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SARS-CoV-2 Spike protein RBD interacts with the hACE2 receptor to
initiate cell entry and infection. We set out to develop lactam-based i,
i + 4 stapled hACE2 peptides targeting SARS-CoV-2. In vitro screening
demonstrates the inhibition of the Spike protein RBD-hACE2 complex
formation by the hACE2;,_55A36K-F40E stapled peptide (ICso: 3.6 uM,
Kg: 2.1 pM), suggesting that hACE2 peptidomimetics could form the
basis for the development of anti-COVID-19 therapeutics.

The global COVID-19 pandemic caused by severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2, or 2019-nCoV) has
rapidly introduced worldwide health concerns and economic
challenges of unprecedented scale."” As of February 2021, the
COVID-19 outbreak has been responsible for over 100 million
infections.> Many nations are facing a second wave of infec-
tions, which results in further strain on public healthcare. The
lack of approved antiviral agents specifically targeting SARS-
CoV-2 has driven a collective shift towards global R&D efforts
aimed at developing therapeutics that act against COVID-19.*
Whole-genome sequencing and subsequent phylogenetic
analysis of SARS-CoV-2 led to the classification of the virion
as a member of the beta coronavirus genus.”® Members of the
coronavirus genus encode four structural proteins on their
positive sense, single stranded RNA ((+)ssRNA);” S (spike), E
(envelope), M (membrane), and N (nucleocapsid).® The com-
mon denominator between the coronavirus strains resulting in
human pathogenicity is the viral S glycoprotein trimer. These trans-
membrane glycoproteins selectively bind the protease domain (PD)
of host cell surface peptidases with a receptor-binding domain
(RBD) to mediate virion-membrane fusion to initiate host
infection.” ™" SARS-CoV-2 specifically targets the transmembrane
human angiotensin-converting enzyme 2 (hACE2) for cell entry
(Fig. 1a)."* Structural analyses of the SARS-CoV-2-hACE2 complex
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demonstrate that the RBD facilitates protein-protein interactions
(PPI) to the o1-helix of hACE2 (Fig. 1a). Key binding contributions
are provided by the ol-helix (Fig. 1b), while minor binding con-
tributions are maintained by the o2-helix, and 3- and p4-sheet
linker of hACE2 (Fig. 1a)."*™® Interference of this PPI interface
could potentially prevent SARS-CoV-2 from entering the human
cells via association with hACE2, inhibiting subsequent viral
replication.””*®

Various small-molecule compounds were predicted to target
the binding interface between SARS-CoV-2 S protein RBD and
hACE2 through computational studies.’® ! Experimental work
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Fig. 1 SARS-CoV-2 Spike protein RBD binding to hACE2. (a) Schematic
presentation and crystal structure of SARS-CoV-2 Spike protein RBD (grey)
binding to the extracellular domain of hACE2 (orange) (PDB ID: 6M0J).
Important residues of the hACE2 N-terminal o1-helix are labeled. (b) Sequence
of the hACE2 N-terminal a1-helix. Key binding residues are marked with red.
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by Carino et al. demonstrated that small-molecules could lead
to PPI inhibition between Spike RBD and the carboxypeptidase
domain of hACE2 with natural and semi synthetic steroidal
agents.’® However, small-molecules targeting a large surface
area of the RBD cannot engage with the entire extended linear
ridge-like binding region.®

Peptidomimetics are better suited for the inhibition of PPI
compared to small molecules due to efficient engagement with
large protein surfaces through entropically favored interactions
with protein surfaces, preventing competitive replacement.*>*?
hACE2 a1-helix-based peptidomimetics targeting SARS-CoV-2 S
protein were demonstrated to inhibit RBD-hACE2 complex
formation and subsequent host cell infection in both computa-
tional and experimental studies.>*>® However, hACE2 a1-helix-
based peptides are expected to lose their bio-active conforma-
tion in solution, decreasing the RBD binding potential of the
peptidomimetic."”” Furthermore, short and linear peptide-
based drugs are generally cell impermeable, not orally avail-
able, and subject to rapid proteolysis.>’*® These limitations can
be overcome with i,i + 4 peptide stapling approaches that
stabilise the peptide’s three-dimensional and bio-active struc-
ture, increase cellular uptake, decrease enzymatic degradation
and improve pharmacokinetic properties through chemical
modification of the peptide sequence.?”?° However, somewhat
conflicting recent reports showed that hydrocarbon-based sta-
pling of hACE2 might only partially lead to the disruption of the
RBD-hACE2 complex.’®*" In addition, most SARS-CoV-2 repli-
cation takes place in the lower and upper airways, which
potentially allows for targeting of the RBD-hACE2 interaction
by inhalation of the aerosolised peptide therapeutics. This
makes the potential lack of oral availability of peptides a non-
issue.*”

We hypothesised that the development of a stapled hACE2
N-terminal o1-helix might allow for selective and potent inhibi-
tion of RBD-hACE2 recognition and subsequent infection. In
this report we discuss the design and synthesis of lactam-based
stapled 35-mer peptides using the hACE2 N-terminal a1-helix
inhibitor 1 sequence to overcome structural instability and
increase peptide binding affinity to SARS-CoV-2 (Fig. 2).

Cryo-EM and X-ray structures, as well as computational
analysis of the interaction between hACE2 and RBD revealed
that residues 21-55 of the N-terminal a1-helix of hACE2 act as
the major contributors of binding interactions with S protein
RBD (Fig. 1). Kral ef al. computationally determined that several
polar residues of the N-terminal a1-helix are essential media-
tors of RBD binding (Fig. 1b).>° We selected peptide i,i + 4
stapling sites (F28-F32, F32-A36, A36-F40) based on their posi-
tioning in the hACE2 N-terminal a1-helix structure to not inter-
fere with the binding interface (Fig. 1b).'”*° Lactam-linked
stapling was shown to effectively induce helicity, uses natural
building blocks, and facilitates straightforward synthesis.**

35-mer native peptide 1 and linear controls 2-4 were synthe-
sised by solid-phase peptide synthesis (SPPS) (Fig. 2). Stapled
peptides 5-7 were synthesised using SPPS, followed by stapling
of the side-chains with lactam-based i,i + 4 methods, and
cleavage of the stapled hACE2 peptides from the resin (Fig. 2).
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Fig. 2 Design of lactam-based i,i + 4 stapled hACE2-based peptides for
the inhibition of SARS-CoV-2 S protein-hACE2 interactions. The wild-type
sequence (1) and linear modified peptides (2—4) were used as controls to
their stapled counterparts (5-7).

Mass spectrometry and analytical HPLC confirmed the high
purity (>90%) of all RP-HPLC purified synthetic hACE2 peptides
(Table S1 and Fig. S1-S7, ESIY).

a-Helical propensity of the linear hACE2 peptides could be
computationally predicted with the use of the PSIPRED secondary
structure prediction server (Fig. S8, ESIT).>* a-Helical content of
the synthetic hACE2 peptides was confirmed by CD spectroscopy
to determine the effect of i,i + 4 lactam stapling on the peptide
secondary structure with the expectation that stapling increases
peptide helicity, using poly-L-lysine as a reference for helicity
(Fig. 3 and Fig. S9, ESI{).>>*® Spectra were recorded in 10 mM
PBS at pH 7.4 in the absence and the presence of 2,2,
2-trifluoroethanol (TFE) at 25 °C (Fig. 3). TFE is known to
stimulate the formation of the o-helical secondary structures in
peptides,’” allowing for a comparison of the a-helical content of
hACE2 peptides at maximal helicity (Fractional Helicity, fH),
which we observed at 30% TFE (Fig. S9, ESIt). CD spectra were
deconvoluted with the DICHROWEB server to determine
helicities.*® CD spectroscopy demonstrated low helicity for both
linear and stapled hACE2 peptides in absence of TFE, with
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Fig. 3 Circular Dichroism spectra of hACE2 peptides in molar ellipticity
per residue. 30 uM peptide in 10 mM PBS at pH 7.4 with 30% TFE at 298 K.
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predictors of helicity averaging to 6-13% helical content (Table S2
and Fig. S10, ESIT). A lack of the predominant o-helical secondary
structure of the natural hACE2 peptide sequence in the absence of
TFE is in agreement with findings by Karoyan et al. (Table S2,
ESIf).>* In the presence of TFE, however, a-helical structures can
be observed for various synthetic hACE2 peptides with predictors
averaging from 11 to 52% helical content, with a clear shift in
negative ellipticity from 200 to 208 and 222 nm at varying
intensities for all peptides (Fig. 3, Fig. S9, S10, Table S2, ESIY).
Stapled peptide 5 displayed the highest helicity across the panel of
hACE2 peptides (average: 52%), with increased helical content
compared to the wild-type sequence 1 (average: 38%). Stapling
closer to the N-terminus seems to result in a loss of helicity
compared to the native sequence. This observation suggests that
i, + 4 lactam stapling at the A36K-F40E site can positively affect
the helical content, possibly due to the sequence environment
effects surrounding the peptide staple.

Synthetic hACE2 peptides were evaluated as inhibitors of
SARS-CoV-2 Spike protein-hACE2 complex formation using the
ELISA based Screening Assay Kit. A concentration-response
curve of SARS-CoV-2 Spike Protein (RBD) Recombinant Human
Monoclonal Antibody in PBS was used as a positive control for
inhibition (0.6 nM-200 uM) and to test the viability of the ELISA
kit (Fig. S11, ESIt). A concentration-dependent decrease of
luminescence was observed along with a median inhibitory
concentration (ICs,) for the monoclonal antibody (9.5 nM),
similar to the reported ICs, value for the antibody (6.6 nM)
targeting SARS-CoV-2 Spike protein by the manufacturer
(Fig. S11, ESIt). We evaluated the linear and stapled hACE2
peptides at 10 uM and 100 pM to identify potent inhibitors of
the RBD-hACE2 complex formation (Fig. 4a). Among all peptides,
only 5 reduced binding by >80% at 10 uM. Concentration-
dependent assays (0.3-300 uM) of the stapled hACE2 peptides
demonstrated significant inhibition of binding by 5 (ICs: 3.6 uM)
compared to the linear wild-type control 1 that displayed only
minor inhibition at >100 pM concentrations (Fig. 4b, n = 3
replicates). Peptides 6 (ICs,: 28.4 uM) and 7 (ICsy: 46.8 uM)
displayed enhanced inhibitory activity compared to the native
sequence, although 12-18 times less potent when compared to
5 (Fig. S11, ESIY). The linear controls 2-4 showed reduced binding
to 50% at 100 pM, suggesting that the linear peptides are poor
inhibitors of SARS-CoV-2-hACE2 interactions and that decreased
hACE2 helicity results in less potent inhibitory effects (Fig. 4a).

Surface Plasmon Resonance (SPR) was used to quantify the
binding affinity (K4) and kinetic association and dissociation
parameters (kon, and kog) between SARS-CoV-2 Spike protein
and the stapled hACE2,, 55 peptides (5, 6 and 7) using the
polycarboxylate HC surface SPR sensor chip with pre-immobilized
SARS-CoV-2 Spike protein with a Biacore X100. Full-length hACE2
protein and 1 were used as positive and negative controls,
respectively (Fig. S12, ESIt). The binding interaction between 5
and the immobilized SARS-CoV-2 Spike protein was characterized
by micromolar binding affinity (K4: 2.1 &+ 0.2 uM), a fast associa-
tion rate (kon: 1.7 £ 0.1 x 10* M™" s7") and a moderate rate of
dissociation (kog: 0.034 + 0.002 s™') (Fig. 5 and Table S3, ESIY).
The binding affinity of the native sequence 1 and stapled peptides
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Fig. 4 SARS-CoV-2 Spike protein-hACE2 inhibitor screening assay.
(a) The linear and stapled hACE2 peptides was screened for inhibition at
10 uM and 100 pM. Data is mean £ SD, n = 2. (b) Concentration-dependent
(0.3-300 puM) ICsq determination of 5. Data is mean + SD, n = 3.

6 and 7 could not be determined, as the interaction with the Spike
protein versus the reference surface was too weak for the assess-
ment (Fig. S13, ESI{). These results, in combination with
the inhibition assay, indicate direct and potent binding of
hACE2,,.55A36K-F40E (5) peptide to the RBD domain of Spike
protein.

Finally, resistance to proteolysis was determined for the
35-mer peptides (1, 2 and 5) by treating the peptides with human
serum (1:4 v/v, serum:PBS) at 37 °C and recording peptide
degradation over time using analytical HPLC (Fig. 6). Interestingly,
the data demonstrated that both 1 and 5 remain highly stable over
time. Peptide 2 was observed to be comparatively less stable than
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Fig. 5 Determination of binding of stapled hACE2 peptide 5 (0-20 puM) to
immobilized SARS-CoV-2 Spike protein with SPR. Conditions: 10 mM
sodium phosphate, pH 7.4, 25 °C, n = 2.
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Fig. 6 The serum stability of hACE2 peptides 1, 2 and 5.

the natural sequence, which is likely due to the introduction of
more sensitive proteolytic cleavage sites by substitution of A36K
and F40E.

In conclusion, we have developed lactam-based i,i + 4
stapled hACE2 al-helix-based peptidomimetics that target
SARS-CoV-2 S protein and inhibit the RBD-hACE2 complex
formation. We envision that hACE2 a1-helix-based peptidomi-
metics could potentially prevent SARS-CoV-2 from entering the
human cells through hACE2 and thus inhibit subsequent viral
replication. Our work highlights that the stapled peptide
hACE2,, 55A36K-F40E (5), which exhibits an increased level of
helicity, efficiently inhibits SARS-CoV-2 Spike protein-hACE2
binding (ICsy: 3.6 uM, Kg: 2.1 £+ 0.2 puM). Related stapled
peptides hACE2,,.55F32K-A36E (6) and hACE2,,.55F28K-F32E
(7) also resulted in stronger inhibition compared to the natural
sequence 1. Taken together, we believe that continued optimi-
sation of the chosen staples and additional sequence modifica-
tions might contribute to the design of future anti-coronavirus
therapeutics, which can aid with infection prevention.
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