was
added for 5 min. Meanwhile, the lyophilized native coelenterazine (Nanolight Technology,
Pinetop, AZ, USA, Cat #303–500 µg) was resuspended in 100% EtOH to generate a 2 mM
stock solution. A working reagent for the lysed cell assays was created by adding 5 µL of
2 mM stock solution to 1 mL of PBS (pH 7.4). Then, in an opaque, white 96-well plate, 50 µL
of working coelenterazine substrate was added to each well immediately before reading
the luminescence. A Mithras2 LB 943 Multimode Reader (MBI Lab equipment Montreal
Biotech Inc., Quebec, QC, Canada) was used to measure the luminescence.

Bioreporter-Based Inhibition Assay Data Analysis

The inhibitory data were plotted in RLUs using GraphPad Prism (version 9.3.1). Each
result constitutes three independent experiments, measured in triplicate each time, and the
data are expressed as means ± SEM (error bar). The means of more than two groups were
compared using one-way ANOVA with Tukey’s multiple-comparison correction. For all
analyses, **** p < 0.0001;n.s., not significant.

3.3.6. Neutralization Assay
Lentivirus Vector Design

pHAGE-CMV-Luc2-IRES-zsGreen was obtained from BEI Resources (Catalog No.
NR-52516). The packaging vector psPAX2 was a gift from Didier Trono (Addgene plasmid
#12260; http://n2t.net/addgene:12260 (19 April 2020); RRID:Addgene_12260). The SARS-
CoV-2 expression vector (pcDNA3.1-Spike) was a gift from Gary Kobinger and expressed a
codon-optimized version of the SARS-CoV-2 Spike protein (GenBank accession number
MN985325.1). The ∆19 Spike was generated by PCR mutagenesis and consisted of a
truncation of the last 19 amino acids of the SARS-CoV Spike protein for pseudotyping
enhancement [71].

Cell Maintenance

Human embryonic kidney cells stably expressing the human Angiotensin Converting
Enzyme 2 (HEK-293T-hACE2, BEI Resources Catalog No. NR-52511) and HEK 293T/17
(ATCC, CRL 11268) cells were maintained in DMEM supplemented with 10% FBS and 1%
penicillin/streptomycin. All of the cells were cultured at 37 ◦C under a humid atmosphere
containing 5% CO2.

http://n2t.net/addgene:12260
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Generation of Pseudoviral Particles

The 293T cells were cultured in DMEM supplemented with 10% FBS and 1% peni-
cillin/streptomycin at 37 ◦C in a 5% CO2 atmosphere. Adherent HEK293T/17 cells
(2,000,000 cells per Petri dish) were seeded in DMEM growth media 24 h prior to co-
transfection. Twenty-four hours after seeding, the cells were co-transfected with plasmids
required for pseudoviral production: 4 µg of pHAGE-CMV-Luc2-IRES-zsGreen (transfert
vector), 3 µg of psPAX2 (packaging vector) and 3 µg of pcDNA3.1-SARS-CoV-2 spike
(spike glycoprotein) using polyethyleneimine (PEI, 25K Polyscience 23966-1, Warrington,
PA, USA). The cells were incubated at 37 ◦C in a 5% CO2 atmosphere for 48 h. Next, the
pseudoviral particles were collected by harvesting the supernatant from each Petri dish;
the particles were stored frozen at −80 ◦C.

Pseudovirus-Based Inhibition Assay

All of the compounds were dissolved in a stock solution of DMEM at 10 mM prior to
the experiments and stored at −20 ◦C if they were not used immediately. HEK-293T-hACE2
cells were chemically transfected with 3 µg of pCMV3 hTMPRSS2 (Sino Biological HG13070-
UT) plasmid. Following post-transfection, the cells were seeded at 36,500 cells/well in
dark-bottomed, sterile 96-well plates the day prior to infection. 1.5 h prior to infecting the
cells, all of the compounds were diluted from stock solutions in pre-warmed complete
DMEM media. Then, compounds were pretreated with pseudoviral particles for 30 min
and then incubated with HEK-293T-hACE2 cells transfected with TMPRSS2 for two days.
Following incubation, the media was gently removed, and the cells were washed with HBSS
three times and incubated for 30 min at 37 ◦C. Fluorescence measurements were performed
using a TECAN plate reader (© 2023, Tecan Trading AG, Männedorf, Switzerland) at room
temperature (excitation: 360 nm, emission: 460 nm).

Pseudovirus-Based Inhibition Assay Analysis

The fluorescence data (RFUs) were converted to percentages by normalizing them
with the control without infection (DMEM) set as 0%; we presumed that the pseudovirus-
only samples represented maximum infection (100%). We made use of GraphPad Prism
(version 9.3.1). Each data point represents three independent experiments, measured in
triplicate, and the data are expressed as means ± standard error of the mean (SEM) (error
bar). The means of more than two groups were compared using one-way ANOVA with
Tukey’s multiple-comparison correction. For all analyses, **** p < 0.0001; ** 0.0017 ≤ p ≤
0.0025; n.s., not significant.

3.3.7. Peptide Design and Visualization

The rational design of the peptides was based on previously published high-resolution
structures: PDB 6M0J [1] (Crystal structure of SARS-CoV-2 S RBD bound with ACE2, X-ray
diffraction, 2.45 Å, 18 March 2020), PDB 6VW1 [48] (Structure of SARS-CoV-2 chimeric RBD
complexed with its receptor hACE2, X-ray, 2.68 Å, 4 March 2020), PDB 6LZG [2] (Structure
of novel coronavirus S RBD complexed with its receptor ACE2, X-ray diffraction, 2.50 Å,
18 March 2020) and PDB 6M17 [49] (The 2019-nCoV RBD/ACE2-B0AT1 complex, electron
microscopy, 2.90 Å, 11 March 2020).

Two helical peptide segments of hACE2 (residues Asp30 to Asp38 and His34 to Gln42)
were taken from the crystal structure of SARS-CoV-2 S RBD bound with ACE2 (PDB code
6M0J) and used as a template for the staple peptides. Backbone amino acids at the position
Phe31 and Ala36 (or Ala36 and Phe40) were substituted with different amino acids of
varying lengths, orientations and stereochemistries before being stapled together with or
without an additional linker by corresponding chemistries. Finally, energy minimization
was performed using Molecular Operating Environment (MOE) (Chemical Computing
Group, Quebec, QC, Canada).
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4. Conclusions

This study explores a variety of helix-inducing i, i + 4 constraints exploiting lactam,
hydrocarbon, triazole, double triazole and thioether bridges on hACE2-derived sequences,
as well as the resulting conformations and PPI inhibitions.

In general, for both the hACE2-derived peptide sequences Asp30-Asp38 and His34-
Gln42, the incorporation of an i, i + 4 lactam bridge formed of Lys (N-terminus) and Asp
(C-terminus) stabilized a high percentage of helical conformation (up to 55.5%). The staple
requirement proves undeniable: the respective linear sequences exhibited significantly
lower helical contents. Moreover, the magnitude of helicity generated in 50% TFE for
lactam- and hydrocarbon-based peptides was not any higher, which indicates that short
sequences just nine amino acids in length attained maximum helical values. Our results
also showed that the initial linear sequence of a peptide has a strong influence on the
maximum helicity achievable. That finding likely arises due to the distribution of charged
and/or hydrophobic residues.

Our NMR results were consistent with the CD spectra obtained for peptides 4 and 11.
That result supports our assertion that an α-helical conformation was adopted in solution. A
comparison of individual CαH proton chemical shifts relative to the random-coil standard
values revealed a considerable upfield shift across the entire peptide sequence. Additionally,
the dNN(i,i+1), dNN(i,i+2) and dαN(i+1) NOESY connectivities strongly supported the idea that
residues forming, are constrained by or following the lactam bridge are in an α-helical
conformation. Moreover, the presence of more intense dNN(i,i+1) cross-peaks relative to
dαN(i+1) cross-peaks provided further indirect evidence that peptide 4 adopted an α-helical
conformation.

Our work revealed no significant differences between the random-coil and short helical
hACE2 derivatives according to our bioreporter-based neutralization assay. However,
in our 48 h pseudovirus entry inhibition assay, we clearly demonstrated the untapped
potential of staple peptides. That situation was exemplified by compound 11 based on
RCM cross link, which exhibited a six-fold increase in pseudovirus inhibition at 735 µM
compared with its linear analogue. Therefore, even if our goal was to minimize the entropic
cost associated with the adoption of the active conformation, additional data pertaining to
the affinity of the ligand towards the SARS-CoV-2 Spike RBD and follow-on computational
analyses hold promise for revealing the necessary kinetic perspective and elucidating how
hydrocarbon peptide 11 efficiently inhibits pseudoviral entry.

To the best of our knowledge, this study is the first systematic investigation of staple
screening performed on short peptide sequences. We have identified retention techniques
for optimal formation of α-helical structures for further development of SARS-CoV-2 Spike
RBD/hACE2 PPI inhibitors using this approach as a model system.
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19. Maas, M.N.; Hintzen, J.C.J.; Löffler, P.M.G.; Mecinović, J. Targeting SARS-CoV-2 Spike Protein by Stapled HACE2 Peptides. Chem.
Commun. 2021, 57, 3283–3286. [CrossRef]

20. Karoyan, P.; Vieillard, V.; Gómez-Morales, L.; Odile, E.; Guihot, A.; Luyt, C.E.; Denis, A.; Grondin, P.; Lequin, O. Human ACE2
Peptide-Mimics Block SARS-CoV-2 Pulmonary Cells Infection. Commun. Biol. 2021, 4, 197. [CrossRef]

21. Quagliata, M.; Stincarelli, M.A.; Papini, A.M.; Giannecchini, S.; Rovero, P. Antiviral Activity against SARS-CoV-2 of Confor-
mationally Constrained Helical Peptides Derived from Angiotensin-Converting Enzyme 2. ACS Omega 2023, 8, 22665–22672.
[CrossRef] [PubMed]

22. Larue, R.C.; Xing, E.; Kenney, A.D.; Zhang, Y.; Tuazon, J.A.; Li, J.; Yount, J.S.; Li, P.K.; Sharma, A. Rationally Designed ACE2-
Derived Peptides Inhibit SARS-CoV-2. Bioconjug Chem. 2021, 32, 215–223. [CrossRef] [PubMed]

23. Cao, L.; Goreshnik, I.; Coventry, B.; Case, J.B.; Miller, L.; Kozodoy, L.; Chen, R.E.; Carter, L.; Walls, A.C.; Park, Y.-J.; et al. De Novo
Design of Picomolar SARS-CoV-2 Miniprotein Inhibitors. Science 2020, 370, 426–431. [CrossRef] [PubMed]

24. Sommese, R.F.; Sivaramakrishnan, S.; Baldwin, R.L.; Spudich, J.A. Helicity of Short E-R/K Peptides. Protein Sci. 2010, 19,
2001–2005. [CrossRef] [PubMed]

25. Marqusee, S.; Baldwin, R.L. Helix Stabilization by Glu-W0Lys+ Salt Bridges in Short Peptides of de Novo Design (Model
a-Helix/Protein Folding/Protein Electrostatics). Proc. Natl. Acad. Sci. USA 1987, 84, 8898–8902. [CrossRef] [PubMed]

https://doi.org/10.1038/s41586-020-2180-5
https://www.ncbi.nlm.nih.gov/pubmed/32225176
https://doi.org/10.1016/j.cell.2020.03.045
https://www.ncbi.nlm.nih.gov/pubmed/32275855
https://doi.org/10.1073/pnas.2008209117
https://www.ncbi.nlm.nih.gov/pubmed/32503918
https://doi.org/10.1073/pnas.93.1.13
https://www.ncbi.nlm.nih.gov/pubmed/8552589
https://doi.org/10.1017/erm.2012.10
https://www.ncbi.nlm.nih.gov/pubmed/22831787
https://doi.org/10.1016/S0169-409X(00)00129-0
https://www.ncbi.nlm.nih.gov/pubmed/11259830
https://doi.org/10.1002/iub.383
https://www.ncbi.nlm.nih.gov/pubmed/20979208
https://doi.org/10.1006/jmbi.1998.1843
https://doi.org/10.1080/17460441.2021.1969359
https://doi.org/10.1042/BCJ20160619
https://doi.org/10.1126/science.abd0827
https://www.ncbi.nlm.nih.gov/pubmed/32540901
https://doi.org/10.1056/NEJMoa2035002
https://www.ncbi.nlm.nih.gov/pubmed/33332778
https://doi.org/10.1038/s41557-020-0420-9
https://www.ncbi.nlm.nih.gov/pubmed/32029906
https://doi.org/10.1007/s10989-019-09831-5
https://doi.org/10.1021/ja206074j
https://www.ncbi.nlm.nih.gov/pubmed/21846146
https://doi.org/10.1039/C8RA03446J
https://www.ncbi.nlm.nih.gov/pubmed/35541711
https://doi.org/10.1039/D1CB00231G
https://www.ncbi.nlm.nih.gov/pubmed/35866171
https://doi.org/10.1128/mBio.02451-20
https://doi.org/10.1039/D0CC08387A
https://doi.org/10.1038/s42003-021-01736-8
https://doi.org/10.1021/acsomega.3c01436
https://www.ncbi.nlm.nih.gov/pubmed/37387789
https://doi.org/10.1021/acs.bioconjchem.0c00664
https://www.ncbi.nlm.nih.gov/pubmed/33356169
https://doi.org/10.1126/science.abd9909
https://www.ncbi.nlm.nih.gov/pubmed/32907861
https://doi.org/10.1002/pro.469
https://www.ncbi.nlm.nih.gov/pubmed/20669185
https://doi.org/10.1073/pnas.84.24.8898
https://www.ncbi.nlm.nih.gov/pubmed/3122208


Int. J. Mol. Sci. 2024, 25, 166 21 of 22

26. Houston, M.E., Jr.; Gannon, C.L.; Kayand, C.M.; Hodges, R.S. Lactam Bridge Stabilization of A-Helical Peptides: Ring Size,
Orientation and Positional Effects. J. Pept. Sci. Off. Publ. Eur. Pept. Soc. 1995, 1, 274–282. [CrossRef] [PubMed]

27. Felix, A.M.; Wang, C.T.; Campbell, R.M.; Toome, V.; Fry, D.C.; Madison, V.S. Biologically Active Cyclic (Lactam) Analogs of
Growth Hormone-Releasing Factor: Effect of Ring Size and Location on Conformation and Biological Activity. In Peptides
Chemistry and Biology; Smith, J.A., Rivier, J.E., Eds.; Springer: Leiden, The Netherlands, 1992; pp. 77–79.

28. Shim, S.Y.; Kim, Y.W.; Verdine, G.L. A New i, i + 3 Peptide Stapling System for α-Helix Stabilization. Chem. Biol. Drug Des. 2013,
82, 635–642. [CrossRef] [PubMed]

29. Bird, G.H.; Madani, N.; Perry, A.F.; Princiotto, A.M.; Supko, J.G.; He, X.; Gavathiotis, E.; Sodroski, J.G.; Walensky, L.D.; Snyder,
S.H. Hydrocarbon Double-Stapling Remedies the Proteolytic Instability of a Lengthy Peptide Therapeutic. Proc. Natl. Acad. Sci.
USA 2010, 107, 14093–14098. [CrossRef]

30. Bernal, F.; Wade, M.; Godes, M.; Davis, T.N.; Whitehead, D.G.; Kung, A.L.; Wahl, G.M.; Walensky, L.D. A Stapled P53 Helix
Overcomes HDMX-Mediated Suppression of P53. Cancer Cell 2010, 18, 411–422. [CrossRef]

31. Schafmeister, C.E.; Po, J.; Verdine, G.L. An All-Hydrocarbon Cross-Linking System for Enhancing the Helicity and Metabolic
Stability of Peptides. J. Am. Chem. Soc. 2000, 122, 5891–5892. [CrossRef]

32. Moellering, R.E.; Cornejo, M.; Davis, T.N.; Del Bianco, C.; Aster, J.C.; Blacklow, S.C.; Kung, A.L.; Gilliland, D.G.; Verdine, G.L.;
Bradner, J.E. Direct Inhibition of the NOTCH Transcription Factor Complex. Nature 2009, 462, 182–188. [CrossRef] [PubMed]

33. Williams, R.M.; IM, M.-N. Asymmetric Synthesis of Monosubstituted and α,α-Disubstituted α-Amino Acids via Diastereoselective
Glycine Enolate Alkylations. ChemInform 1991, 23, 255.

34. Ueda, A.; Makura, Y.; Kakazu, S.; Kato, T.; Umeno, T.; Hirayama, K.; Doi, M.; Oba, M.; Tanaka, M. E-Selective Ring-Closing
Metathesis in α-Helical Stapled Peptides Using Carbocyclic α,α-Disubstituted α-Amino Acids. Org. Lett. 2022, 24, 1049–1054.
[CrossRef] [PubMed]

35. Wang, Y.; Chou, D.H.-C. A Thiol-Ene Coupling Approach to Native Peptide Stapling and Macrocyclization. Angew. Chem. 2015,
127, 11081–11084. [CrossRef]

36. Paterson, D.L.; Flanagan, J.U.; Shepherd, P.R.; Harris, P.W.R.; Brimble, M.A. Variable-Length Ester-Based Staples for α-Helical
Peptides by Using A Double Thiol-Ene Reaction. Chem.—A Eur. J. 2020, 26, 10826–10833. [CrossRef]

37. Cantel, S.; Isaad, A.L.C.; Scrima, M.; Levy, J.J.; DiMarchi, R.D.; Rovero, P.; Halperin, J.A.; D’Ursi, A.M.; Papini, A.M.; Chorev,
M. Synthesis and Conformational Analysis of a Cyclic Peptide Obtained via i to i + 4 Intramolecular Side-Chain to Side-Chain
Azide-Alkyne 1,3-Dipolar Cycloaddition. J. Org. Chem. 2008, 73, 5663–5674. [CrossRef]

38. Kawamoto, S.A.; Coleska, A.; Ran, X.; Yi, H.; Yang, C.Y.; Wang, S. Design of Triazole-Stapled BCL9 α-Helical Peptides to Target
the β-Catenin/B-Cell CLL/Lymphoma 9 (BCL9) Protein-Protein Interaction. J. Med. Chem. 2012, 55, 1137–1146. [CrossRef]

39. Torres, O.; Yüksel, D.; Bernardina, M.; Kumar, K.; Bong, D. Peptide Tertiary Structure Nucleation by Side-Chain Crosslinking
with Metal Complexation and Double “Click” Cycloaddition. ChemBioChem 2008, 9, 1701–1705. [CrossRef]

40. Scrima, M.; Le Chevalier-Isaad, A.; Rovero, P.; Papini, A.M.; Chorev, M.; D’Ursi, A.M. Cui Catalyzed Azide-Alkyne Intramolecular
i-to-(i + 4) Side-Chain-to-SideChain Cyclization Promotes the Formation of Helix-Like Secondary Structures. Eur. J. Org. Chem.
2010, 2010, 446–457. [CrossRef]

41. Goddard-Borger, E.D.; Stick, R.V. An Efficient, Inexpensive, and Shelf-Stable Diazotransfer Reagent: Imidazole-1-Sulfonyl Azide
Hydrochloride. Org. Lett. 2007, 9, 3797–3800. [CrossRef]

42. Lau, Y.H.; Spring, D.R. Efficient Synthesis of Fmoc-Protected Azido Amino Acids. Synlett 2011, 2011, 1917–1919. [CrossRef]
43. Spokoyny, A.M.; Zou, Y.; Ling, J.J.; Yu, H.; Lin, Y.-S.; Pentelute, B.L. A Perfluoroaryl-Cysteine SNAr Chemistry Approach to

Unprotected Peptide Stapling Supporting Information S1. J. Am. Chem. Soc. 2013, 135, 5946–5949. [CrossRef] [PubMed]
44. Dognini, P.; Killoran, P.M.; Hanson, G.S.; Halsall, L.; Chaudhry, T.; Islam, Z.; Giuntini, F.; Coxon, C.R. Using 19 F NMR and

2-Level Factorial Design to Explore Thiol-Fluoride Substitution in Hexafluorobenzene and Its Application in Peptide Stapling &
Cyclisation Supporting Information Contents. Chem.–A Eur. J. 2022, 28, e202103305.

45. Holmes, E.C. Severe Acute Respiratory Syndrome Coronavirus 2 Isolate Wuhan-Hu1, Complete Genome; National Library of Medicine:
Bethesda, MD, USA, 2019.

46. Wrapp, D.; Wang, N.; Corbett, K.S.; Goldsmith, J.A.; Hsieh, C.-L.; Abiona, O.; Graham, B.S.; Mclellan, J.S. Cryo-EM Structure of
the 2019-NCoV Spike in the Prefusion Conformation. Science 2019, 367, 1260–1263. [CrossRef] [PubMed]

47. Walls, A.C.; Park, Y.J.; Tortorici, M.A.; Wall, A.; McGuire, A.T.; Veesler, D. Structure, Function, and Antigenicity of the SARS-CoV-2
Spike Glycoprotein. Cell 2020, 181, 281–292.e6. [CrossRef] [PubMed]

48. Shang, J.; Ye, G.; Shi, K.; Wan, Y.; Luo, C.; Aihara, H.; Geng, Q.; Auerbach, A.; Li, F. Structural Basis of Receptor Recognition by
SARS-CoV-2. Nature 2020, 581, 221–224. [CrossRef] [PubMed]

49. Yan, R.; Zhang, Y.; Li, Y.; Xia, L.; Guo, Y.; Zhou, Q. Structural Basis for the Recognition of SARS-CoV-2 by Full-Length Human
ACE2. Science 2020, 367, 1444–1448. [CrossRef]

50. Yuan, M.; Wu, N.C.; Zhu, X.; Lee, C.C.D.; So, R.T.Y.; Lv, H.; Mok, C.K.P.; Wilson, I.A. A Highly Conserved Cryptic Epitope in the
Receptor Binding Domains of SARS-CoV-2 and SARS-CoV. Science 2020, 368, 630–633. [CrossRef]

51. Huang, X.; Pearce, R.; Zhang, Y. De Novo Design of Protein Peptides to Block Association of the SARSCoV-2 Spike Protein with
Human ACE2. Aging 2020, 12, 11263. [CrossRef]

52. Ali, F.; Elserafy, M.; Alkordi, M.H.; Amin, M. ACE2 Coding Variants in Different Populations and Their Potential Impact on
SARS-CoV-2 Binding Affinity. Biochem. Biophys. Rep. 2020, 24, 100798. [CrossRef]

https://doi.org/10.1002/psc.310010408
https://www.ncbi.nlm.nih.gov/pubmed/9223005
https://doi.org/10.1111/cbdd.12231
https://www.ncbi.nlm.nih.gov/pubmed/24267668
https://doi.org/10.1073/pnas.1002713107
https://doi.org/10.1016/j.ccr.2010.10.024
https://doi.org/10.1021/ja000563a
https://doi.org/10.1038/nature08543
https://www.ncbi.nlm.nih.gov/pubmed/19907488
https://doi.org/10.1021/acs.orglett.1c04256
https://www.ncbi.nlm.nih.gov/pubmed/35073100
https://doi.org/10.1002/ange.201503975
https://doi.org/10.1002/chem.202001478
https://doi.org/10.1021/jo800142s
https://doi.org/10.1021/jm201125d
https://doi.org/10.1002/cbic.200800040
https://doi.org/10.1002/ejoc.200901157
https://doi.org/10.1021/ol701581g
https://doi.org/10.1055/s-0030-1260950
https://doi.org/10.1021/ja400119t
https://www.ncbi.nlm.nih.gov/pubmed/23560559
https://doi.org/10.1126/science.abb2507
https://www.ncbi.nlm.nih.gov/pubmed/32075877
https://doi.org/10.1016/j.cell.2020.02.058
https://www.ncbi.nlm.nih.gov/pubmed/32155444
https://doi.org/10.1038/s41586-020-2179-y
https://www.ncbi.nlm.nih.gov/pubmed/32225175
https://doi.org/10.1126/science.abb2762
https://doi.org/10.1126/science.abb7269
https://doi.org/10.18632/aging.103416
https://doi.org/10.1016/j.bbrep.2020.100798


Int. J. Mol. Sci. 2024, 25, 166 22 of 22

53. Rohl, C.A.; Baldwin, R.L. [1] Deciphering Rules of Helix Stability in Peptides. Methods Enzymol. 1998, 295, 1–26. [PubMed]
54. Huyghues-Despointes, B.M.P.; Klingler, T.M.; Baldwin, R.L. Measuring the Strength of Side-Chain Hydrogen Bonds in Peptide

Helices: The Gln*Asp (i, i + 4) Interaction? Biochemistry 1995, 34, 13267–13271. [CrossRef] [PubMed]
55. Tornøe, C.W.; Christensen, C.; Meldal, M. Peptidotriazoles on Solid Phase: [1,2,3]-Triazoles by Regiospecific Copper(I)-Catalyzed

1,3-Dipolar Cycloadditions of Terminal Alkynes to Azides. J. Org. Chem. 2002, 67, 3057–3064. [CrossRef] [PubMed]
56. Rostovtsev, V.V.; Green, L.G.; Fokin, V.V.; Barry Sharpless, K.; Coolen, H.K.A.C.; van Leeuwen, P.W.N.M.; Nolte, R.J.M. Harrowfield

in Calixarenes; Kluwer Academic Publishers: Dordrecht, The Netherlands, 2002; Volume 114.
57. Hang, H.C.; Yu, C.; Kato, D.L.; Bertozzi, C.R.; Simons, K. A Metabolic Labeling Approach toward Proteomic Analysis of

Mucin-Type O-Linked Glycosylation. Proc. Natl. Acad. Sci. USA 2003, 100, 14846–14851. [CrossRef] [PubMed]
58. Lacroix, E.; Viguera, A.R.; Serrano, L. Elucidating the Folding Problem of α-Helices: Local Motifs, Long-Range Electrostatics,

Ionic-Strength Dependence and Prediction of NMR Parameters. J. Mol. Biol. 1998, 284, 173–191. [CrossRef] [PubMed]
59. Daragane, V.A.; Mayo, K.H. 13C-{1H} NMR/NOE and Multiplet Relaxation Data in Modeling Protein Dynamics of a Collagen

13C-Enriched Glycine GXX Repeat Motif Hexadecapeptide. J. Am. Chem. Soc. 1992, 114, 4326–4331. [CrossRef]
60. Bakshi, K.; Liyanage, M.R.; Volkin, D.B.; Middaugh, C.R. Circular Dichroism of Peptides. Methods Mol. Biol. 2014, 1088, 247–253.

[CrossRef]
61. Micsonai, A.; Wien, F.; Kernya, L.; Lee, Y.H.; Goto, Y.; Réfrégiers, M.; Kardos, J. Accurate Secondary Structure Prediction and Fold

Recognition for Circular Dichroism Spectroscopy. Proc. Natl. Acad. Sci. USA 2015, 112, E3095–E3103. [CrossRef]
62. Wishart, D.S.; Bigam, C.G.; Sykes, B.D. 1H, 13C and Random Coil NMR Chemical Shifts of the Common Amino Acids. I.

Investigations of Nearest-Neighbor Effects. J. Biomol. NMR 1995, 5, 67–81. [CrossRef]
63. Jeremy, N.S. Evans 4. Protein Structure. In Biomolecular NMR Spectroscopy; Oxford University Press Inc.: New York, NY, USA,

1995; pp. 147–207.
64. Houston, M.E.; Campbell, A.P.; Lix, B.; Kay, C.M.; Sykes, B.D.; Hodges, R.S. Lactam Bridge Stabilization of R-Helices: The Role of

Hydrophobicity in Controlling Dimeric versus Monomeric R-Helices. Biochemistry 1996, 35, 10041–10050. [CrossRef]
65. Gratias, R.; Konat, R.; Kessler, H.; Crisma, M.; Valle, G.; Polese, A.; Formaggio, F.; Toniolo, C.; Broxterman, Q.B.; Kamphuis, J.

First Step Toward the Quantitative Identification of Peptide 310-Helix Conformation with NMR Spectroscopy: NMR and X-Ray
Diffraction Structural Analysis of a Fully-Developed 310-Helical Peptide Standard. J. Am. Chem. Soc. 1997, 120, 4763–4770.
[CrossRef]

66. Azad, T.; Singaravelu, R.; Taha, Z.; Jamieson, T.R.; Boulton, S.; Crupi, M.J.F.; Martin, N.T.; Fekete, E.E.F.; Poutou, J.; Ghahremani,
M.; et al. Nanoluciferase Complementation-Based Bioreporter Reveals the Importance of N-Linked Glycosylation of SARS-CoV-2
S for Viral Entry. Mol. Ther. 2021, 29, 1984–2000. [CrossRef] [PubMed]

67. Murza, A.; Belleville, K.; Longpré, J.M.; Sarret, P.; Marsault, É. Stability and Degradation Patterns of Chemically Modified Analogs
of Apelin-13 in Plasma and Cerebrospinal Fluid. Biopolym.—Pept. Sci. Sect. 2014, 102, 297–303. [CrossRef] [PubMed]

68. Caputo, I.; Caroccia, B.; Frasson, I.; Poggio, E.; Zamberlan, S.; Morpurgo, M.; Seccia, T.M.; Calì, T.; Brini, M.; Richter, S.N.; et al.
Angiotensin II Promotes SARS-CoV-2 Infection via Upregulation of ACE2 in Human Bronchial Cells. Int. J. Mol. Sci. 2022,
23, 5125. [CrossRef]

69. Kaiser, E.; Colescott, R.; Bossinger, C.; Cook, P. Color Test for Detection of Free Terminal Amino Groups in the Solid-Phase
Synthesis of Peptides. Anal. Biochem. 1970, 34, 595–598. [CrossRef]

70. Wallimann, P.; Kennedy, R.J.; Kemp, D.S. Large Circular Dichroism Ellipticities for N-Templated Helical Polypeptides Are
Inconsistent with Currently Accepted Helicity Algorithms. Angew. Chem. Int. Ed. 1999, 38, 1290–1292. [CrossRef]

71. Johnson, M.C.; Lyddon, T.D.; Suarez, R.; Salcedo, B.; LePique, M.; Graham, M.; Ricana, C.; Robinson, C.; Ritter, D.G. Optimized
Pseudotyping Conditions for the SARS-COV-2 Spike Glycoprotein. J. Virol. 2020, 94, 10–1128. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://www.ncbi.nlm.nih.gov/pubmed/9750211
https://doi.org/10.1021/bi00041a001
https://www.ncbi.nlm.nih.gov/pubmed/7577910
https://doi.org/10.1021/jo011148j
https://www.ncbi.nlm.nih.gov/pubmed/11975567
https://doi.org/10.1073/pnas.2335201100
https://www.ncbi.nlm.nih.gov/pubmed/14657396
https://doi.org/10.1006/jmbi.1998.2145
https://www.ncbi.nlm.nih.gov/pubmed/9811549
https://doi.org/10.1021/ja00037a043
https://doi.org/10.1007/978-1-62703-673-3_17
https://doi.org/10.1073/pnas.1500851112
https://doi.org/10.1007/BF00227471
https://doi.org/10.1021/bi952757m
https://doi.org/10.1021/ja9731478
https://doi.org/10.1016/j.ymthe.2021.02.007
https://www.ncbi.nlm.nih.gov/pubmed/33578036
https://doi.org/10.1002/bip.22498
https://www.ncbi.nlm.nih.gov/pubmed/24728860
https://doi.org/10.3390/ijms23095125
https://doi.org/10.1016/0003-2697(70)90146-6
https://doi.org/10.1002/(SICI)1521-3773(19990503)38:9%3C1290::AID-ANIE1290%3E3.0.CO;2-E
https://doi.org/10.1128/JVI.01062-20

	Introduction 
	Results and Discussion 
	Experimental Design and Synthesis 
	Circular Dichroism 
	Nuclear Magnetic Resonance 
	1H Resonance Assignments 
	NMR-Based Peptide Structural Comparisons and Hydrocarbon Staple Isomeric Investigations 
	Secondary Chemical Shifts of Peptides 4, 9, 10 and 11 
	-Helical NOESY Connectivities of Peptide 4 
	Comparative NOESY Connectivities for RCM-Based Staple Peptides 

	Inhibition Assays 
	Plasma Stability 

	Materials and Methods 
	Reagents 
	Peptide Synthesis 
	Solid-Phase Peptide Synthesis 
	N-Terminal Acetylation 
	Lactam Staple Formation 
	Hydrocarbon Staple Formation 
	Triazole Staple Formation 
	Double Triazole Staple Formation 
	Thioether Staple Formation (S-Alkylation) 
	Thioether Staple Formation (S-Arylation) 
	Peptide Cleavage and Side Chain Deprotection 
	Peptide Purification 

	General Procedures 
	Peptide Characterization and Data Analysis 
	Peptide Plasma Stability 
	Circular Dichroism Spectroscopy 
	Nuclear Magnetic Resonance Measurements and Data Analysis 
	Bioreporter-Based Neutralization Assay 
	Neutralization Assay 
	Peptide Design and Visualization 


	Conclusions 
	References

