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ity-based probes for the SARS-
CoV-2 main protease enable visualization of
inhibition in infected cells†

Roeland Vanhoutte, a Marta Barniol-Xicota, a Winston Chiu,b Laura Vangeel,b

Dirk Jochmans, b Steven De Jonghe,b Hadeer Zidane,c Haim M. Barr,c

Nir London, d Johan Neytsb and Steven H. L. Verhelst *ae

The COVID-19 pandemic has revealed the vulnerability of the modern, global society. With expected waves

of future infections by SARS-CoV-2, treatment options for infected individuals will be crucial in order to

decrease mortality and hospitalizations. The SARS-CoV-2 main protease is a validated drug target, for

which the first inhibitor has been approved for use in patients. To facilitate future work on this drug

target, we designed a solid-phase synthesis route towards azapeptide activity-based probes that are

capped with a cysteine-reactive electrophile for covalent modification of the active site of Mpro. This

design led to the most potent ABP for Mpro and one of the most potent inhibitors reported thus far. We

demonstrate that this ABP can be used to visualize Mpro activity and target engagement by drugs in

infected cells.
Introduction

The SARS-CoV-2 virus is the causative agent of COVID-19 and
has resulted in the largest worldwide viral pandemic in
a century. The virus belongs to the family of betacoronaviruses,
which have been known to infect humans since 19661,2 and have
caused two previous pandemics: the SARS pandemic in 2002 3

and the MERS pandemic in 2012.4 Although the development of
vaccines has lowered the incidence of hospitalizations and
fatalities due to COVID-19, new mutants of the virus have been
emerging for which the vaccines are less effective.5 Despite the
lower disease severity of the new mutants,6 the infectivity has
increased. As a result, future waves of infection with associated
hospitalizations, hygienic measures and general societal
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burden are expected. Therefore, the development of antiviral
drugs remains necessary in the battle against SARS-CoV-2.

The main protease (Mpro) of SARS-CoV-2 has gained a lot of
attention as a drug target, as it is responsible for the proteolytic
release of twelve of the sixteen non-structural proteins (nsps)
from the two polyproteins expressed by the virus.7 A wide variety
of studies has therefore been conducted to generate inhibitors
for Mpro, many of which employ compounds that bear cysteine-
reactive warheads.8,9 Various reversible covalent inhibitors have
been reported. For example, Zhang et al. found that a previously
discovered substrate-based inhibitor with an a-ketoamide
warhead for alpha- and betacoronavirus Mpro and enterovirus
3C proteases was active against SARS-CoV-2 Mpro.10 Similar
substrate-based peptide aldehydes were reported around the
same time as potent SARS-CoV-2 Mpro inhibitors.11 GC376,
a bisulte adduct of a peptide aldehyde with a similar peptide
sequence, which had already been developed as a prodrug
against the feline coronavirus, also turned out to be potent
against SARS-CoV-2 Mpro.12,13 In December 2021, the FDA
approved Pzer's reversible covalent peptide nitrile nirma-
trelvir14 as a combination therapy with ritonavir, for the treat-
ment of COVID-19.

Irreversible covalent inhibitors for Mpro have been reported
based on various cysteine-reactive warheads, including acyloxy
methyl ketones (AOMKs),15 azanitriles and pyridyl esters,16 and
Michael acceptors such as peptide vinyl esters17 and vinyl
sulfones.18 Additionally, some covalent drugs or drug candi-
dates, such as carmofur and ebselen, were reported as SARS-
CoV-2 Mpro inhibitors.17
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Several irreversible covalent warheads have been used to
create activity-based probes (ABPs) for Mpro. Rut et al. used
a vinyl sulfone warhead attached to a tetrapeptide containing
natural and unnatural amino acids optimized for the P4–P1
preference of Mpro, with a uorophore or biotin detection tag.18

The group of Böttcher created Mpro-reactive ABPs in a library
synthesis by coupling an amine-containing ligand with a chlor-
oacetamide-containing activated ester.19 Although the above
studies provided useful probes, both used solution-phase
chemistry for the construction of these molecules. Solid-phase
chemistry would allow creation of a larger variety of structures
in a shorter time. Van de Plassche et al. implemented solid-
phase peptide synthesis (SPPS) to create ABPs with an AOMK
warhead.20 However, this solid-phase approach is restricted to
this particular warhead. Therefore, we aimed at designing
a solid-phase strategy that would allow variation of the peptidic
element as well as the reactive warhead. In this work, we report
the on-resin synthesis of azapeptide-derived ABPs and their
application in visualizing Mpro activity and inhibition in infec-
ted cells.

Results & discussion

For our synthetic design, we aimed at using a SPPS-based
method that does not only allow rapid synthesis, but also
enables the introduction of the reactive electrophilic warhead in
a last step for easy diversication of this essential element of the
ABP. Of note, cysteine-reactive electrophiles span a wide range
of reactivities,21–23 and nding the right reactivity may be crucial
to obtain an optimal ABP. In addition, not all electrophiles may
be compatible with peptide elongation conditions. Coupling
the electrophile in a nal step is therefore highly desirable.
Conveniently, the primary specicity element of SARS-CoV-2
Fig. 1 (A) Substrates of Mpro contain a Gln residue in the P1 position,
directly N-terminal to the scissile bond (in red). (B) Design of aza-
peptide ABPs. The Gln side chain serves as a solid-phase anchor. It is
introduced as an aza-amino acid, in which the a-carbon is replaced by
nitrogen (blue). The aza-amino acid can then be capped with
a cysteine-reactive warhead. The detection tag at the N-terminus
allows detection of the covalent probe–Mpro complex.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Mpro comprises a Gln residue in the P1 position (Fig. 1A),
which opens the possibility to anchor the molecule to the solid
support at this position. As the warhead is placed at the C-
terminal end of the P3–P1 peptide recognition element, we
opted for the use of an azapeptide, introducing a secondary
nitrogen in the peptide backbone to which a warhead can be
coupled (Fig. 1B). Covalent azapeptidic inhibitors were previ-
ously developed for various cysteine proteases, including cas-
pases24 and Mpro of the SARS-CoV-1 virus, which emerged in
2002.25 Recently, a covalent inhibitor of the SARS-CoV-2 papain-
like protease based on an azaglycine-type scaffold has also been
reported.26 In addition, we have previously provided proof of
principle that solid-phase synthesis is possible for caspase-
targeting inhibitors with a P1 aza-Asp residue.27,28

Initially, we aimed at constructing the azapeptide completely
on a solid support by coupling bromopropionate to Rink resin,
followed by reaction with Fmoc-hydrazine (Scheme 1A). The
substitution unfortunately failed, likely due to the low nucleo-
philicity of Fmoc-hydrazine and the substantially lower elec-
trophilicity of the bromopropionate compared with
bromoacetate, for which substitution can be readily achieved.27

Performance of this reaction in solution-phase synthesis also
failed, supporting this explanation (Scheme 1B). To enable SPPS
of the desired azapeptides, we therefore constructed key
building block 4 in solution, starting from Boc-protected
hydrazine and tert-butyl 3-bromopropanoate (Scheme 1C),
which was reported to proceed in better yields than for Fmoc-
hydrazine.29 Aer the substitution, the N1 was protected using
Alloc chloride to give intermediate 3, from which both the Boc
and tert-butyl ester were removed using HCl. Finally, the N2 was
reprotected with Fmoc chloride to form P1 building block 4.

Compound 4 represents the cornerstone for the on-resin
synthesis of the ABPs, as it serves a threefold purpose: the
Scheme 1 Synthesis of the azapeptide building block. (A) An attempt
to synthesize a P1 azaGln fragment on a Rink amide resin did not work.
(a) 3-Bromo propionyl bromide, DIEA, and DCM. (b) Fmoc-hydrazine,
DIEA, DMF, 40 °C. (B) In solution, substitution by Fmoc-hydrazine did
not function. (c) Fmoc-hydrazine, DIEA, DMF, 40 °C. (C) Synthesis of
central orthogonally protected building block 4, (d) Boc-hydrazine,
DIEA, DMF, 40 °C. (e) Alloc-Cl, DIEA, DMF, rt, 26% over two steps. (f)
TFA, DCM, rt. (g) Fmoc-Cl, DIEA, DCM, rt, 69% over two steps.
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Table 1 Activity of 7a–e on purified SARS-CoV-2 Mpro and infected
cells

Compound ICApp
50

a EC50
b CC50

c CC50
d

7a 206 nM >10 mM 36.7 mM N.D.
7b Inactive N.D. N.D. N.D.
7c 44.0 nM >10 mM 62.5 mM N.D.
7d 20.8 nM 3.25 mM 50.0 mM >10 mM
7e >45 mM N.D. N.D. N.D.

a Measured on puried SARS-CoV-2 Mpro. b Measured on VeroE6 cells
infected with SARS-CoV-2. c Measured on Huh7 cells. d Measured on
VeroE6 cells.
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anchor point to the resin, the site for attachment of the peptide
recognition element and the position for connection of the
warhead. Building block 4 was rst coupled to Rink amide resin
via its carboxylic acid function, yielding the desired Gln side
chain attached to the solid support. Next, we used Fmoc-based
SPPS to couple an L-Leu and L-Tle residue to the N2 of the P1
azapeptide element. Aer capping the peptide with a hexynoic
acid alkyne tag, the Alloc on the N1 was removed and capped with
a cysteine-reactive warhead. We installed ve different reactive
electrophiles via an amide or sulfonamide bond: an epox-
ysuccinate (7a), a vinylsulfonamide (7b), a methylfumarate (7c),
a chloroacetamide (7d) and a 2-chloro-5-nitrobenzamide (7e).
These warheads react with cysteines in four different ways,
namely epoxide ring opening (7a), Michael addition (7b and 7c),
SN2 substitution (7d) and SNAr substitution (7e). Aer coupling of
the warheads, the probes were cleaved from the resin using
a mixture of TFA, TIS and water, which was compatible with all
warheads installed on the probes (Scheme 2).

A rst assessment of the probes was done by competitive
activity-based protein proling (ABPP). Herein, Mpro was pre-
treated with 7a–e and residually active enzyme was labeled with
the previously reported20 TAMRA-Tle-Leu-Gln-AOMK probe. At
10 mM concentration, probes 7a, 7c and 7d showed strong
inhibition of Mpro, whereas probes 7b and 7e showed none or
little (Fig. S1†). Next, apparent IC50 values (ICApp

50 ) were
Scheme 2 On-resin synthesis of ABPs 7a–e. (a) (1) Deprotection with
DMF/piperidine 4/1; (2) 4, HBTU, DIEA, DMF, rt, overnight. (b) Elon-
gation by repeated cycles of: (1) DMF/piperidine 4/1, 5 minutes; (2)
Fmoc-Leu-OH (overnight), Fmoc-Tle-OH or hexynoic acid (3 h),
HBTU, DIEA, DMF, rt. (c) Pd(PPh3)4, PhSiH3, DCM, 30 minutes. (d)
Coupling of either: (1) mono-ethyl epoxysuccinate, HBTU, DIEA, DMF,
rt, overnight; (2) 2-chloroethane sulfonylchloride, DIEA, DCM, rt,
overnight; (3) mono-methyl fumarate, HBTU, DIEA, DMF, rt, overnight;
(4) chloroacetyl chloride, DIEA, DCM, rt, overnight; or (5) 2-chloro-5-
nitrobenzoic acid, HBTU, DIEA, DMF, rt, overnight. (e) TFA/TIS/water
95/2.5/2.5, 30 minutes.

1668 | Chem. Sci., 2023, 14, 1666–1672
determined with a kinetic assay using a quenched uorescent
substrate. This revealed a large difference in activity between
the probes. While probes 7a, 7c and 7d display low-to-mid
nanomolar ICApp

50 , 7b and 7e are much less active with
ICApp

50 values exceeding 45 mM (Table 1). This difference in
activity is striking, as the vinyl sulfone warhead of 7b is the
strongest Cys-reactive warhead used in this study.21 A potential
explanation lies in the distance between the site of attack of the
nucleophilic Cys residue on the warhead and the a-position of
the P1 residue. For probes 7a, 7c and 7d, this distance is two
Fig. 2 Engagement of the warhead by the active site cysteine. (A)
Comparison of the position of attack on a substrate versus the here-
synthesized inhibitors with chloroacetamide (7d) and vinylsulfonamide
(7b). (B) Overlay of the crystal structure of SARS-CoV-2 Mpro with an
aldehyde inhibitor (PDB code: 6LZE) with a docked structure of
a vinylsulfonamide. Mpro is depicted as a semitransparent surface with
a protein backbone in a cartoon format. Active site cysteine C145 is
colored in magenta, the original inhibitor in cyan and the docked
structure in green. (C) Overlay of the same crystal structure with
a docked structure of a chloroacetamide. (D) Position of the vinyl-
sulfonamide relative to the active site cysteine. Note that the elec-
trophilic carbon points away from the nucleophile. (E) Position of the
chloroacetamide relative to the active site cysteine. Pictures were
rendered in PyMol.30

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Labeling of Mpro-spiked HEK lysates (1 mg mL; 0.1% Mpro) at
pH 7.5 with probes 7a, 7c, 7d and 7e (1 mM for 1 h) with visualization via
CuAAC with TAMRA-N3. Mut = C145A active site Mpro mutant and Ctl
= control Mpro probe TAMRA-Tle-Leu-Gln-AOMK, which labels the
active Mpro but not the catalytically dead mutant. (B) Same as in panel
(A), but at pH 5.5. DCG = TAMRA-conjugated DCG-04 pan cathepsin
probe. (C) Schematic workflow of Mpro detection in samples of
infected and uninfected cells. (D) Detection of Mpro that is fluo-
rescently labeled by probe 7d (left panel) and of total Mpro by western
blot (right panel).
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bonds, whereas for probes 7b and 7e, this is three bonds
(Fig. 2A). It would thus appear that the two-bond distance is
a strict requirement for this type of Mpro inhibitor to engage in
a productive reaction with the active site cysteine, although
a larger number of warheads should be tested to conrm this
hypothesis. To gain some more insight into the difference in
reactivity, the warhead, P1 and P2 residues of the most active
compound 7d and the inactive vinylsulfonamide 7b were
docked into the active site of Mpro. The top docking poses that
displayed good overlap with a known peptidic Mpro inhibitor
(Fig. 2B and C), showed that the electrophilic carbon of the
chloroacetamide is in close distance of the active site C145,
whereas the vinyl moiety of 7b is localized much further and
points towards the opposite direction (Fig. 2D and E).

Next, the selectivity of probes 7a, 7c, 7d and 7e for Mpro over
human proteins was assessed in a whole proteome by ABPP. To
this end, HEK293 lysates were spiked withMpro and treated with
a 1 mM probe concentration. Covalently modied probe targets
were then visualized via CuAAC (copper(I)-catalyzed azide
alkyne cycloaddition) with TAMRA-azide. At pH 7.5, which is
around the optimal pH for Mpro, we detected only one gel band
for probes 7a, 7c and 7d. Compound 7e did not yield any signal,
further conrming its inactivity. The uorescent gel band was
identied as Mpro, as it corresponds to the right molecular mass
of the protein and the same band was detected when using the
known Mpro-reactive ABP TAMRA-Tle-Leu-Gln-AOMK on HEK-
lysates spiked with wild type Mpro, but not when the lysate
was spiked with a catalytically dead C145A Mpro mutant.
Because various reported covalent Mpro inhibitors show cross
reactivity with cysteine cathepsins,15,16,31 the same experiment
was also performed at pH 5.5, which is the optimal pH for
cysteine cathepsin proteases. The occurrence of cathepsins in
HEK-lysates was conrmed by using uorescently labelled DCG-
04, a pan-reactive cathepsin ABP.32 None of the probes (7a, 7c,
7d and 7e) showed any protein labelling at this pH (other than
Mpro), illustrating the lack of off-targets. Striking was the clear
labeling of Mpro by 7c and 7d at this acidic pH, showcasing the
strong reactivity of these probes, even under sub-optimal
conditions.

We next assessed the sensitivity of the two most active
probes, 7c and 7d for labelling Mpro. To this end, 20 nM Mpro

was incubated with decreasing concentrations of ABP and
visualized via CuAAC with TAMRA-azide. Probe 7c gave
a detectable Mpro signal down to 42 nM concentration and
probe 7d detected Mpro even at a substoichiometric probe
concentration of 14 nM (Fig. S2A†). The detection limit of probe
7d was also determined in a whole proteome by spiking
HEK293T lysates (1 mg mL−1 total protein) with decreasing
amounts of Mpro. With 1 mM 7d, it was possible to detect active
Mpro down to 0.05% of the total protein (Fig. S2B†). This
suggests that probe 7d may be used to detect active Mpro in
infected cells.

With these highly active and selective probes at hand, we
now set out to detect Mpro activity and its inhibition in infected
cells. First, we determined the capacity of probes 7a, 7c and 7d
to inhibit SARS-CoV-2 replication in VeroE6 cells. Compounds
7a and 7c showed low potency (EC50 > 10 mM), while compound
© 2023 The Author(s). Published by the Royal Society of Chemistry
7d displayed single digit micromolar activity. The cellular
toxicity (CC50) of all compounds was in the mid-micromolar
range (Table 1). To illustrate that probe 7d can detect endoge-
nous levels of Mpro, SARS-CoV-2-infected cells were lysed and
treated with 7d. As controls, lysates of non-infected cells with or
without spiked exogenous recombinantMpro were treated under
the same conditions (Fig. 3C). A uorescently-labeled band was
only visible in the sample from infected cells as well as in the
spiked sample, whereas not a single uorescent band was
observed in the non-infected sample (Fig. 3D), conrming the
high probe selectivity seen in Fig. 3A and B. The presence of
Mpro was conrmed by western blot, which revealed distinct
bands that overlay with the uorescently-labeled bands of probe
detection (Fig. 3D).

With the ability to label endogenous Mpro, the most effective
azapeptide ABP 7dwas now used for detection of Mpro activity in
virally infected cells by uorescence microscopy. Hence, VeroE6
cells were incubated with SARS-CoV-2 for 24 h, followed by a 2 h
treatment with an Mpro inhibitor or a DMSO vehicle. Next, ABP
7b (10 mM) was added to detect residually active Mpro. Labeled
Mpro was then visualized aer cell xation by CuAAC with
TAMRA-azide, whereas presence of the virus was detected with
an antibody against the SARS-CoV-2 nucleocapsid protein.
Samples were subjected to automated uorescence microscopy
Chem. Sci., 2023, 14, 1666–1672 | 1669

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc04147b


Fig. 4 Fluorescencemicroscopy detection of Mpro inhibition in SARS-CoV-2-infected cells. (A) Summary of workflow. One day after infection of
VeroE6 cells, probes were added to cells – with or without inhibitor pretreatment. Click chemistry with TAMRA-N3 as well as antibody staining
against the nucleocapsid protein of the virus were performed after fixation, followed by fluorescence microscopy. The minimum intensity for
visualization was set above the background intensity of no probe control samples. (B) Non-infected control cells do not show TAMRA staining
derived from the probe (in red) or Alexa647 staining of the SARS-CoV-2 anti-nucleocapsid protein (in green). (C) Infected cells without probe
treatment do not show red fluorescence in the cells positive for the SARS-CoV-2 virus (green). (D) Treatment with probe 7d results in red staining
of infected cells, which can be seen by yellow co-staining in the overlay panel. The staining can be attributed to Mpro activity, as uninfected cells
(panel (B)) and cells not treated with the probe (panel (C)) do not show this. (E) Mpro inhibitor nirmatrelvir reduces the signal by probe 7d, further
indicating that 7d reacts with active Mpro. See Fig. S4† for overlay channels and bright light images of cells.
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with a ThermoFisher ArrayScan XTI system (Fig. 4A). Non-
infected cells showed a low probe-derived TAMRA signal and
low Alexauor 647-derived signal of the viral nucleocapsid
protein, indicating high selectivity of the in situ click reaction
and the antibody, respectively (Fig. 4B). Infected cells not
treated with probe 7b also displayed low TAMRA uorescence,
further conrming the in situ click selectivity (Fig. 4C). In
contrast, virus-infected cells were well visualized by using probe
7d as demonstrated by the red uorescence, which overlays with
the false-green colored antibody uorescence (Fig. 4D). Impor-
tantly, the probe signal disappeared almost completely in cells
treated with nirmatrelvir (Fig. 4E and S3–S4†) as well as with
carmofur (Fig. S3†), an antineoplastic drug that also inhibits
SARS-CoV-2 Mpro. Although the uorescence was relatively weak
compared with the background, quantication of the signal
shows a reduction in the uorescence of nirmatrelvir-treated
cells to levels close to the background (Fig. S5†). This conrms
that the uorescence signal indeed stems from the reaction of
active Mpro with probe 7d and demonstrates the utility in
detection of this viral drug target and its inhibition in live cells.

Conclusions

Mpro is an essential enzyme for SARS-CoV-2 replication and
therefore represents an attractive drug target. To enable the
detection of active Mpro within infected cells, here we developed
1670 | Chem. Sci., 2023, 14, 1666–1672
highly potent and selective ABPs. A multifunctional design of
azapeptide building block 4 allowed solid-phase synthesis and
rapid variation of the reactive electrophile, which is a crucial
element of ABPs. We found that azapeptide chloroacetamide 7d
was highly active against SARS CoV-2 Mpro in a biochemical
assay. This type of reactive warhead had a large inuence on the
potency of inhibition. Interestingly, the vinyl sulfonamide
derivative, an electrophile with the highest reported reactivity,
was inactive, likely because of the unfavorable placement in
relation to the nucleophilic cysteine in the active site. Although
compound 7d has high potency in vitro, the activity in cells is
substantially lower, which is likely due to poor cell permeability.
This can be attributed to the primary amide that mimics the
glutamine side chain, as a related azapeptide inhibitor with
a pyrrolidone as a cyclic glutamine side chain analog, reported
during the course of this work, displays nanomolar potency.33

We therefore expect that the cellular potency of the here-re-
ported probes, and thereby the applicability in cells, can be
further ne-tuned by optimization of the peptide element as
well as the reactive group. In this regard, the recent discovery of
di- and trihaloacetamides as reactive electrophiles for SARS-
CoV-2 Mpro may also be useful for future design of novel aza-
peptide Mpro inhibitors and probes.34 The solid-phase method
described here will enable rapid synthesis of libraries of such
compounds. Additionally, variation of the P1 position and the
reactive warhead may also facilitate the development of ABPs
© 2023 The Author(s). Published by the Royal Society of Chemistry
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for other viral proteases. The here-reported probe 7d permits
the visualization of drug target engagement in a cellular
context. We expect that this may aid future drug discovery
efforts directed towards SARS-CoV-2 Mpro.
Data availability

The coordinates of the docked compounds are available from
the Research Data Repository of KU Leuven at: https://
www.rdr.kuleuven.be.
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