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ABSTRACT

The COVID-19 pandemic drove a uniquely fervent pursuit to explore the potential of peptide, antibody, protein, and small-
molecule-based antiviral agents against severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2). The interaction be-
tween the SARS-CoV2 spike protein with the angiotensin-converting enzyme 2 (ACE2) receptor that mediates viral cell entry was
a particularly interesting target given its well-described protein—protein interaction (PPI). This PPI is mediated by an o-helical
portion of ACE2 binding to the receptor binding domain (RBD) of the spike protein and thought to be susceptible to blockade
through molecular mimicry. Small numbers of hydrocarbon-stapled synthetic peptides designed to disrupt or block this interac-
tion were tested individually and were found to have variable efficacy despite having related or overlapping sequences and sim-
ilarly increased a-helicity. Reasons for these differences are unclear and reported preclinical successes have been limited. This
study sought to better understand reasons for these differences through evaluation of a comprehensive collection of hydrocarbon-
stapled peptides, designed based on four distinct principles: stapling position, number of staples, amino acid sequence, and pri-
mary sequence length. Surprisingly, we observed that the helicity and amino acid sequence iterations of hydrocarbon-stapled
peptides did not correlate with their bioactivity. Our results highlight the importance of iterative and combinatorial testing of
these compounds to determine a configuration that best mimics natural binding and allows for chain flexibility while sacrificing

structural helicity.

1 | Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
was responsible for the global outbreak of coronavirus disease
2019 (COVID-19), which caused a profound worldwide health-
care crises [1]. COVID infection presents with a broad range
of symptoms, including fever, cough, and respiratory distress,
often necessitating hospitalization for oxygen support and as-
sisted ventilation in severe cases. The unprecedented surge in

healthcare demand during the peak of the pandemic exerted im-
mense strain on healthcare infrastructures, prompting a rapid
and intensive research effort aimed at developing novel and tar-
geted antiviral therapeutics specifically tailored to combat this
viral pathogen [2].

The viral infection by SARS-CoV-2 is initiated through a crit-
ical protein-protein interaction (PPI) involving the receptor
binding domain (RBD) of the spike glycoprotein (S-protein) and
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the angiotensin-converting enzyme 2 (ACE2) receptor, which
is prominently expressed on epithelial cells of many tissues
including the heart, blood vessels, kidneys, liver, gastrointes-
tinal tract, and lungs [3]. Cryo-electron microscopy (cryo-EM)
rapidly elucidated the crystal structure of this PPI (Figure 1a).
This structure provided evidence that the interaction between
the two proteins is predominantly facilitated by the ACE2 helix
al. The ACE2 helix al encompasses several crucial amino acids
that engage in side chain interactions, with the viral S-protein
contributing to the molecular SARS-CoV-2 cellular recognition
process (Figure 1b) [4].

Following the determination of the S-protein:ACE2 PPI, there
were a number of reports which utilized stapling of peptides
made in the likeness of helix a1 in an effort to block binding of
SARS-CoV-2 to target cells [6-9]. Despite diverse design strat-
egies employed by different groups in testing small numbers
of peptides, including stapling of different primary sequence
lengths (22-mer [7] to 35-mer [10]), utilization of different
staple lengths (i, i+4 or i, i+7 [8]), and so forth, there has
been mixed results in terms of downstream efficacy against
either pseudo virus or authentic SARS-CoV-2, with the best-
performing peptide candidates displaying micromolar IC.,
values [11].

The primary objective of this study was to elucidate the underly-
ing challenges associated with targeting this specific PPI using
hydrocarbon-stapled peptides when tested against one another.
In this context, we present a comprehensive and systematic com-
pilation of stapled peptides designed and synthesized based on
various design parameters. Additionally, we employ orthogonal
characterization techniques to evaluate their secondary struc-
tures and therapeutic effectiveness. Through our analysis, we
determined key design principles that play pivotal roles in de-
termining efficacy of this class of molecules against the SARS-
CoV-2 target. We believe our work sheds light on determining
why previous attempts to target this PPI with stapled peptides
have proven challenging and may help illuminate future strate-
gies to drug similar PPIs with stapled peptides.

(c) ACE2 a1-helix

FIGURE1

30

2 | Materials and Methods

All experiments mentioned in this article were performed in ac-
cordance with the standard safety guidelines of The University
of Chicago Environmental Health & Safety.

2.1 | Peptide Synthesis Reagents

All chemicals utilized in this study were used as received are
as follows: Amino acids, N,N-diisopropylethylamine (DIPEA),
the activating reagent (1-[bis(dimethylamino)methylene]-1H-
1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate
[HATU]), Grubbs catalyst, acetic anhydride (Ac,0), piperi-
dine, triisopropylsilane (TIS), trifluoroacetic acid (TFA), un-
natural amino acid (S)-N-Fmoc-2-(4"-pentenyl) alanine (S5),
1,2-dichloroethane (DCE), fluorescein isothiocyanate isomer I
(FITC), and rink amide resin LL (100-200 mesh, 0.26 mmol/g
loading) were purchased from Millipore Sigma. N,N-
dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP), and
dichloromethane (DCM) were purchased from Gyros Protein
Technologies. Diethyl ether, acetonitrile (ACN) was purchased
from Thermo Fisher Scientific.

2.2 | Peptide Synthesis and Purification

Hydrocarbon-stapled peptides were synthesized using stan-
dard Fmoc solid-phase peptide synthesis (SPPS) [12-16].
In brief, peptides were prepared at a 200 umol scale on rink
amide resin using an automated synthesizer (Prelude X,
Gyros Protein Technologies). The automatic synthesizer pro-
ceeded as follows unless otherwise specified: The resins were
swelled in DMF for 30 min, then were deprotected for 20 min
with 20% piperidine in NMP. The coupling reaction was con-
ducted for 60min with 10eq. of the appropriate amino acid
dissolved in NMP at 0.3M, 9.5eq. HATU dissolved in NMP at
0.285M, and 20eq. DIPEA dissolved in NMP at 0.6 M. After
each coupling step, a capping solution (4:1:0.1 NMP/Ac,0/

40 50
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| Structural interactions between SARS-CoV-2 spike glycoprotein and human ACE2 receptor. (a) Crystal structure of the SARS-CoV-2

spike glycoprotein (S-protein) (cyan) with the human ACE2 receptor (purple) bound (PDB: 7A94 [5]). The ACE2 helix a1 is highlighted in orange.
(b) PPI interface of interest between critical residues of ACE2 helix a1 and the RBD of the SARS-CoV-2 spike glycoprotein (S-protein) with main
interacting amino acid side chains depicted. (c) The human ACE2 helix a1 native amino acid sequence.
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DIPEA) was applied for 10 min to cap any unreacted chains.
Five washes were performed in between steps with alternat-
ing DMF/DCM.

Hydrocarbon stapling was achieved by replacing the corre-
sponding residues with o,a-disubstituted non-natural amino
acid S5, followed by four rounds of ring closing metathesis
reaction catalyzed by 8mL of 1st generation Grubbs catalyst
(4mg/mL in DCE) for 3h. Double-stapled peptides were synthe-
sized in a similar fashion as previously reported [17]. Following
the last deprotection step, peptide acetylation was achieved by
incubation with the capping solution for 20 min. Portions of
Fmoc-protected resin were deprotected, coupled with beta-
alanine, then FITC-functionalized before cleavage.

Peptides were cleaved in a cleavage cocktail (95:2.5:2.5
TFA:TIS:water) for 2h. The final peptide was precipitated by
adding the cleaved peptides to ice-cold diethyl ether. The mix-
ture was centrifuged, and the supernatant discarded. The re-
sulting peptide was then resuspended in a 1:1 mixture of ACN
and water for reverse phase HPLC (RP-HPLC) purification
using a Shimadzu system with a waters column (C18, Xbridge
BEH OBD Prep column, 19mmXx150mm, 5pum particle size
and 130 A pore size). All peptides used in this study were >95%.
LCMS traces for all peptides are shown in Figures S1 and S2.
Concentrations of purified peptides were determined through
amino acid analysis (Proteomics Core Facility, University of
California Davis, Davis, CA).

2.3 | Circular Dichroism

Secondary structure was analyzed using a circular dichro-
ism (CD) spectrometer (J-815, JASCO Corporation) similarly
as previously described [14, 18]. Briefly, sample solutions were
prepared at 25uM concentration in 10mM phosphate buffer
(pH=7.4) and transferred into an absorption cuvette with 1 mm
path length (110-QS, Hellma, Inc.). Pure buffer solutions were
used for the background correction. Unless otherwise specified,
for full wavelength scans, sample spectra were recorded from
185 to 255nm at desired temperatures, with a scanning rate of
50nm/min and averaged over three wavelength scans. Data
points for the wavelength-dependent CD spectra were recorded
at every 0.05nm with a 1 nm bandwidth and a 4-s response time
for each data point. To measure any potential denaturation and
hysteresis, full wavelength scans were performed both increas-
ing and decreasing temperature between 5°C and 95°C at 10°C
intervals. The heating/cooling rate was set to 4°C/min, and
1min was allowed after reaching each temperature point for
sample equilibration. The CD data were converted to mean resi-
due ellipticity using the formula [19]:

O(millid
6(deg - cm? - dmol 1) = —millidegree)
L(mm) - ¢(M) - N

in which, 6 is the measured ellipticity in millidegree, L is the
pathway length of CD cuvette in millimeter, c is the peptide solu-
tion molar concentration in mol/L, N is the number of amino
acid residues. The values of 6 at 222nm were used to monitor

temperature-dependent behavior and converted to a percent
alpha helicity using formula [20]:

0222
—400- [1— ( 25

%Helicity =

number of AAs

)]+1eo

2.4 | SARS-CoV-2 Spike RBD Production
and Purification

Production of the spike protein RBD (Spike319-541; GenBank:
MN908947.3) was carried out as previously described [21].
Briefly, expression plasmids on the pCAGGS backbone con-
taining mammalian codon-optimized sequences for this
gene were obtained from Florian Krammer's laboratory
(Icahn School of Medicine at Mount Sinai, New York, NY).
Suspension-adapted HEK-293F cells were maintained in
serum-free FreeStyle 293 Expression Medium (Gibco). On the
day of transfection, cells were inoculated at a concentration
of 1x10° cells/mL. Plasmid DNA (1 mg/mL) was mixed with
linear 25kDa polyethyleneimine (2 mg/mL; Polysciences) and
co-transfected in OptiPRO SFM Medium (4% final concentra-
tion; Gibco). Flasks were cultured in an orbital shaking in-
cubator (135rpm, 37°C, 5% CO,) for 7days. Culture medium
was then collected by centrifugation, filtered, and loaded into
a HisTrap HP 5mL column (GE Healthcare) using an AKTA
Pure 25 (GE Healthcare). After washing the column with wash
buffer (20mM NaH,PO, and 0.5M NaCl, pH=8.0), the pro-
tein was eluted using a gradient of 500 mM imidazole in wash
buffer. The protein was further purified by size-exclusion
chromatography using a HiLoad Superdex 200PG column
(GE Healthcare) with PBS as an eluent. Dimers of RBD were
reduced by the addition of dithiothreitol (1 mM), which was
subsequently dialyzed against PBS. All purification steps
were carried out at 4°C. The expressed proteins were verified
to be >90% pure through SDS-PAGE. Protein concentration
was determined by absorbance at 280 nm using a NanoDrop
spectrophotometer (Thermo Scientific). Proteins were stored
at a concentration of 0.9 mg/mL at —80°C until use.

2.5 | Fluorescence Polarization Assay

Binding between recombinant spike protein and stapled peptides
was measured using fluorescence polarization (FPA) similar to
previously described [15, 16]. A protein dilution buffer was pre-
pared using the following recipe: 20mM Tris buffer (pH=23.0),
150mM NaCl, 1mM MgCl,, 0.5mM tris(2-carboxyethyl)phos-
phine (TCEP), 0.01% Tween 20 [18]. To prepare the dilution se-
ries, the spike RBD protein stock solution was serially diluted
six times by 3-fold from 9uM using the protein dilution buffer.
FITC-labeled peptides were first dissolved in DMSO as 10mM
stock solutions, and then diluted in the protein dilution buffer
to a final concentration of 25nM. Peptides were mixed with pro-
tein solutions at a 1:9 ratio on black opaque 384-well microplates
(Corning) and incubated for 30 min before measurements using a
Synergy Neo HST plate reader. The data were fitted to a one-site-
specific binding model in Prism to calculate binding constants.
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2.6 | Authentic SARS-CoV-2 Inhibition Assay

The viral inhibitory efficacy of all peptides was evaluated
with live SARS-CoV-2 virus based on a previously reported
method [21]. Five hundred plaque forming units of the SARS-
CoV-2virus (nCoV/Washington/1/2020, kindly provided by N.
Thornburg, CDC via the World Reference Center for Emerging
Viruses and Arboviruses, Galveston, TX) were incubated with
4 x 10-fold serial dilutions of all peptides or controls for 1h in
DMEM without fetal bovine serum. Viruses were then loaded
onto ACE2-A549 cells (kindly provided by B. R. tenOever,
NYU Grossman School of Medicine, New York, NY and val-
idated as previously reported [22]) and incubated for 72h at
low serum conditions (2%) in 96-well clear flat bottom plates
(Corning) at a density of 20,000 cells per well. Postinfected
cells were washed with PBS, fixed with 10% formalin, and
stained with crystal violet to detect remaining live cells.
Absorbance of stained cells was quantified at 595nm using a
Tecan Infinite 200Pro plate reader. Absorbance values were
then normalized to no treatment controls (0% inhibition) and
mock-infected controls (100% inhibition).

3 | Results

3.1 | Peptide Design

Previous reports testing small numbers of hydrocarbon-stapled
peptides have explored a multitude of stapling strategies based
on the linear sequence of ACE2 a1 helix [7-9]. Existing literature

using stapled peptides made in the likeness of the ACE2 al helix
have shown micromolar affinities and antiviral effectiveness

TABLE1 |

only at considerably high doses, if at all [7-9]. Based upon these
results we aimed to identify peptide design parameter(s) that
may have limited the efficacy of stapled ACE2 al helix peptides
in previous reports. To do this, we synthesized an extensive pep-
tide library based upon multiple stapled peptide design princi-
ples, including staple position, staple number, and amino acid
sequence modifications [12, 23]. The resulting panel of stapled
alpha helices (SAH) of the ACE2 al helix (SAH-ACE) is sum-
marized in Table 1.

SAHs were designed with one or two i, i+4 hydrocarbon sta-
ples. We pursued two primary lengths of peptides based on cov-
erage of the entire ACE2 ol helix. Native, unstapled, peptides
(ACE2[21-43] and ACE2[19-45]) were used as peptide controls
to compare effects of stapling on efficacy. The first group of sta-
pled peptides reflected an i, i+ 4 staple “walk” down the length
of the ACE2 a1 helix (sSSAH-ACE2-1 to 6) while avoiding substi-
tution of interacting residues responsible for the S-protein:ACE2
PPI interface. These SAHs were designed to explore the effect of
stapling position while minimizing undesired steric hindrance
to peptide-protein complexation (Figures S3 and S4). A second
group of SAHs using the same primary amino acid sequence was
designed with two i, i +4 staples (ASAH-ACE2-7 to 10) to deter-
mine the effect of enhanced a-helical rigidity on affecting this
PPI (Figures S3 and S4). To further test, if distance between the
two staples affects their efficacy, another group of dSAHs were
iterated by expanding the 23 amino acid base sequence by two
residues on both the C- and N-terminus. Here, we aimed to com-
pare the efficacy of SAHs with evenly spaced (ASAH-ACE2-11 to
15) or SAHs with maximally distanced staples (ASAH-ACE2-17
to 21). Lastly, we tested base amino acid sequence alternatives
to functionally test published in silico screen results suggesting

Single and double-stapled SAH-ACE2 peptides tested in this study.

ACE2(21-43)  IEEQAKTFLDKFNHEAEDLFYQS -4
sSAH-ACE2-1  XEEQXKTFLDKFNHEAEDLFYQS -4
| |
sSAH-ACE2-2  IXEQAXTFLDKFNHEAEDLFYQS -4
sSAH-ACE2-3  IEEQAKTXLDKXNHEAEDLFYQS -4
| |
sSAH-ACE2-4  IEEQAKTFXDKFXHEAEDLFYQS -4
sSAH-ACE2-5  IEEQAKTFLDKXNHEXEDLFYQS -4
r
sSAH-ACE2-6  IEEQAKTFLDKFNHEXEDLXYQS -4
dSAH-ACE2-7  XEEQXKTFLDKXNHEXEDLFYQS -4
| — | — |
dSAH-ACE2-8  XEEQXKTFLDKFNHEXEDLXYQS -4
dSAH-ACE2-9  IEEQAKTFXDKFXHEXEDLXYQS -4
dSAH-ACE2-10 IEEQAKTXLDKXNHEXEDLXYQS -4

ACE2(19-45)  STIEEQAKTFLDKFNHEAEDLFYQSSL -4

]

[
dSAH-ACE2-11 STXEEQXKTFLDKXNHEXEDLFYQSSL -4

]

[ —
dSAH-ACE2-12 STXEEQXKTNLDKXNHEXEDLFYQSSL -4

]

dSAH-ACE2-13 STXEEQXKLFLDKXNHEXEDLFYQSSL -4

]

i
dSAH-ACE2-14 STXEEQXKTFLEKXNHEXEDLFYQSSL -4

]

[—
dSAH-ACE2-15 STXEEQXKTFLDWXNHEXEDLFYQSSL -5

| |
sSAH-ACE2-16 STIXEQAXTFLDKFNHEAEDLFYQSSL -4

— —
dSAH-ACE2-17 STIXEQAXTFLDKFNHEAEDLXYQSXL -4

]

—i
dSAH-ACE2-18 STIXEQAXTNLDKFNHEAEDLXYQSXL -4

dSAH-ACE2-19 STIXEQAXLFLDKFNHEAEDLXYQSXL -4
| —_ —/
dSAH-ACE2-20 STIXEQAXTFLEKFNHEAEDLXYQSXL -4

[

—
dSAH-ACE2-21 STIXEQAXTFLDWFNHEAEDLXYQSXL -5

Note: Two native human ACE2 sequences of different amino acid stretches encompassing a 23-mer and 27-mer, ACE2 (21-43; left column) and ACE 2 (19-45; right
column) respectively, were used as biologic templates for SAH synthesis. Residues critical for the interaction between the SARS-CoV-2 S-protein and the ACE2 helix
al are marked by red, point mutations by green, and non-natural amino acids at stapling positions with blue letters. X represents (S)-N-Fmoc-2-(4’-pentenyl) alanine or
S5. Single-stapled peptides have names beginning with sSAH, whereas double-stapled peptides begin with dSAH.
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that certain point mutations, namely, F28N, T27L, D30E, and
K31W, would increase affinity to the natural PPI [24, 25].

3.2 | Secondary Structure and Thermal Stability in
Solution

We next sought to probe the secondary structure and thermal
stability of these stapled peptides in an effort to determine how
staple position, staple number, and amino acid substitutions af-
fected the a-helical nature of the SAH-ACE2 in the setting of dif-
ferent temperatures. Changes in thermal stability could affect
ligand affinity at biologically relevant in vivo temperatures. In
addition, while singly stapled peptides are monomeric at normal
concentrations used to determine helicity in standard CD anal-
yses [26, 27], it is possible that they have conformational flexi-
bility or even aggregate over broad temperature ranges [17, 28].
Thereby, CD spectra were obtained to measure the percent he-
licity of unbound peptides in solution at a broad temperature
range, including physiologically relevant temperatures. Changes
in temperature allowed for using thermal a-helical stability
as a proxy for chain flexibility. In this study, control peptides
ACE2(21-43) and ACE2(19-45), lacking any stapling modifica-
tions, consistently existed as a random coil in solution and with
low a-helicity at all temperatures tested, 4.5% and 11.1%, respec-
tively (Figure 2). Short helical peptides typically do not display
a pronounced o-helical structure in solution due to the entro-
pic cost of maintaining a restricted conformation outweighing
the enthalpic benefit gained from hydrogen bonding within the
peptide backbone [29]. The introduction of a single hydrocarbon
staple into the ACE2(21-43) sequence resulted in significant
enhancements of a-helicity, irrespective of the staple's posi-
tional variance. Notably, peptides with central-region stapling

(@)

100- ACE2(21-43), 4.5%
sSAH-ACE2-1, 15.9%
sSAH-ACE2-2, 16.9%
sSAH-ACE2-3, 25.6%
sSAH-ACE2-4, 24.0%
sSAH-ACE2-5, 16.0%
sSAH-ACE2-6, 14.4%

sSAH-ACE2-16, 21.4%

Helicity, %
o
o
1

LR

ACE2(19-45), 11.1%

dSAH-ACE2-11, 69.5%
dSAH-ACE2-12, 46.7%
dSAH-ACE2-13, 69.5%
dSAH-ACE2-14, 72.4%
dSAH-ACE2-15, 75.6%

Helicity, %
8 3
$  + ot 4 ¢

207 .\‘\0—0—0——0—0———0—"“'
o T T T T 1
0 20 40 60 80 100

Temp, °C

(SSAH-ACE2-3 and sSAH-ACE2-4) manifested the highest in-
crease in a-helicity (25.6% and 24%, respectively), particularly
at and below physiological temperatures (37°C), as compared
to those with staples positioned closer to the N- or C-terminal
ends (Figure 2a). These data, and that of others supports that
the ACE2 al-helix alone is unstructured in solution and is best
locked into an a-helical secondary structure when stapled in the
middle of the sequence allowing for bidirectional propagation of
a-helicity [7-9]. Because of this, we postulated that additional
staples would induce greater and more stable a-helicity. Indeed,
incorporation of two staples resulted in a significant enhance-
ment of a-helicity across a broad temperature range compared
with single-stapled peptides (Figure 2b). However, when the two
staples were positioned further apart, it appeared to induce re-
laxation and increased chain flexibility, consequently resulting
in a decrease in helicity and thermal resistance (Figure 2c,d).
Thus, staple position and number of staples independently affect
a-helicity and structural stability of SAH-ACE?2 peptides across
a broad range of temperatures. Full CD spectra of each peptide
are shown in Figure S5.

3.3 | SAH-ACE2 Affinity for SARS-CoV-2 Spike
RBD Protein

We next compared target binding affinity of the SAH-ACE2
panel to target recombinant SARS-CoV-2 spike protein RBD
(Spike 319-541) using FPA. While unstapled peptides showed no
binding, all SAH-ACE2 peptides displayed micromolar (K ;) bind-
ing affinities to RBD, similar to previously reported affinities of
similar stapled peptide constructs [7-9]. However, we found all
SSAHs failed to reach saturation of binding through the highest
concentration of RBD protein used (9 uM) while dSAHs showed

(b)

100
5 - ACE2(21-43), 4.5%
B -= dSAH-ACE2-7, 60.1%
> 60-
K -+ dSAH-ACE2-8, 47.6%
S 40
T -~ dSAH-ACE2-9, 59.9%
20-
oo o oo -~ dSAH-ACE2-10, 49.2%
0 T T T T 1
0 20 40 60 80 100
Temp, °C
(d)
100 ACE2(19-45), 11.1%
80 dSAH-ACE2-17, 32.1%
60 dSAH-ACE2-18, 39.9%

dSAH-ACE2-19, 31.1%
dSAH-ACE2-20, 35.3%
dSAH-ACE2-21, 31.3%

Helicity, %

40 ‘%‘\‘\‘\A‘H\‘_‘_‘_‘

207 .\'—\0—0—0——0—0—-—0—”"'
0 L] T T I 1
0 20 40 60 80 100

Temp, °C

LIRS I B

FIGURE 2 | Secondary structure and thermal stability analysis of all ACE2-SAHs by circular dichroism (CD). Percent a-helicities calculated
during heating based on the MRE values at 222nm are plotted as a function of temperature with exact values at 35°C listed in the legends. Heating

cycles ranging from 5°C to 95°C is shown. Peptides are plotted on separate panels based on number and position of staples for clarity. (a) single-

stapled peptides, (b) double-stapled 23-mers, (c) double-stapled 27-mers with one staple located across the H34 position, (d) double-stapled 27-mers

with both staples positioned away from H34.
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(a)
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Polarization, mP
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(c)

350

-+ ACE2(19-45), ND

-+ dSAH-ACE2-11, 0.6 um
+ dSAH-ACE2-12, 1.1 um
-+ dSAH-ACE2-13, 0.5 ym
-+ dSAH-ACE2-14, 0.5 ym
© dSAH-ACE2-15, 0.6 pm

Polarization, mP

10— 10-5
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FIGURE 3

(b)

350-
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[
a 250+ I
£ . -+ dSAH-ACE2-7, 0.8 um
- [ ]
.§ 2001 = dSAH-ACE2-8, 0.9 um
g
5 1507 -+ dSAH-ACE2-9, 0.7 um
S
2 100- * dSAH-ACE2-10, 1.6 um
50-
v
o-
10-7 10— 10-5
Spike RBD, [M]
(d)
350-
300
o 250
£ = dSAH-ACE2-17, 0.6 ym
S 2007 + dSAH-ACE2-18, 1.8 ym
K
g 150- + dSAH-ACE2-19, 0.7 um
mo 100- -+ dSAH-ACE2-20, 0.7 pm
50 © dSAH-ACE2-21, 0.5 ym

107 10— 10-%

Spike RBD, [M]

| Binding affinities of SAH ACE2 peptides to recombinant SARS-CoV-2 spike RBD protein as measured by fluorescent polarization.

Binding of sSAHs (a) did not plateau and fitted poorly to the one-site binding model. In contrast, dSAHs (b-d) displayed more saturated binding
curves with micromolar affinities. Unstapled peptides showed no measurable binding. Fitted K, values are listed next to indicated constructs.
Peptides are grouped on separate panels similar to Figure 2. K values for stapled peptides that did not plateau with binding to RBD target were noted

to be above (>) the maximal extrapolated binding calculation.

clear saturation (Figure 3). These results indicate a significant
fold increase in affinities among double-stapled peptides over
single-stapled peptides. Differences in a-helicity in dSAHS were
influenced by factors including peptide length, specific point
mutations, and staple positions (Figure 2). Contrary to our ini-
tial hypothesis, we found no correlation between a-helicity and
binding affinity among dSAHs. Despite significant differences
in o-helicity among dSAH-ACESs (from 31.1% to 75.6% at 35°C),
these ranges did not correspond with variations in binding affin-
ity, with K values ranging from 500nM to 1.6 uM (Figure 3b-d).
These results suggest that there are other factors, beyond strict
conservancy of a-helicity, which influence binding between sta-
pled ACE2 peptides and the RBD target protein.

3.4 | Ability of SAH ACE2 Peptides to Block
SARS-CoV-2 Infection

The biological efficacies of all 23 peptides (Table 1) were next
evaluated using a SARS-CoV-2 viral neutralization assay based
upon previously validated work [21]. ACE2 expressing human

lung epithelial lung carcinoma cells (A549 cells) are simulta-
neously infected with SARS-CoV-2 virus along with increasing
doses of SAH ACE2 peptides (Figure 4a). Surviving cells were
measured 3days following infection and treatment. Peptides
that protected cells from viral-induced cell death included un-
stapled peptides ACE2(21-43) and ACE2(19-45), a single single-
stapled SAH (sSAH-ACE2-1), and multiple double-stapled SAHs
(dSAH-ACE2 10, 11, 15, 17, 19, 20, 21) (Figures 4b,c and S6).
Notably, related peptides dSAH-ACE2-19, 20, and 21 showed the
most robust ability to prevent SARS-CoV-2-mediated cell death
(Figure 4c). We found great variation in the levels of a-helical
secondary structures among the inhibiting SAHs (Figure 2).
This included cell death inhibition by the unstapled peptide
controls, which showed little to no a-helicity or measured target
binding (Figures 2 and 3).

4 | Discussion

When evaluated separately, individual assays used in this and
other reports regarding the use of hydrocarbon-stapled peptides
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FIGURE 4 | Viral inhibition assay with live SARS-CoV-2. (a) Treatment schedule and cell death analysis of human ACE2-A549 cells infected
with SARS-CoV-2 and treated with SAH-ACE2 peptides. (b,c) Percent inhibition of ACE2-A549 cell death following peptide treatment compared
with untreated SARS-CoV-2-infected cells. SAHs not shown in this figure showed no cell death inhibition and are reported in Figure S6. Percent

inhibition per peptide is shown in the order of 100, 10, and 1 uM.

to block the SARS-CoV2 Spike-protein:ACE2 PPI tells its own
story, indicating a unique yet limited perspective of stapled pep-
tide design. However, when viewed collectively, we believe that
these experiments offer intriguing insights into this specific PPI
and have implications that extend to stapled peptide design in
general.

4.1 | Structural Fidelity Is the Most Important
Design Parameter for Stapled Peptides Aimed at
Disrupting the ACE2:SARS-CoV-2 Spike PPI

One of the key insights from this study is that both entropy
and enthalpy play crucial roles in determining the binding af-
finity and activity of stapled peptides [30]. Ideally, a stapled
peptide designed for the purpose of disruption of ACE2:Spike
RBD PPI should adopt a conformation that closely resembles
key structural features of the al helix depicted in Figure 1b.
However, the use of hydrocarbon i, i+4 staples appeared to
impose limitations by favoring rigid a-helical structures along
the z-axis, thereby lacking the ability to mimic the H34 bend
observed in the native structure. This mismatch between the
stapled peptides and the native conformation could explain
why double-stapled peptides with helicities exceeding 75%
were able to effectively block virus-induced cell death only
at micromolar concentrations in vitro. Similar trends can be
expected with i, i+ 7 stapling, as adopted by Curreli, et al.
[8] Here, peptides with more extensive stapling resulted in
higher a-helical propensity (up to 80%), however, the antiviral

activity measured using a multicycle infection assay with
replication-competent authentic SARS-CoV-2 resulted in IC,
of 17.2puM at the lowest. Much like what we observed, such
efficacy is promising, but lower than expected considering the
high a-helical propensity that these peptides displayed. This
is most likely due to the lack of conformation recapitulation
from a straight o-helix.

Interestingly, our data also point to a cooperative effect on
helix induction as influenced by the overall distance between
staples. While a staple in the middle of a peptide would prop-
agate helicity bidirectionally, as demonstrated in Figure 2c,d,
when the staples were placed further apart from one another,
the fold increase in helicity induced following the addition of
the second staple is significantly less compared with when the
two staples are closer together. This may suggest that the co-
operative effect in overall helix formation for peptides with
multiple staples diminishes as the distance between staples
increases.

4.2 | Stapled Peptide Chain Flexibility Appears
Beneficial for Therapeutic ACE2:SARS-CoV-2 Spike
PPI Disruption

Extensive stapling has been recognized as beneficial for sta-
bilizing the a-helicities of long amino acid sequences, such as
those within the ACE2 a1 helix necessary to bind the spike pro-
tein RBD domain, to guarantee a-helical content and reduce
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proteolysis [31, 32]. Solid-phase synthesized a-helical peptides
are inherently more flexible in their unbound state. Therefore,
unlike naturally occurring a-helices that exist within the greater
tertiary structure of their nascent proteins, a large entropy
“penalty” is incurred when these peptides bind their target.
Hydrocarbon stapling serves to mitigate this entropic penalty by
imposing structural constraints on the peptides alone. It is natu-
ral to assume that adding additional hydrocarbon staples would
further enhance this reduction in entropic penalty, leading to
peptides with more favorable binding thermodynamics. The ex-
pectation is that the additional staples would result in binders
with improved energetics, making them more favorable in terms
of their affinity, and possibly, their selectivity for target protein
interactions.

The constraint imposed by multiple i, i + 4 staples may have led
to unfavorable enthalpic changes in the SAH-ACE?2 peptide-S
protein complexation process due to the native bend around
the H34 position. This highly a-helical conformation proved to
be structurally incompatible. Conversely, we believe that ACE2
peptides having less or no stapling at all possessed just enough
chain flexibility to compensate for the overall entropic pen-
alty, as shown by the mild yet significant levels of inhibition
in vitro by unstapled controls ACE2(21-43) and ACE2(19-45).
Recognizing the importance of structural fidelity and mid-
chain flexibility, we synthesized sSAH-ACE2-16 and dSAH-
ACE2-17 through 21, which exhibited decreased o-helical
content but greater flexibility near the H34 bend by having
both staples far from the bent location. These peptides emerged
as the most effective viral cell death inhibitors in our library.
We believe that this finding indicates a promising direction
for the use of hydrocarbon i, i+4 staples in similar ACE2
constructs moving forward. While separation of the hydro-
carbon staples is key for flexibility, we have not tested a series
of double-stapled peptides with staples installed progressively
further apart on a consistent primary sequence, between which
we could fully interrogate the relationship between interstaple
distance and secondary structure of this a-helix. Alternatively,
exploring different stapling chemistry, such as an i, i + 3 staple
[33] as opposed to i, i + 7 staples, across the H34 position, could
potentially induce the desired helix bending and result in more
promising anti-SARS-CoV-2 candidates.

Discordance between structure and function with respect to
hydrocarbon-stapled peptides has been reported in a number
of other non-helix-in-groove PPIs. In fact, we recently reported
the biologic effectiveness of a hydrocarbon-stapled peptide mi-
metic aimed at disrupting a coiled-coil PPI [18]. Here, while
double-stapled SAHs conferred biophysical advantages such as
helix stability and proteolytic resistance compared with single-
stapled peptides, we found that a more flexible and less a-helical
SAH resulted in the best biologic effect. Similar discordance be-
tween helicity and biologic efficacy has also been measured in
stapled peptides designed to disrupt other non-helix-in-groove
PPIs such as those made to inhibit the fusogenic 6-helix bundle
that enables respiratory syncytial virus (RSV) to penetrate tar-
get cell membranes and in HIV-1-stapled peptides designed to
engage neutralizing antibodies [31, 34]. These results and those
in this report highlight the continued importance of multimodal
and orthogonal testing of stapled peptides designed to disrupt
non-helix-in-groove PPIs.

5 | Conclusion

This study represents the synthesis of the most extensive sta-
pled ACE2 peptide library to date, incorporating diverse design
and sequence strategies. Through biophysical and biological as-
sessments, this study provides insights that challenge the con-
ventional emphasis on achieving high a-helicity content. Our
findings highlight the importance of incorporating mid-chain
flexibility for optimal results against this PPI. Moreover, we
propose the exploration of alternative stapling chemistry which
may provide improved bond angle recapitulation compared with
i, i+4 staples. We believe that these insights contribute to ad-
vancing the design and optimization of stapled ACE2 peptides
and those for other similar applications.
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