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Stapled peptides are regarded as the promising next-generation therapeutics because of their improved
secondary structure, membrane permeability and metabolic stability as compared with the prototype linear
peptides. Usually, stapled peptides are obtained by a hydrocarbon stapling technique, anchoring from
paired olefin-terminated unnatural amino acids and the consequent ring-closing metathesis (RCM). To
investigate the adaptability of the rigid cyclobutane structure in RCM and expand the chemical diversity of
hydrocarbon peptide stapling, we herein described the rational design and efficient synthesis of
cyclobutane-based conformationally constrained amino acids, termed (E)-1-amino-3-(but-3-en-1-yl)
cyclobutane-1-carboxylic acid (E7) and (2)-1-amino-3-(but-3-en-1-yl)cyclobutane-1-carboxylic acid (Z7). All
four combinations including E;-E;, E;-Z7, Z;-Z; and Z,-E; were proven to be applicable in RCM-mediated
peptide stapling to afford the corresponding geometry-specific stapled peptides. With the aid of the
combined quantum and molecular mechanics, the E;-E; combination was proven to be optimal in both
the RCM reaction and helical stabilization. With the spike protein of SARS-CoV-2 as the target, a series of
cyclobutane-bearing stapled peptides were obtained. Among them, E;-E; geometry-specific stapled

peptides indeed exhibit higher a-helicity and thus stronger biological activity than canonical hydrocarbon
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Accepted 28th September 2023 stapled peptides. We believe that this methodology possesses great potential to expand the scope of the

existing peptide stapling strategy. These cyclobutane-bearing restricted anchoring residues served as
effective supplements for the existing olefin-terminated unnatural amino acids and the resultant geometry-
specific hydrocarbon peptide stapling provided more potential for peptide therapeutics.
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between those of small molecules and biomacromolecules
(proteins and antibodies), peptides are regarded as suitable

Introduction

Protein-protein interactions (PPIs) regulate several signaling
pathways and physiological processes,"* and dysfunction of
these interactions is thought to be associated with many
human diseases.>” Therefore, targeting specific protein-
protein interactions to achieve the treatment of related
diseases is currently a research hotspot in drug design.®*™*
Benefiting from their unique physiochemical properties
including the flexible backbone structure and a molecular size
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candidates for modulating or interfering with PPIs.">*?
However, linear peptides are rarely able to spontaneously form
stable secondary structures (mostly helices) in solution,
resulting in poor in vivo stability and membrane imperme-
ability, which represent major stumbling blocks for peptide
drug development.****

Currently, the most straightforward and effective chemical
modification to stabilize peptide helices is the peptide stapling
strategy. It refers to the concept of peptide side-chain cross-
linking via the peptidic or non-peptidic structure, such as
disulfide surrogates,”” lactams,***' triazole,”>* and other
compounds,**® to preorganize a stable helical conformation
with a reduced entropic penalty. Stapling strategies such as via
dithiocarbamate®” (DTC), formaldehyde crosslinking,*® sulfon-
amide* and other stapling strategies'**°>* were recently devel-
oped, which successfully improved the physicochemical and
pharmacological properties of linear peptides. Among these
stapling strategies, the all-hydrocarbon stapling strategy devel-
oped by Verdine and co-workers* is regarded as the most
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established one and has been applied in inhibiting diverse
PPIs.***® The i, i + 4 position side-chain cross-linking was real-
ized via the Grubbs reagent-catalyzed ring-closing metathesis
(RCM) reaction between olefin-bearing amino acids S-2-(4-
pentenyl)Ala-OH (Ss) and/or R-2-(4-pentenyl)Ala-OH (Rs). A
notable example was ALRN-6924, an all-hydrocarbon stapled
peptide antagonist of both MDM2 and MDMX, which reac-
tivated the p53 pathway to kill tumor cells and has entered
Phase 2 trials for advanced solid tumors and lymphomas.*®
Another important case is the stapled peptide developed by Axel
T Brunger's team, which was proven to be capable of treating
the inability to control mucus in the respiratory tract.*’ Peptide
stapling has solved the druggability problem of peptide drugs to
some extent. However, to expand the chemical diversity and
continue investigating their potential, more stapling blocks
with different chemical structures are still highly advantageous.
For example, our research group has developed a series of new
stapling amino acids containing natural amino acid side chains
that can be used in the standard stapling chemistry of stable a-
helical conformation peptides** (Fig. 1A).

Recently, cyclobutane-based conformationally constrained
amino acids have been successfully used in solid-state NMR
spectroscopy studies to determine the structure, alignment, and
dynamics of membrane-bound peptides under quasi-native
conditions.**** These unnatural amino acids are similar to
the natural amino acids in steric size, polarity, ionizability, and
conformational propensities, which may not perturb the native
structure or function of peptides. Additionally, they are highly
compatible with the standard procedures of peptide synthesis.
Most importantly, the cyclobutane-based conformationally
constrained structure ensures that the '°F reporter group is in
a geometrically well-defined position relative to the peptide
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backbone.*” Because one of the important goals of peptide
stapling is to restrict peptide backbone conformations, it
remains interesting to explore whether these conformationally
constrained amino acids may provide more rigid structures in
stapled peptide development, resulting in better pharmacolog-
ical activities.

As presented in Fig. 1B, we described herein the rational
design and synthesis of novel cyclobutane-bearing restricted
anchoring residues, termed (E)-1-amino-3-(but-3-en-1-yl)
cyclobutane-1-carboxylic acid (E;) and (Z)-1-amino-3-(but-3-en-
1-yl)cyclobutane-1-carboxylic acid (Z,). Both and either E; and
Z, could be used in RCM-mediated hydrocarbon peptide
stapling. Four geometry-specific stapled peptides involving E,-
E,, E;-Z, Z-Z, and Z-E-, combinations were obtained, of which
the E,-E; combination was proven to be optimal in the RCM
reaction according to both in silico and on-resin experiments.
Therefore, combining quantum and molecular mechanics, we
demonstrated that the E,-E,; combination exhibited the highest
helical content in secondary structural stabilization. A series of
cyclobutane-bearing stapled peptides, with the spike protein of
SARS-CoV-2 as the target, were obtained and E,-E, geometry-
specific stapled peptides were proven to display the highest a-
helicity and best biological activities among varying isomers.

Results and discussion

As presented in Scheme 1, the chemical synthesis of E; and Z,
was completed using the commercially available hex-5-en-1-ol (3)
as the starting material. In general, benzyl protection was easily
implemented on hydroxyl group 3 with the treatment of NaH
and BnBr to provide compound 4. Ketone 5 was obtained from
compound 4 via a [2 + 2] cycloaddition with dichloroketene

A:Previous work by Verdine and our group: all-hydrocarbon peptide stapling

7 .
X , R g /i
HO,C' NHFmoc R . =\
SPPS Y i.Grubbs catalyst )
R=CH, R,/S, —_— : R = —
: ii.Global cleavage
R=H
R=natural side-chain AA* il E7'E7
B:This work:geometry-specific hydrocarbon peptide stapling
cyclobutane-bearing
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residues 7T

COH
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7
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Fig. 1

Lowest Gibbs energy
of RCM reaction

© Highest helical content

Best proteolytic stability

E7'E7 E7'Z7 Z7'Z7 Z7'E7

(A) Previous all-hydrocarbon peptide stapling strategies anchoring from Ss, Rs or AA* with natural side-chains developed by Verdine and

our groups. The cyclization procedure was performed with the aid of Grubbs reagent-catalyzed ring-closing metathesis (RCM) reaction. (B)
Cyclobutane-bearing restricted anchoring residues E; and Z; were rationally designed and synthesized. Similar RCM reactions were applicable
for geometry-specific hydrocarbon peptide stapling, to afford four varying stapled peptides involving E;-E;, E;-Z;, Z;-Z; and Z;-E; paired
residues. The E;-E; combination involving stapled peptide was proven to be optimal, exhibiting the lowest Gibbs energy of the RCM reaction, the
highest helical content and the best proteolytic stability.
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cyclobutane-bearing restricted anchoring residues
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Scheme 1 The synthetic route of cyclobutane-bearing restricted anchoring residues E; and Z,.

generated in situ from trichloroacetyl chloride and a copper-zinc
alloy and following a hydrogenation reaction catalyzed by zinc
powder in acetic acid. The following Strecker reaction with
benzylamine and trimethylsilyl cyanide (TMSCN) provided ami-
nonitrile 6 as a 3:1 mixture of stereoisomers that were easily
separated by column chromatography on silica gel. 6a and 6b
were then subjected to acidic hydrolysis with 6 M hydrochloric
acid. The following Pd-catalyzed hydrogenolysis of the benzyl
protection, N-Fmoc protection with Fmoc-OSu, and treatment
with (trimethylsilyl)diazomethane provided compounds 7a and
7b. To perform the Grieco-Sharpless olefination reaction, 7a and
7b were reacted with o-nitrophenyl selenocyanate and tribu-
tylphosphine to yield 8a and 8b, and the subsequent elimination
transformed 8a and 8b into the olefinic intermediates 9a and 9b,
respectively, via the oxidation of hydrogen peroxide. Finally,
selective deprotection of methyl esters was realized with the
treatment of trimethyltin hydroxide to provide target amino
acids E; and Z; whose absolute geometries were confirmed by
following NOESY experiments (Fig. S17).

With E; and Z; in hand, our next plan was to perform the
RCM-mediated peptide stapling on resin. Either E; or Z, could
be introduced at i, i + 4 space, representing four varying
combinations. Density functional theory (DFT)-based theoret-
ical calculation was first performed to explore the RCM reaction
involving different combinations of E; and Z,, starting from Ac-
E,/Z,-Ala-Gly-Ala-E,/Z,-NH, peptide sequences. As presented in
Fig. 2A, the Gibbs free energies (A,G,,) of the four combinations
of RCM reactions were —1.76, 0.24, 0.43 and —0.50 kcal mol™*,
respectively. According to the thermodynamic principle, the

© 2023 The Author(s). Published by the Royal Society of Chemistry

more negative the A,G,, the easier it was to perform the reac-
tion, resulting in more stable products. Therefore, it could be
predicted that, compared with those of E,-Z; and Z,-Z, combi-
nations, the RCM reactions of E,-E; and Z,-E, combinations
were easier to perform and the former combination serves as
the optimal one.

With the in silico energetic analysis as the reference, we next
synthesized four stapled peptides through solid-phase peptide
synthesis (SPPS) anchoring from cyclobutane-bearing restricted
E, and Z, (Fig. 2B). E; and Z, were introduced into the peptide
backbone using O-(6-chloro-1-hydroxybenzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HCTU)/N,N-diiso-
propylethylamine (DIPEA) coupling reagents to obtain on-resin
linear peptides (on-resin 1a-d). Then first generation of the
Grubbs reagent enabled the RCM reaction to provide on-resin
intermediates (on-resin 2a-d). Finally, crude target peptides
2a-d with different combinations (E,-E;, E;-Z,, Z,-Z, and Z,-E-)
were successfully obtained after cleavage and global depro-
tection in the presence of trifluoroacetic acid (TFA)/H,O/
triisopropylsilane (TIPs). Subsequent analysis and identifica-
tion via high performance liquid chromatography (HPLC) and
mass spectrometry (MS) demonstrated that all the macro-
cyclization processes were completed with satisfactory conver-
sion rates (84-95%). After purification by semi-preparative
reversed-phase HPLC, geometry-specific stapled peptides 2a-
d were obtained in high isolated yields from 24% to 38%
(Fig. 2C). Notably, 2a was obtained with the highest conversion
(95%) and isolated yield (38%), consistent with the theoretical
calculation results. The above results demonstrated that these

Chem. Sci., 2023, 14, 11499-11506 | 11501
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Fig. 2 Geometry-specific hydrocarbon stapled peptides were generated by combining E;-E;, E;-Z;, Z,-Z; and Z,-E; paired residues and the
consequent RCM reaction. (A) The substrates Ac-E;/Z;-Ala-Gly-Ala-E;/Z;-NH, and the stapled peptides products from the RCM reaction and
their theoretical Gibbs free energy obtained by density functional theory (DFT). E;-E; was proven as the best combination. (B) The synthesis route
of geometry-specific stapled peptides 2a—2d. [a] The conversions were calculated based on the RCM reaction. [b] The yields represented the

overall isolated yields starting from the first-step resin loading. (C) The cri

ude and purified analytic HPLC traces of 2a—2d. It was confirmed that

E;-E; was the optimal combination with the highest conversion, which was consistent with the results of DFT.

cyclobutane-bearing restricted anchoring residues were effi-
cient for generating the geometry-specific and hydrocarbon
stapled peptides, and the involving RCM reactions were highly
compatible with SPPS.

After verification of the operability of E; and Z, for RCM-
mediated peptide stapling, the next step is to evaluate their
ability to stabilize the secondary structure of these geometry-
specific stapled peptides. SARS-CoV-2 is highly pathogenic
and infectious. The acute respiratory disease pandemic that
started in 2019 has seriously endangered human public

1502 | Chem. Sci, 2023, 14, 1499-11506

safety.***” The formation of 6-HB (HR1-HR2 complex) during
spike protein-mediated membrane fusion can be used as
a conserved and potential target for the design of fusion
inhibitors.**** Therefore, we selected our team's previously
developed stapled SEK1-12 peptide (unpublished data), which
targets the HR1 domain of the SARS-CoV-2 spike protein, as
a template peptide. We constructed and efficiently obtained the
stapled peptides SEK1-12-1, SEK1-12-2, SEK1-12-3 and SEK1-12-
4 using cyclobutane-bearing restricted anchoring residues E,
and/or Z, (Fig. 3A).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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A
Peptide Sequence a-::;i‘:i‘t:;e(c‘l% ) Distance (A) Pitch (A) Area (A?)
EK1 Ac-SLDQINVTFLDLEYEMKKLEEAIKKLEESYIDLKEL-NH, 33.5 - 52 -
SEK1-12  [Cyc(21, 25)] Ac-SLDQINVTFLDLEYEMKKLESAIKS;LEESYIDLKEL-NH, 471 6.6 54 17.8
SEK1-12-1  [Cyc(21, 25)] Ac-SLDQINVTFLDLEYEMKKLEE;AIKE;LEESYIDLKEL-NH, 54.5 6.5 6.1 224
SEK1-12-2  [Cyc(21, 25)] Ac-SLDQINVTFLDLEYEMKKLEE;AIKZ,LEESYIDLKEL-NH, 50.9 6.3 5.6 221
SEK1-12-3  [Cyc(21, 25)] Ac-SLDQINVTFLDLEYEMKKLEZ,AIKZ,LEESYIDLKEL-NH, 45.4 6.1 55 215
SEK1-12-4  [Cyc(21, 25)] Ac-SLDQINVTFLDLEYEMKKLEZ,AIKE,;LEESYIDLKEL-NH, 44.3 5.6 5.6 21.2
B

EK-1

SEK1-12

SEK1-124 SEK1-12-3 SEK1-12-2 SEK1-12-1

T ENNg i "HEEG EH (o}

SEK1-12

SEK1-12-1

SEK1-12-3

SEK1-124

Fig. 3 Theoretical calculation prediction of stapled peptides. (A) Sequence diagrams of stapled peptides with theoretical predictions. (B) The
change of the secondary structure of stapled peptides with simulation time. T: hydrogen bond angle; E: parallel beta fold; B: residue within the
independent beta bridge; H: a-helical; G: 310-helical; I: 7w-helical; C: random crimp. (C) Schematic diagram of the three-dimensional structure of
the EK1 and its stapled peptides, where D represents the anchor distance and T represents the pitch.

Based on reasonable stapled peptide structures, the helicity
of the six peptides was analyzed in detail by using long time
molecular dynamics simulations. Fig. 3B shows the change of
the secondary structure of stapled peptides with simulation
time after quantum mechanics optimization. There is a great
difference in helicity distribution among the six systems, and
the order from high to low is SEK1-12-1 > SEK1-12-2 > SEK1-12 >
SEK1-12-3 > SEK1-12-4 > EK1. Specifically, SEK1-12-1 and SEK1-
12-2 both can maintain the screw well: anchor distance D and
pitch T both are distributed in an optimal range, and the
abduction area S was the largest, which is more flexibility and
conducive to promoting the stability of the screw (Fig. 3C). In
terms of SEK1-12-3 and SEK1-12-4, only one of the D and T
parameters is in the appropriate range, and the abduction area
S is also relatively small, which results in unstable screw with
low helicity. The abduction area S of SEK1-12 decreased
significantly, but the spiral stability was actually higher than
that of SEK1-12-3 and SEK1-12-4, which may be related to the

© 2023 The Author(s). Published by the Royal Society of Chemistry

replacement of cyclobutane at the anchor point. Compared with
EK-1, the other five systems (SEK1-12, SEK1-12-1, SEK1-12-2,
SEK1-12-3 and SEK1-12-4) all contain a stapled structure, and
the helicity has been greatly improved as expected. To sum up,
the helicity of stapled peptides is related to many factors, such
as fatty linker and chirality, affecting the distance D between
anchoring residues, the helix pitch T, and the abducting area S.
These predictive results theoretically suggested that some of
these geometry-specific hydrocarbon stapled peptides may
provide better secondary structure stability than the classical
all-hydrocarbon stapled peptides, which motivated us to
perform a follow-up in-depth exploration.

As such, all EK1-derived stapled peptides were successfully
synthesized with efficient yields (26-32%). Then, their
secondary structures were analyzed by circular dichroism (CD)
experiments (Fig. 4A and B). The results indicated that the
linear peptide EK1 exhibited a weak helical conformation with
a helicity of 13.6%. It has been reported that the a-methyl group

Chem. Sci., 2023, 14, 11499-11506 | 11503
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A

Peptide  a-Helicity (%)  Typ(h)  ICey(uM)
EK-1 13.6 3.2 91.8
SEK1-12 415 94 6.3
SEK1-12-1 59.2 >12.0 3.5
SEK1-12-2 43.4 10.3 19.2
SEK1-12-3 39.8 7.7 35
SEK1-12-4 36.2 8.7 5.1
C
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Fig. 4 The combinations of E;-E;, E;-Z7, Z;-Z;, Z,-E; were applied to anti-SARS-CoV-2 peptides, thus generating geometry-specific stapled
peptides. (A) Sequence diagram of the stapled peptides, and a-helical, half-life in chymotrypsin and ICsq anti-SARS-Cov-2 values. (B) The
secondary structure of EK1 and its stapled peptides were analyzed by CD. It was proved that SEK1-12-1 of E;-E; combination has the highest
helical content among all peptides. (C) Protease stability of stapled peptides. The 0.5 ng mL ™! a-chymotrypsin was co-incubated with peptides,
and the remaining peptide percent was monitored by analytic HPLC. (D) Live SARS-Cov-2 infection assay in vitro. The peptides of different
concentrations were co-incubated with monolayer Vero-E6 cells, followed by the addition of SARS-CoV-2. Data are shown as the mean + SEM

of three independent experiments.

can enhance the helical stability of stapled peptides.*® For
validating the role of the introduced a-methyl and cyclobutyl
groups of the stapled peptides in helical stabilization, we
synthesized another stapled peptide counterpart without the o-
methyl group, termed SEK1-12-5, and determined its helical
content through experimental and theoretical calculations (Fig.
S27). The helicity of SEK1-12-5 was 33.8%, which was lower than
41.5% of SEK1-12 and 59.2% of SEK1-12-1. Notably, the helical
contents of the geometry-specific hydrocarbon stapled peptides
exhibited a significant difference, ranging from 36.2% to 59.2%.
Among them, SEK1-12-1 (E;-E;) exhibited the highest helicity,
approximately 1.5-fold that of SEK-1-12. These results indicated
that the geometry-specific hydrocarbon stapling strategy could
improve the helicity of linear peptides and classic hydrocarbon
stapled peptides. More importantly, consistent with the theo-
retical calculation results, this improvement effect can be more
pronounced than classical all-hydrocarbon stapling when
properly paired E; and E, residues participated. Subsequently,
a-chymotrypsin was incubated with these stapled peptides to
evaluate its protease stability (Fig. 4C). 95% of the linear peptide
quickly degraded after approximately 12 h of exposure, with
a halflife of 3 h (E,-E;). In sharp contrast, all the stapled

1504 | Chem. Sci, 2023, 14, 11499-11506

peptides exhibited obviously enhanced proteolytic stability, of
which more than half SEK1-12-1 remained intact even after 12 h
of exposure. This remarkable proteolytic stability was similar to
that of previously reported cyclobutene-bearing cyclopeptides.>

To verify the antiviral activity of these peptides, we tested
their inhibitory activity against live SARS-CoV-2 in a Biosafety
Level 3 (BSL-3) facility at the Second Military Medical University
(Fig. 4D). It was demonstrated that all the peptides were capable
of inhibiting the replication of SARS-CoV-2 in a dose-dependent
manner and the stapled peptides exhibited improved inhibitory
activity than the original peptide EK1. Of note, except for SEK1-
12-2, geometry-specific hydrocarbon stapled peptides exhibit
better inhibitory activity than classical stapled peptides, indi-
cating another effective stapling structure in SARS-CoV-2
peptide inhibitor development.

Conclusions

In this study, we have designed and efficiently obtained two
unique cyclobutane-bearing conformationally restricted and
olefin-terminated amino acids, termed E; and Z,. Using E, and/
or Z, as a paired combination, four kinds of geometry-specific

© 2023 The Author(s). Published by the Royal Society of Chemistry
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stapled peptides could be generated with the aid of the RCM
reaction by in silico and on-resin experiments, of which the E,-
E, combination initiated stapling reaction was proven to be
optimal. Targeting the spike protein HR1 domain of SARS-CoV-
2 as a template peptide, we designed four geometry-specific
hydrocarbon stapled peptides and also proved that SEK1-12-1
with E;-E; combination exhibited the highest helical content
using the combined quantum and molecular mechanics.
Furthermore, SEK1-12-1 indeed exhibited the most stable
helical conformation, the best proteolytic stability and thus the
best anti-SARS-CoV-2 HR1 inhibitory activities. To sum up, our
developed cyclobutane-bearing conformationally restricted
anchoring residues with novel structure diversity were highly
compatible with SPPS and RCM-mediated stapling chemistry.
The generated geometry-specific hydrocarbon stapled peptide
triggered from the E,-E; combination was proven to be advan-
tageous to the classic stapled counterpart in helical stabiliza-
tion. In this regard, this methodology possesses great potential
to expand the scope and structural diversity of the existing
peptide stapling strategy. And thorough applications of this
novel method into biologically active peptides are underway in
our laboratory.
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