
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/2
1/

20
26

 7
:4

3:
00

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Antiviral cyclic p
aSchool of Chemistry, The University of Sydn

richard.payne@sydney.edu.au
bAustralian Research Council Centre of Ex

Protein Science, The University of Sydney, S
cResearch School of Chemistry, Australian N

Australia. E-mail: christoph.nitsche@anu.ed
dAustralian Research Council Centre of Ex

Protein Science, Australian National Univer
eKirby Institute, Sydney, NSW 2052, Austral
fSchool of Medical Sciences, Faculty of Medic

Sydney, NSW 2006, Australia
gSkaggs School of Pharmacy and Pharmace

San Diego, 9500 Gilman Dr., La Jolla, CA 9
hSchool of Life and Environmental Sciences

2006, Australia
iSydney Analytical, The University of Sydney
jCharles Perkins Centre, The University of S

† Electronic supplementary informa
10.1039/d1sc06750h

Cite this: Chem. Sci., 2022, 13, 3826

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 2nd December 2021
Accepted 28th February 2022

DOI: 10.1039/d1sc06750h

rsc.li/chemical-science

3826 | Chem. Sci., 2022, 13, 3826–38
eptides targeting the main
protease of SARS-CoV-2†

Jason Johansen-Leete, ab Sven Ullrich, c Sarah E. Fry,ab Rebecca Frkic,cd

Max J. Bedding, ab Anupriya Aggarwal,e Anneliese S. Ashhurst,abf

Kasuni B. Ekanayake, cd Mithun C. Mahawaththa, cd Vishnu M. Sasi,cd

Stephanie Luedtke, g Daniel J. Ford,ab Anthony J. O'Donoghue, g

Toby Passioura, abhi Mark Larance,ij Gottfried Otting, cd Stuart Turville,e

Colin J. Jackson,cd Christoph Nitsche *c and Richard J. Payne *ab

Antivirals that specifically target SARS-CoV-2 are needed to control the COVID-19 pandemic. The main

protease (Mpro) is essential for SARS-CoV-2 replication and is an attractive target for antiviral

development. Here we report the use of the Random nonstandard Peptide Integrated Discovery (RaPID)

mRNA display on a chemically cross-linked SARS-CoV-2 Mpro dimer, which yielded several high-affinity

thioether-linked cyclic peptide inhibitors of the protease. Structural analysis of Mpro complexed with

a selenoether analogue of the highest-affinity peptide revealed key binding interactions, including

glutamine and leucine residues in sites S1 and S2, respectively, and a binding epitope straddling both

protein chains in the physiological dimer. Several of these Mpro peptide inhibitors possessed antiviral

activity against SARS-CoV-2 in vitro with EC50 values in the low micromolar range. These cyclic peptides

serve as a foundation for the development of much needed antivirals that specifically target SARS-CoV-2.
Introduction

The COVID-19 pandemic, caused by infection with severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused
widespread morbidity and mortality as well as devastation to
the global economy since the disease was rst reported in late
2019 in Wuhan, China.1 At the time of writing there has been
more than 400 million conrmed cases and over 6 million
deaths worldwide as a result of COVID-19.2 There has been
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signicant effort from the global research community to
develop effective vaccines for COVID-19; this has been enor-
mously successful, with adenoviral vectored vaccines, protein
vaccines and mRNA vaccines now in widespread use across the
world. Whilst vaccines will enable protective immunity in most,
there will be populations where vaccine-based immunity may
fail, and these individuals will be vulnerable to SARS-CoV-2
infection in the future. It is furthermore unclear what changes
will appear in the virus in contemporary SARS-CoV-2 viral vari-
ants (highlighted by the recent emergence of the delta
(B.1.617.2)3 and omicron (B.1.1.529) variants of concern), and
how those variants will navigate both convalescent and vaccine
immune responses. Given that this is the third coronavirus that
has crossed via zoonoses in the 21st century, antiviral develop-
ment against SARS-CoV-2, and future coronaviruses with
pandemic potential, are desperately needed in addition to
prophylactic vaccines.

While there have been signicant efforts toward the
discovery of effective antivirals for SARS-CoV-2, the vast majority
of molecules that have completed (or are currently being
assessed in) clinical trials were originally developed for other
infectious and inammatory disease indications and are being
repurposed for COVID-19. For example, at the time of writing,
remdesivir, originally trialled for Ebola, is currently the only
antiviral drug to be approved by the U.S. Food and Drug
Administration (FDA) for the treatment of COVID-19. While the
molecule has been shown to possess some activity during early
© 2022 The Author(s). Published by the Royal Society of Chemistry
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infection, it has shown limited to no efficacy in a number of
trials,4,5 as well as in infections in patients hospitalized with
COVID-19.6 Other repurposed antiviral drugs that have entered
trials include the HIV combination therapy lopinavir–ritona-
vir,7,8 type I interferon treatments,9,10 and the antimalarial
hydroxychloroquine;11–13 however, these have not demonstrated
improvement in disease progression over standard care. In fact,
it has recently been suggested that many repurposing efforts
may be compromised by experimental artefacts reecting the
physicochemical properties of certain drugs rather than specic
target-based activities.14 To date, the most effective therapeutic
intervention for improving COVID-19 patient outcomes in
a hospital setting is the use of the corticosteroid dexametha-
sone, which reduces inammation-mediated lung injury asso-
ciated with SARS-CoV-2 infection in patients with elevated levels
of C-reactive protein.15,16 Based on the above, there is an urgent
need for the discovery of effective antivirals for COVID-19,
ideally with mechanisms of action that specically target
proteins critical in the SARS-CoV-2 lifecycle.

Infection of human cells by SARS-CoV-2 is initiated by
interaction between the receptor binding domain of the
trimeric viral spike protein (S) with the host cell-surface
receptor angiotensin converting enzyme 2 (ACE2) (Fig. 1).
Following receptor binding of the virus, the spike protein is
activated by cleavage between the S1 and S2 domains leading to
host cell entry via two distinct pathways: (1) an endocytic
pathway through endosomal–lysosomal compartments with
spike cleavage facilitated by lysosomal cathepsins, or (2) a cell
surface pathway following activation by a serine protease such
as transmembrane protease serine 2 (TMPRSS2).17–19 Following
proteolysis, the N-terminus of the cleaved S2 domain is
Fig. 1 Mechanism of SARS-CoV-2 entry into host cells and replicati
proteolytic activity of SARS-CoV-2 Mpro on the two polyproteins pp1a a
peptidomimetic Mpro inhibitor PF-07321332 (nirmatrelvir) developed by

© 2022 The Author(s). Published by the Royal Society of Chemistry
embedded into the cell membrane and leads to fusion of the
membranes of the virus and the host cell, followed by transfer of
viral RNA into the cytoplasm.20

Viral gene expression within the host cell results in the
translation of two overlapping polyproteins, pp1a and pp1ab.
Embedded within these polyproteins are sixteen non-structural
proteins critical for viral replication, the majority of which form
the viral replication and transcription complex (RTC) including
the viral RNA-dependent RNA polymerase (RdRp, nsp12) and
helicase (nsp13).20 These proteins become functional only aer
proteolytic release by two viral proteases. The rst of these is
a domain of nsp3 called the papain-like protease (PLpro) which
cleaves the pp1a and pp1ab at three sites, releasing nsp1, nsp2
and nsp3.20,21 The second is the SARS-CoV-2 main protease
(Mpro), also called nsp5 or the chymotrypsin-like protease
(3CLpro), which cleaves pp1a and pp1ab at a minimum of 11
distinct cleavage sites to release nsp4-16 (Fig. 1).20 Interestingly,
Mpro has also been found to aid in immune evasion by inhib-
iting type I IFN production, contributing to the impaired type I
IFN response that has become a hallmark of severe SARS-CoV-2
infection, with persistent viral load and poor patient
outcomes.22–25 Mpro forms a catalytically active homodimer
which cleaves with high specicity at Leu–GlnYXaa (where Y

represents the cleavage site and Xaa can be Ser, Ala or Asn).26–28

Such sequence specicity has not been observed for any human
proteases and therefore peptide or peptidomimetic based
inhibitors are predicted to inhibit SARS-CoV-2 Mpro with high
selectivity and with minimal off-target effects in humans.20,29

The key role of Mpro for the replication and viability of SARS-
CoV-2 has naturally led to the search for novel inhibitors of the
protease. Perhaps the most promising of these are the
on (cell-surface entry pathway mediated by TMPRSS2 shown). The
nd pp1ab is shown in the box, including the structure of the covalent
Pfizer.
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Fig. 2 (a) Scheme for cross-linking of SARS-CoV-2 Mpro with dis-
uccinimidyl glutarate (DSG). (b) SDS-PAGE gel of cross-linking reaction
of Mpro. Lane 1: reaction of SARS-CoV-2 Mpro (25 mM) with DSG (10
equivalents relative to Mpro monomer) for 1 h at 37 �C in aqueous
buffer (20 mM HEPES, 100 mM NaCl, pH 7.6). Lane 2: SARS-CoV-2
Mpro. Lane 3: Mark12 ™ ladder. (c) Workflow for the discovery of
macrocyclic peptide ligands of cross-linked SARS-CoV-2 Mpro using
RaPID mRNA display.
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peptidomimetic compounds developed by Pzer, inspired by
PF-00835231 (IC50 ¼ 4–8 nM against SARS-CoV-2 Mpro) that was
originally developed against SARS-CoV-1 Mpro, which is
homologous to SARS-CoV-2 Mpro (96% amino acid identity).30–32

Specically, a phosphate prodrug of this inhibitor (PF-
07304814, lufotrelvir) has recently completed two phase 1
studies (clinical trials identiers: NCT04535167,
NCT04627532). A second-generation orally available peptido-
mimetic Mpro inhibitor developed by Pzer (PF-07321332, nir-
matrelvir, Fig. 1)33 has very recently received emergency use
authorization following positive results in phase 3 clinical
studies for treatment of COVID-19 (clinical trials identiers:
NCT04960202 NCT05011513, NCT05047601).34 Both molecules
possess a g-lactam as a mimic of the glutamine (Gln) residue
found at the P1 position in physiological cleavage sites and also
inhibit SARS-CoV-2 Mpro via a covalent mechanism through
electrophilic warheads embedded within the inhibitors.30

Specically, PF-00835231 possesses a hydroxymethyl ketone
moiety, while PF-07321332 contains a nitrile warhead, both of
which react with the catalytic cysteine (Cys145) to inactivate the
protease. In addition to these clinical candidates, a number of
other peptidomimetic inhibitors of SARS-CoV-2 Mpro are
currently under preclinical investigation,27,35–38 including
repurposed drugs such as boceprevir, a serine protease inhib-
itor approved in 2011 for the treatment of hepatitis C,36,39,40 and
the feline anticoronaviral drug GC376.36,39

Macrocyclic peptides are attractive chemotypes for medic-
inal chemistry efforts due to their ability to bind targets with
high affinity and selectivity, whilst exhibiting greater proteolytic
stability and membrane permeability than their linear coun-
terparts.41–43 In this work we describe several potent cyclic
peptide inhibitors of the SARS-CoV-2 Mpro, identied through
the use of the Random nonstandard Peptide Integrated
Discovery (RaPID) technology, which couples mRNA display
with exizyme-mediated genetic code reprogramming.43–45

Importantly, we also report a crystal structure of the SARS-CoV-2
Mpro dimer bound to our most potent cyclic peptide inhibitor
that highlights the residues important for binding both at the
catalytic site and across the dimer interface. Finally, we
demonstrate that three of the cyclic peptides identied exhibi-
ted antiviral activity against SARS-CoV-2 in vitro, with an addi-
tional peptide gaining antiviral activity upon conjugation to
a cell penetrating peptide.

Results and discussion
Selection against a chemically cross-linked SARS-CoV-2 Mpro

homodimer

In order to identify cyclic peptide inhibitors of SARS-CoV-2Mpro,
we sought to utilize RaPID, which allows the screening of >1012

cyclic peptides for affinity against a protein target of interest
immobilized on magnetic beads. However, functional SARS-
CoV-2 Mpro is a homodimer with relatively weak affinity
between the monomers (KD ¼ 2.5 mM), and we hypothesized
that the protein may exist in a predominantly monomeric (i.e.
inactive) form when immobilized on magnetic beads.27

Consistent with this, we found that the catalytic activity
3828 | Chem. Sci., 2022, 13, 3826–3836
(measured by uorescent substrate cleavage) of C-terminally
His6-tagged Mpro was signicantly diminished (ca. 30%) when
immobilized on His-tag pull-down Dynabeads™ compared to
that of the wild-type protein in solution (see ESI, Fig. S1a†); this
indicated that a signicant proportion of the immobilized Mpro

was unable to form an active homodimer. We therefore inves-
tigated the use of a chemical cross-linking strategy to covalently
lock SARS-CoV-2 Mpro in the homodimeric state to ensure that
RaPID resulted in selection of ligands to the catalytically active
form of the protease. The presence of proximal lysine residues
near the dimer interface in the crystal structure of SARS-CoV-2
Mpro (PDB: 6Y2E) prompted us to investigate a number of
amine-reactive bifunctional cross-linkers of differing lengths
for this purpose.27 Efficient cross-linking was obtained by dis-
uccinimidyl glutarate (DSG) (Fig. 2a and b), with subsequent
mapping by LC-MS/MS revealing intermolecular cross-links
between lysine residues on the different monomer chains
(K97–K97*, K97–K90*). We also observed cross-links between
K12 and K97, which are positioned in close proximity on
different monomers of the dimer, as well as within the same
monomer unit; however, in this case we could not differentiate
between intermolecular or intramolecular cross-links by mass
spectrometry (see ESI, Fig. S1b†). Importantly, cross-linkedMpro

exhibited catalytic activity comparable to that of wild-type Mpro

(in solution), following immobilization on magnetic beads (see
ESI, Fig. S1a†). Based on these data, we moved on to RaPID
selections against the cross-linked SARS-CoV-2 Mpro with a view
to discovering novel cyclic peptide inhibitors.

To select for peptide binders of SARS-CoV-2 Mpro we per-
formed parallel display using the RaPID mRNA display
© 2022 The Author(s). Published by the Royal Society of Chemistry
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technology, employing peptide libraries initiated with either N-
chloroacetyl-L-tyrosine or N-chloroacetyl-D-tyrosine to induce
thioether macrocyclization through reaction with the side chain
of a downstream cysteine residue. Tyr was chosen as the initi-
ating amino acid due to its high translation efficiency in place of
N-formyl-Met,46,47 while the use of D-Tyr in addition to L-Tyr
expanded the accessible chemical space of the library. For each
selection, a semi-randomized DNA library of >1013 unique
sequences were transcribed into mRNA followed by ligation to
a puromycin linker (Fig. 2c). Translation of the mRNA-
puromycin hybrids in vitro, followed by reverse transcription,
yielded a library of peptide-mRNA:cDNA conjugates that were
counter-selected against His Pull-down Dynabeads™ (to
remove bead-binding peptides) before an affinity selection step,
in which the libraries were panned against bead-immobilized
cross-linked SARS-CoV-2 Mpro. PCR of the bead-bound fraction
yielded an enriched DNA library that was used as the starting
point for the subsequent rounds of selection (Fig. 2c). Aer
seven rounds of selection, next generation sequencing of each
of the nal DNA libraries was performed, however, enrichments
of the recovered sequences remained low (see Fig. S2, ESI†).
Therefore, an additional two rounds of selection were per-
formed aer which a number of peptide sequences were
enriched that were predicted to be high affinity ligands of the
SARS-CoV-2 Mpro based on high relative abundance. It should
be noted that the requirement for additional rounds of selec-
tion, as well as the absence of a strong consensus sequence in
the nal libraries, is highly target dependent. In this case this
may have arisen from some structural/functional heterogeneity
in the protein following cross-linking (i.e. remaining inactive
monomeric Mpro).
Fig. 3 (a) Synthesis of cyclic peptides 1–8 via Fmoc-SPPS (see ESI† for
full synthetic details). (b) Sequences of peptides 1–8 in one letter
amino acid code with associated IC50 and Ki values � SEM. Thioether
cyclization is represented as a black line. (c) In vitro inhibition data of
SARS-CoV-2 Mpro for peptides 1–6. NB: cyclic peptides 7 and 8
showed no inhibition of SARS-CoV-2 Mpro at 50 mM, ND ¼ not
determined.
Synthesis and in vitro evaluation of cyclic peptide inhibitors of
SARS-CoV-2 Mpro

We selected eight peptides from the enriched libraries for
synthesis (ve L-Tyr initiated and three D-Tyr initiated) based on
their abundance in the nal DNA library and diversity in
sequence (Fig. 3a and b). Peptides 1–8 were synthesized via
Fmoc-strategy solid-phase peptide synthesis on Rink amide resin
with the N-terminal L- or D-Tyr residue derivatized with chloro-
acetic acid to facilitate thioether cyclization with the thiol of
a downstream cysteine residue. Deprotection and cleavage from
resin followed by cyclization provided the target thioether-linked
cyclic peptides 1–8 following purication by reverse-phase HPLC.
The synthetic cyclic peptides were next evaluated for inhibitory
activity against SARS-CoV-2 Mpro using a previously reported
uorescence resonance energy transfer (FRET)-based assay.27,48

Gratifyingly, we observed potent inhibition of proteolytic activity
for six of the eight peptides in the series, with IC50 values for
peptides 1–6 ranging from 0.070–12.7 mM (Fig. 3c). Interestingly,
despite being enriched in the selection, lariat peptide 7 and head
to tail cyclic peptide 8 did not show appreciable inhibition of the
protease (IC50 > 50 mM). We next assessed the selectivity of the
two most potent inhibitors, 1 and 6, against a panel of corona-
viral and human proteases (Tables 1 and 2, Fig. S3 and S4†). Both
peptides exhibited high selectivity for SARS-CoV-2 Mpro. Whilst 1
© 2022 The Author(s). Published by the Royal Society of Chemistry
exhibited inhibition of SARS-CoV-1 Mpro (owing to the high
sequence similarity to SARS-CoV-2 Mpro), both 1 and 6 were
inactive at a concentration of 10 mM against MERS-CoV Mpro,
SARS-CoV-2 PLpro, TMPRSS2, furin and cathepsins B and E,
whilst exhibiting only modest inhibition of cathepsin L (IC50 ¼
10.9 and 5.7 mM for 1 and 6, respectively). Peptides 1 and 6 were
also assessed for stability in human plasma; both exhibited high
stability with 85% of 1 and 80% of 6 remaining aer 24 hours
(see ESI, Fig. S5†).

The most potent SARS-CoV-2 Mpro inhibitor in the series was
cyclic peptide 1, which exhibited an IC50 of 70 � 18 nM and a Ki

of 14� 3 nM against the protease. Given the superior inhibitory
potency of this molecule over the other cyclic peptides that
emerged from the RaPID screen (>15-fold), this molecule was
selected for further structure–activity investigations.
Chem. Sci., 2022, 13, 3826–3836 | 3829
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Table 1 In vitro inhibition activity of peptides 1 and 6 against other coronaviral proteases. Data are represented as IC50 values � SEM

Peptide SARS-CoV-1 Mpro IC50/mM MERS-CoV Mpro IC50/mM
SARS-CoV-2 PLpro
IC50/mM

1 0.078 � 0.002 >10 >10
6 >10 >10 >10

Table 2 In vitro inhibition activity of peptides 1 and 6 against a selection of human proteases. Data are represented as IC50 values � SEM

Peptide TMPRSS2 IC50/mM Furin IC50/mM
Cathepsin B
IC50/mM Cathepsin L IC50/mM

Cathepsin E
IC50/mM

1 >10 >10 >10 10.9 � 1.12 >10
6 >10 >10 >10 5.7 � 0.45 >10
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Probing the binding interaction of lead cyclic peptide 1

We next performed experiments to probe the key interactions of
lead cyclic peptide inhibitor 1 with SARS-CoV-2 Mpro. Given the
critical role dimerization plays in Mpro catalytic activity, we rst
investigated the effect of 1 on the monomer–dimer equilibrium
of Mpro by multi-angle laser light scattering with size exclusion
chromatography (SEC-MALLS). Interestingly, the addition of
two molar equivalents of peptide 1 to a solution of wild-type
Mpro (present in an approximately 1 : 1 ratio of monomer-
: dimer) resulted in a shi in the dimer–monomer equilibrium
to afford a solution of exclusively homodimeric protease
(Fig. 4a). This data indicates that cyclic peptide 1 stabilizes the
homodimeric form of SARS-CoV-2 Mpro and suggests that
peptide 1may bind to the active site present in the dimeric, but
not monomeric forms of the protein. To corroborate this data,
we used 3D NMR spectroscopy (specically TROSY-HNCO
spectra) to analyze SARS-CoV-2 Mpro aer titration with
peptide 1 (Fig. 4b). This revealed shis of backbone NMR
resonances of residues near the active site, consistent with
binding of peptide 1 at this location. However, shis were also
observed for residues located far from the active site (see ESI,
Fig. S6†), suggesting that the protein responds to the binding of
1 with global allosteric changes. In contrast, titration of the
obligate monomeric mutant R298A of SARS-CoV-2 Mpro49 with
peptide 1 led to no shis in NMR resonances (see ESI, Fig. S6,
Tables S1, S2 and Fig. S7† for full assignment of monomeric
Mpro mutant). Notably, R298, which is mutated in the obligate
monomer, is buried within the dimer interface in the structure
of the wild-type protease and therefore the lack of binding of 1
to the monomeric protein is unlikely to be owing to a loss of
interactions with this amino acid residue. Taken together, these
SEC-MALLS and NMR data therefore suggest that peptide 1
selectively binds to and inhibits the active homodimer of SARS-
CoV-2 Mpro but does not bind to the inactive monomer.

Cyclic peptide 1 includes the cleavage recognition motif of
Mpro found in the natural viral protein substrates, namely a Gln
in the P1 position and a Leu in the P2 position.27 It was therefore
hypothesized that this Leu–Gln motif embedded within 1
mimics the natural substrate and binds to the catalytic site of
the protease. Importantly, this proposal is supported by the
3830 | Chem. Sci., 2022, 13, 3826–3836
purely competitive inhibition mode observed for 1 (see ESI,
Fig. S8†). However, this also raises the possibility that the
protease may be able to cleave 1 next to the Gln–Leu recognition
sequence. To test this, we incubated 1 with wild type SARS-CoV-
2 Mpro and assessed cleavage by MALDI-TOF-MS (Fig. 4c and S9,
ESI†). Peptide 1 exhibited notable resistance to proteolysis by
Mpro with negligible cleavage of peptide 1 observed under
standard assay conditions (25 nM Mpro) aer 5 h. However,
incubation of 1 with a high concentration of Mpro (2.5 mM)
resulted in slow cleavage of peptide 1, with 30% peptide
cleavage observed aer 1 h. Analysis of the cleavage reaction by
LC-MS/MS conrmed that proteolysis had indeed occurred
between Gln3 and Tyr4 (see ESI Fig. S10†). We also synthesized
an authentic standard of the resulting cleavage product, which
was veried to be identical to Mpro-cleaved 1 by LC-MS/MS (see
ESI Fig. S10b†). Finally, we assessed whether the linear peptide
product resulting from Mpro cleavage of 1 possessed inhibitory
activity against SARS-CoV-2 Mpro. Interestingly, the peptide
exhibited an IC50 of 23.2� 5 mM,�330-fold higher than the IC50

of 70 nM for 1 (see ESI, Fig. S10c†). This two-orders of magni-
tude loss in activity upon linearization suggests that the
conformation of cyclic peptide 1 is pre-organised for optimal
interaction with the protease.

In order to assess the importance of each residue in 1 for
Mpro inhibitory activity, we systematically replaced all residues
in the peptide with alanine (except alkyl side chain-containing
amino acids Ala5, Val6 and Leu7) and determined the inhibi-
tory activity of the resulting mutants against Mpro (Fig. 4d and
S11, ESI†). Consistent with the known recognition sequence for
SARS-CoV-2 Mpro and supported by the mass spectrometry
results described above, mutation of either Leu2 or Gln3 to Ala
(that would be predicted to bind in the S2 and S1 recognition
sites, respectively) led to more than two orders of magnitude
reduction in inhibitory activity. Remarkably, mutation of Tyr4
(which would be predicted at P0

1) also led to a signicant loss in
inhibitor activity (IC50 ¼ 1.9 mM); while this is consistent with
the established importance of aromaticity in P0

1; small residues
such as alanine are oen found in substrates at this position,
and the dramatic reduction in inhibitory potency was therefore
unexpected.27,28 Interestingly, mutation of Arg11, which is distal
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) SEC-MALLS of SARS-CoV-2Mpro with andwithout peptide 1.
SARS-CoV-2 Mpro (red line) exists in equilibrium between monomeric
and homodimeric forms giving rise to two peaks (in ca. 1 : 1.25 ratio of
monomer to dimer) in the size-exclusion chromatogram at
a concentration of 1 mM in aqueous buffer (50 mM Tris–HCl pH 8.0,
150 mM NaCl). MALLS analysis indicates an approximate molecular
weight of 36 kDa for the monomer (calculated molecular weight ¼
33.8 kDa). After addition of two molar equivalents of 1, Mpro converges
predominantly to a homodimer (blue line) with a MALLS reading of 66
kDa (calculated MW of SARS-CoV-2 Mpro dimer ¼ 67.6 kDa, MW of
peptide 1 ¼ 1874 Da) indicative of formation of the SARS-CoV-2 Mpro

homodimer upon binding 1. (b) Cyclic peptide inhibitor 1 binds to the
dimeric form of SARS-CoV-2 Mpro. Overlay of projections onto the
15N–1H plane of 3D TROSY-HNCO spectra of 0.3 mM solutions of
15N/13C/2H-labelled wild-type Mpro. Blue and red contour lines show
the spectra recorded in the absence and presence of equimolar
inhibitor 1, respectively. Assignments are shown for peaks that shift or
disappear in response to the inhibitor. (c) Monitoring of the cleavage of
cyclic peptide inhibitor 1 with SARS-CoV-2 Mpro. MALDI-TOF mass
spectrum of cyclic peptide 1 (top spectrum). Negligible cleavage of 1
was observed following incubation with SARS-CoV-2 Mpro under
standard assay conditions (25 nM SARS-CoV-2 Mpro, 5 mM 1, 20 mM
Tris–HCl pH 7.6, 100mMNaCl, 1 mMDTT, 1 mM EDTA) for 1 h at 37 �C
(middle spectrum). Slow cleavage of 1 was observed (ca. �30% after 1
h) in the presence of a high concentration of SARS-CoV-2 Mpro to 2.5

© 2022 The Author(s). Published by the Royal Society of Chemistry
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from the most prominent recognition residues of the cyclic
peptide, also led to a signicant reduction in inhibitory activity
(IC50 ¼ 3.4 mM) suggesting that this residue makes important
interactions with the protease and/or serves a crucial role in the
adoption of the active conformation of the cyclic peptide. In
contrast, mutation of Arg8, His9, Lys10, Arg12 or Glu13 resulted
in equipotent activity or only a modest reduction in inhibitory
activity (IC50 values ¼ 90–390 nM).
Co-crystallization of peptide 1 and a selenoether analogue
with SARS-CoV-2 Mpro

In order to further interrogate the binding mode of inhibitor 1,
we used X-ray diffraction to solve the co-crystal structure of the
SARS-CoV-2 Mpro-1 complex to 3.4 Å. Unfortunately, the limited
resolution of the 3.4 Å structure hindered the interpretation of
the electron density within the active site. We therefore also
solved the structure of a synthetic selenoether analogue of 1 (Se-
1) in complex with SARS-CoV-2 Mpro, at 2.35 Å resolution, in
which the cysteine residue involved in thioether peptide mac-
rocyclization was replaced with selenocysteine.50 We rational-
ized that the modest S to Se substitution would maintain the
protease inhibitory prole observed for cyclic peptide 1, but that
the greater electron density of Se would aid its placement in the
active site. It is noteworthy that while there have been several
high-resolution structures of SARS-CoV-2 Mpro in complex with
small molecules or short peptides with covalent warheads re-
ported, this represents the rst high-resolution structure of the
protease complexed with a large non-covalently bound peptide.
Importantly, Se-1 displayed identical inhibitory activity against
SARS-CoV-2 Mpro as 1 (Ki of Se-1¼ 17 nM vs. 14 nM for 1) as well
as very similar activity against the panel of other proteases
tested (Tables 1 and 2, ESI, Fig. S3, S4 and S12†) suggesting its
interactions with Mpro are also very similar to parent inhibitor 1.
The SARS-CoV-2 Mpro-Se-1 complex diffracted to 2.35 Å resolu-
tion in the same space group and with similar cell dimensions
as the SARS-CoV-2 Mpro-1 complex, thus providing a detailed
view of the interactions between the inhibitor and the protease
(see Table S3, ESI†). It was observed that the crystal was pseudo-
merohedrally twinned (�h,�k,h + l; twin fraction 0.493) and
indexed in the P1211 space group. The crystal dimensions and
packing are unique and not observed in any of the hundreds of
deposited SARS-CoV-2 Mpro structures, with a notably long
b axis. This complex most likely crystallized in a novel crystal
form because the peptide sterically blocks many of the crystal
contacts present in previously described SARS-CoV-2 Mpro

crystal structures. There were four protein subunits within the
asymmetric unit comprising two physiological dimers (Fig. 5a).

Although the peptide is not fully resolved in the structure, 9–
13 residues were observable in various chains with good
mM (bottom spectrum). (d) Inhibitory activity of alanine mutants of lead
cyclic peptide 1. Sequences and associated inhibitory constants for
peptide 1 analogues, whereby all polar residues within the randomized
region of 1 were each systematically mutated to alanine and their
inhibitory activity against SARS-CoV-2 Mpro assessed (Cys14 was not
mutated as this residue is required for cyclization, Ala substitutions are
shown in bold).
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Fig. 5 Structural analysis of the SARS-CoV-2 Mpro-Se-1 complex (PDB ID: 7RNW). (a) The asymmetric unit of the SARS-CoV-2 Mpro-Se-1 crystal
structure, containing two physiological dimers shown as blue and green. The Se-1 peptide is shown in a sphere representation. (b) Zoom of the
active site with electron density (omit map generated using twin refinement in phenix, contoured to 3.0 s) showing bound peptide (residues 7–12
disordered). Key active site residues of SARS-CoV-2 Mpro are shown as sticks, and key positions of the Se-1 peptide (residues 1–4) are labelled in
bold text. (c) Representative conformations (300 ns) from each of the triplicate simulations suggest that Tyr1, Leu2, Gln3 and Tyr4 are stably
bound in the active site of SARS-CoV-2 Mpro, while the remainder of the peptide is more mobile and makes transient interactions across the
dimer interface. (d) Se-1 peptide bound to chains A, B and D colored by B-factor, showing the residues 1–4 are stable and boundwithin the S3, S2,
S1 and S�1 subsites, respectively, whereas the polar half of the peptide (Arg8–Glu13) is either too disordered to accurately model, or is modelled
with high B-factors. Chain C was omitted because crystal packing interactions distorted the B-factors of the peptide.
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electron density; the selenoether linkage and the rst 5 residues
(D-Tyr1, Leu2, Gln3, Tyr4, Ala5) were very stable, with the
remainder of the peptide (7–12) appearing somewhat disor-
dered (Fig. 5b). The peptide displayed a consensus binding pose
across three subunits of the crystal structure. The fourth
subunit displayed an alternative binding pose in which Leu2
and Gln3 were present in identical positions, but the anking D-
Tyr1 and Tyr4 residues adopted alternative conformations (see
ESI, Fig. S13a and b†). Closer inspection revealed a non-Pro cis-
peptide bond between Tyr4 and Ala3 in chains A, C, D, which
results in a tight kink in the helix, while in chain B this bond
remains in the trans-conguration (see ESI, Fig. S13c and d†).
The Gln3 of the peptide occupies the canonical S1 subsite of the
protease (following the numbering by Lee et al.)51 in every
3832 | Chem. Sci., 2022, 13, 3826–3836
peptide:protein complex, facilitated by interactions with
His163, Glu166, and Asn142 (Fig. 5b). Likewise, Leu2 is always
bound in the S2 subsite comprised of His41, His164 and Gln189.
D-Tyr1 is in the solvent-exposed S3 site bordered by Gln189,
Ala191 and Pro16, while the peptide twists at the selenoether/D-
Tyr1 linkage, turning away from the canonical S4 site to be
positioned adjacent to Glu166. Tyr4 is therefore positioned in
the S01ðP0

1Þ position in 3
4 chains, fully consistent with the slow

proteolysis between Gln3 and Tyr4 observed by mass spec-
trometry (Fig. 4c). In chain B, the peptide backbone and Tyr4
have swapped positions (see ESI, Fig. S13a and b†).

To obtain a better understanding of the interaction of the
full peptide with the protein in the absence of crystal contacts,
we modelled the missing residues as accurately as possible with
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Antiviral activity of peptides 1, 2, 5, 6 and penetratin conjugates
of 1 and 6 (pen-1 and pen-6). HEK293-ACE2-TMPRSS2 cells were
incubated with varying concentrations of cyclic peptide Mpro inhibitors
and infected with SARS-CoV-2. Inhibition curves and 50% effective
concentrations (EC50) were determined by non-linear regression
analysis using GraphPad Prism. Data are the means � SD of experi-
ments performed in quadruplicate. Negative control Ac-PEG2-Pene-
tratin EC50: >50 mM (ESI, Fig. S15B†).
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the available density and used this structure as the starting
point for triplicate 333 ns molecular dynamics (MD) simula-
tions52 (�1 ms total simulation time; Fig. 5c and S14, ESI†). The
results were consistent with the crystal structure, i.e. residues 1–
4 were all relatively stable within their respective binding
pockets within the substrate cle of SARS-CoV-2 Mpro, with the
mobility of the peptide increasing on either side of these resi-
dues (Fig. 5d). Notably, the simulations showed regular tran-
sient interactions between the peptide and the second chain of
the physiological dimer.

The structure and MD simulations also provide a molecular
explanation for the inhibitory activity of the alanine mutants of
1. Specically, the structure shows that the central interactions
are formed by Leu2 and Gln3, consistent with the large reduc-
tions in activity when these positions are mutated to Ala, while
D-Tyr1 and Tyr4 also form signicant interactions with the
protease on either side of these residues. Other positions (8, 9,
10, 12 and 13) that were observed to have little inuence on
inhibitory activity are either disordered or solvent-exposed. MD
simulations suggest that Arg11, the mutation of which to Ala
had a signicant effect on inhibition (Fig. 4d), makes contacts
across the dimer interface (see ESI Fig. S13e†), interacting with
the side chain and main chain carbonyl of Q256. This is
consistent with electron density showing Arg11 within
hydrogen bonding distance of the neighbouring chain B in one
dimer (see ESI Fig. S13f†). These observations are consistent
with the SEC-MALLS and NMR data that shows the peptide
binds the dimeric form of SARS-CoV-2 Mpro exclusively for its
mode of inhibition (Fig. 4a and b).
Antiviral activity of cyclic peptide SARS-CoV-2 Mpro inhibitors

Given the promising inhibitory activity of cyclic peptides 1–6
against SARS-CoV-2 Mpro, we next assessed the antiviral activity
of the four most potent peptides against SARS-CoV-2 in vitro.
Specically, we used ACE2 and TMPRSS2 overexpressing
HEK293T cells infected with SARS-CoV-2 to assess each peptide.
This cell line is hyper-permissive to SARS-CoV-2 infection with
extensive viral syncytia forming aer 18 hours post viral infec-
tion. Dose-dependent sigmoidal inhibition curves can be
generated through enumeration of remaining single cell nuclei
using a live nuclear dye and a standard high content uorescent
microscope. In this setting, we observed a dose-dependent
protection for three of the four peptides, with EC50 values
ranging from 11.8–33.1 mM. However, Peptide 1, the most active
compound in the enzyme inhibition assay, was inactive up to
a concentration of 50 mM, most likely due to low cell perme-
ability owing to the large number of polar and charged residues
in this molecule. Cell-penetrating peptides have been developed
that can transport molecular cargo that may be too large or
polar to enter cells passively (as is the case of 1) by entering cells
via alternate mechanisms such as endocytosis.53 To facilitate
cell entry of 1, we therefore conjugated its C-terminus to pen-
etratin, a 16 amino acid cell-penetrating peptide (CPP) derived
from the Drosophila Antennapedia homeodomain54 (to afford
pen-1). It should be noted that during the selection process the
C-termini of the peptides are conjugated to a large mRNA:cDNA
© 2022 The Author(s). Published by the Royal Society of Chemistry
tag, and therefore addition of a CPP to the C-terminus of the
peptide (to afford pen-1) was deemed unlikely to affect binding
and inhibition of Mpro. Pleasingly, pen-1 had equivalent in vitro
inhibitory activity against SARS-CoV-2 Mpro to peptide 1 (Ki ¼
9 nM for pen-1 vs. 14 nM for 1, Fig. S15A, ESI†) indicating that
addition of a CPP to the C-terminus of the peptide did not affect
binding and inhibition of the protease. We also prepared
a penetratin conjugate of cyclic peptide 6, the second most
active peptide in the enzyme inhibition assay (Ki ¼ 360 nM).
While parent cyclic peptide 6 showed antiviral activity in the
cell-based assay (EC50 of 33.1 mM), we anticipated that the
conjugation to penetratin might further improve potency. We
also assessed the cytotoxicity of 1, pen-1, 6 and pen-6 on
HEK293-ACE2-TMPRSS2 cells, with none of the compounds
affecting cell viability at a concentration of 50 mM (see ESI,
Fig. S16†). Pleasingly, we found that pen-1 and pen-6 both
exhibited signicantly improved antiviral activity, with EC50

values of 15.2 mM and 6.6 mM, respectively (Fig. 6). As expected,
the marked improvement in antiviral activity of peptide 1 by
conjugation to the penetratin CPP correlated with enhanced
cellular uptake, whereby LC-MS/MS analysis showed a 5.5-fold
increase in levels of pen-1 compared to 1 in cell lysates (see ESI,
Fig. S17a–c†). Interestingly, peptides 2 and 5 possessed signif-
icant antiviral activity (11.8 mM and 13.0 mM, respectively)
despite displaying only moderate inhibitory activity against
Mpro. In order to rationalise this observation, we also assessed
the cell permeability of 2 and 5 by LCMS/MS. Both 2 and 5 were
detected in lysates at concentrations that exceeded that of the
more potent Mpro inhibitors 1 and 6 (see ESI, Fig. S17d–f†). This
suggests that peptides 2 and 5 may also serve as interesting
leads for future development of cell-permeable cyclic peptide
SARS-CoV-2 Mpro inhibitors.
Conclusions

In summary, we discovered macrocyclic peptide inhibitors of
SARS-CoV-2 Mpro using RaPID mRNA display technology. A
novel protein cross-linking strategy was employed to generate
a covalently locked catalytically active dimer, facilitating display
selection against solid-supported SARS-CoV-2 Mpro. This
Chem. Sci., 2022, 13, 3826–3836 | 3833
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enabled the discovery of potent inhibitors of Mpro, including the
14-residue cyclic peptide 1 with a Ki of 14 nM that represents
one of the most potent inhibitors reported against the protease
to date. SEC-MALLS and NMR spectroscopic studies revealed
that this molecule inhibits SARS-CoV-2 Mpro by exclusively
binding to the catalytic protease dimer, highlighting the
importance of controlling the nature of the immobilized
protein construct for display selections; in this case by cova-
lently cross-linking the Mpro homodimer. Co-crystal structures
of Mpro and 1 and the selenocysteine derivative Se-1 solved by X-
ray crystallography revealed the canonical interaction between
a Gln residue and subsite S1, anked by hydrophobic residues.
This half of the peptide was relatively stable, while the hydro-
philic face (8–12) was relatively mobile, interacting with solvent
and across the dimer interface to facilitate an exclusive dimer
binding mode for the inhibitor. The strain imposed by cycliza-
tion prevents the peptide from adopting a fully relaxed confor-
mation and likely explains the very slow turnover, despite the
inhibitor possessing canonical residues that bind to the key
recognition subsites of the protease. Thus, cyclization of the
peptide has essentially converted a peptide substrate into
a highly potent SARS-CoV-2 Mpro inhibitor, highlighting a key
benet of the cyclic peptides that emerge from RaPID screens in
medicinal chemistry studies. Several of the cyclic peptides also
exhibited antiviral activity against SARS-CoV-2 in vitro and
enhancing cellular uptake of cyclic peptides by conjugation to
the CPP penetratin led to dramatic improvements in antiviral
activity. This was especially pronounced for lead molecule 1,
which was ineffective without the covalent CPP tag but exhibi-
ted an EC50 of 15.9 mM following fusion to penetratin. These
results demonstrate that peptides 1 and 6 have the potential to
be effective antivirals when conjugated to CPPs. It should be
noted however, that while penetratin is a well-established CPP
that has been successfully utilised for in vivo delivery,55,56 it is
known to have a relatively short plasma half-life57,58 and, as
such, pen-1 and pen-6 should only be regarded as tool mole-
cules. Therefore, ongoing work in our laboratories seeks to
investigate a range of other CPPs with a view to optimising cell-
permeability and stability for future in vivo experiments.
Nonetheless, the cyclic peptides discovered in this study serve
as bona de starting points for the rational design of peptide- or
peptidomimetic-based antivirals for COVID-19 that target SARS-
CoV-2 Mpro. Moreover, the crosslinked protease selection
strategy developed as part of this work is expected to inform
medicinal chemistry campaigns targeting other dimeric coro-
naviral main proteases. Future work in our laboratories will
involve lead optimization of the discovered peptides for
improved activity and cell permeability both by rational design
and high-throughput affinity maturation59,60 with a view to
developing molecules with potent antiviral activity in vivo.

Data availability

Sequences of peptides emerging from RaPID selections, char-
acterisation data for cyclic peptides and SARS-CoV-2 Mpro,
inhibition and selectivity data, plasma stability data and
molecular dynamics data are provided in the ESI.†
3834 | Chem. Sci., 2022, 13, 3826–3836
Crystallographic coordinates and structure factors for the
structure of the SARS-CoV-2 Mpro-Se-1 complex have been
deposited in the PDB (ID: 7RNW).
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