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Tragically, the death toll from the COVID-19 pandemic continues to rise, and with variants being observed
around the globe new therapeutics, particularly direct-acting antivirals that are easily administered, are
desperately needed. Studies targeting the SARS-CoV-2 3CL protease, which is critical for viral replication,
with different peptidomimetics and warheads is an active area of research for development of potential
drugs. To date, however, only a few publications have evaluated the nitrile warhead as a viral 3CL protease
inhibitor, with only modest activity reported. This article describes our investigation of P3 4-methoxyindole
peptidomimetic analogs with select P1 and P2 groups with a nitrile warhead that are potent inhibitors of
SARS-CoV-2 3CL protease and demonstrate in vitro SARS-CoV-2 antiviral activity. A selectivity for SARS-
CoV-2 3CL protease over human cathepsins B, S and L was also observed with the nitrile warhead, which
was superior to that with the aldehyde warhead. A co-crystal structure with SARS-CoV-2 3CL protease and
a reversibility study indicate that a reversible, thioimidate adduct is formed when the catalytic sulfur forms a
covalent bond with the carbon of the nitrile. This effort also identified efflux as a property limiting antiviral
activity of these compounds, and together with the positive attributes described these results provide
insight for further drug development of novel nitrile peptidomimetics targeting SARS-CoV-2 3CL protease.
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Introduction

The outbreak of coronavirus disease 2019 (COVID-19) was
first reported in December 2019 in Wuhan, China. To date,
over 3.8 million people have died from this ongoing
pandemic." Although vaccines have been developed and are
being administered as rapidly as possible, the emergence of
variants has underscored the need for additional modalities
of treatment. Remdesivir, which was originally in clinical
trials as an Ebola treatment, is the only direct-acting antiviral
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that has been approved.” It is administered intravenously and
has demonstrated only modest efficacy for moderate cases of
COVID-19. Novel therapeutics to treat coronavirus infections,
especially ones with a different mechanism of action that are
orally administered, are desperately needed.

COVID-19 is caused by a severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2)." Other coronaviruses
are responsible for a portion of common seasonal colds as
well as the 2003 severe acute respiratory syndrome (SARS,
caused by the SARS-CoV-1), and 2012 Middle East respiratory
syndrome (MERS, caused by the MERS-CoV). Coronaviruses
have four genera with two, the alpha- and beta-coronaviruses,
descending from the bat viral gene pool with SARS-CoV-1,
MERS-CoV and SARS-CoV-2 being beta-coronaviruses.*

During the replication cycle of the coronavirus, after
endocytosis into the cell, cellular machinery is utilized to
express two overlapping polyproteins, ppla and ppilb, from
the viral RNA.” These polyproteins must be processed by two
proteases known as 3-chymotrypsin-like protease (3CLP™,
MP™ or 3CLP) and papain-like protease (PL"™) to liberate the
viral proteins required for replication. The majority of the
cleavages are performed by 3CLP™, however, the exact
number cleaved by each protease is still being debated.® Both

This journal is © The Royal Society of Chemistry 2021
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3CLP™ and PL"™ are cysteine proteases with different site
specificities. The peptide sequence cleaved by a protease is
labeled as P3P2P1!P1'P2'P3’ where the amide bond cleavage
occurs between P1 and P1’ amino acid as indicated by the
arrow, and the corresponding sites on the protease protein
are referred to as S3S2S1S1'S2’S3’. Coronavirus 3CLP™
hydrolyses proteins predominantly between a P1 glutamine
and a small P1’ amino acid, such as alanine, serine or
glycine. For the P2 position, leucine is the most common in
the sequence specificity for coronaviruses.” Given the
importance of 3CLP™ to viral replication, it is a promising
drug target.

Peptidomimetic inhibitors of proteases mimic the
substrate with similar labels (P3, P2, P1, etc.) and typically
include a moiety that interacts with the catalytic site. That
group is known as the warhead, and for cysteine proteases it
is typically an electrophile that forms a covalent bond with
the catalytic sulfur.’ The exploration of peptidomimetic
inhibitors against SARS-CoV-2 3CLP™ has unsurprisingly
exploded since the COVID-19 pandemic began. Repurposing
peptidomimetic drugs, such as boceprevir, telaprevir, and
ritonavir, that were developed against other viruses is one
approach that has been utilized.* '® Peptidomimetics that are
tailored for SARS-CoV-2 3CLP™ are increasingly being
reported, and many build upon SARS-CoV-1 findings or those
of viruses that have a similar protease to the coronavirus
3CLP™, such as enterovirus 71 and rhinovirus."*™* For these
SARS-CoV-2 targeted peptidomimetics, most utilize a P1
glutamine mimic with a gamma-lactam (5-membered) being
the most common, with N,N-dimethylglutamine, delta-lactam
(6-membered) and non-glutamine mimics being less
frequently reported. For P2, consistent with the consensus
sequence, the most common utilized group is leucine,
although related ones, such as cyclopropylalanine,
tert-butylalanine  and  cyclohexylalanine, are  also
reported.'”'* > The main variations being explored by
different researchers are at either P3 or the warhead. A wide
range of P3 capping groups, such as benzyl carbamate and
indole, in addition to tetra- (P4) and pentapeptides (P4 and
P5) with capping groups are utilized. The warhead is critical
as it makes a covalent bond with the catalytic sulfur and
must be reactive enough in the protease active site, but not
too reactive to be sequestered by glutathione or
indiscriminately react with other thiols. The warhead
selection tends to differentiate the focus of investigators as
different groups study distinct warheads and variations
thereof. Recent SARS-CoV-2 targeted warheads that have been

examined are: aldehydes and their prodrugs,’*'®
ketoamides,'**” halomethylketones,'® enoates,®
a-hydroxymethylketones>’ (HMK) and

a-acyloxymethylketones (AMK).>°?*> As the research into

SARS-CoV-2 peptidomimetics matures, like prior HCV and
HIV protease efforts, the structural elements will be adjusted
to allow good pharmacokinetics and the ability to
demonstrate in vivo efficacy. A noteworthy recent example
was reported by Qiao et al. that found an aldehyde warhead
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with the P2 leucine being replaced by a bicyclic proline (from
HCV protease drug development) was able to demonstrate
efficacy in a murine model of COVID-19 by intraperitoneal
and oral administration.>® Further research into
understanding the roles the different moieties play in not
only protease inhibition and anti-viral activity, but also other
attributes, such as permeability, efflux, and metabolism, will
allow inhibitors to be refined to discover drugs for the
treatment of coronavirus infections. In addition, assessing
selectivity for these peptidomimetics and their warheads for
SARS-CoV-2 3CLP™ over human cysteine proteases with a
similar sequence specificity will be important to avoid
potential toxicity; however, only a few articles include
selectivity considerations.>®**%*

To date no cysteine protease inhibitors for any indication
have made it to regulatory approval.>® Inspired by the clinical
success of odanacatib (Fig. 1), a human cathepsin K inhibitor
with a nitrile warhead, that progressed to phase III clinical
trials, we decided to explore the nitrile group as a warhead
on peptidomimetics to inhibit SARS-CoV-2 3CLP™.*® A search
of the literature in March 2020 for nitrile warhead utilization
for 3CLP™ inhibition produced only a couple of examples.
These were against related enterovirus 71 and SARS-CoV-1,
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Fig. 1 Structures of odanacatib and compounds 1 to 8.
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with all the compounds having at best either single or double
digit micromolar ICs, values.””*® Representative compounds
1 and 2 from those publications and their reported ICsq
values are shown in Fig. 1. Undeterred by the high ICs,
values we decided to examine nitrile analogs of an active
compound 3 that was discovered upon screening compounds
from our legacy norovirus protease program.

After our effort commenced, GC-376 (4) and PF-07304814
(5) were disclosed as SARS-CoV-2 3CLP™ inhibitors that were
under development to enter clinical trials to treat COVID-
19‘29,30,31

Prodrug 5, a more water soluble form of active compound
6, is undergoing clinical trials as an intravenously
administered drug.”® Compound 6 and related compounds,
such as aldehyde 7, were initially disclosed in 2005 and 2006
and were some of the published sources of inspiration for
our prior norovirus protease exploratory effort.>>** In April
2021, a new potential COVID-19 treatment, PF-07321332 (8),
targeting 3CLP™ was disclosed by Pfizer and is reported to be
dosed orally and has initiated clinical trials.** Compound 8
contains a nitrile warhead and to date we have observed no
publication with its biological results. A recent literature
search uncovered an investigation by Breidenbach et al. of a
few tetra peptides with azaglutamine P1, nitrile warhead and
benzylcarbamate capping group as a SARS-CoV-2 3CLP™
inhibitors.>> Other than the nitrile, these were structurally
very different from our compounds and Breidenbach et al
only reported a modest kobs/I and no antiviral data. Herein,
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we report our results for nitrile warhead analogs of
compound 3, 6 and 7.

Results
Chemistry

Compound 9 and 10 were prepared as described by Shang
and coworkers.”” Conversion of 9 to 11 and 10 to 13
(Scheme 1) followed literature procedures and 10 was
converted to 13 wusing those sample protocols, but
substituting  N-(tert-butoxycarbonyl)-4-methyl-i-leucine  for
N-(tert-butoxycarbonyl)-i-leucine.***” Compound 11-13 were
converted to the ester version of the target by removal of the
t-butyl carbamate with HCl in a mixture of dioxane and
dichloromethane followed by HATU coupling of the
corresponding indol-2-ylcarboxylic acid (a to e). Conversion
of the methyl ester to the nitrile target was achieved by a
saponification ~with LiOH, then carbonyldiimidazole
mediated coupling of ammonia and dehydration of the
primary amide with trifluoroacetic acid anhydride.

Late stage diversification is always preferred to generate
the same number of targets in fewer overall steps. The nitrile
version of 10 proved challenging to efficiently generate,
deprotect and couple to N-t-Boc-i-leucine producing low
yields of impure material. The route in Scheme 1 was thus
employed for compound production, despite the added
number of steps required.
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Scheme 1 Synthesis of compounds. i) TFA in DCM or HCl in dioxane, DCM i) N-(tert-butoxycarbonyl)-L-leucine (R =
butoxycarbonyl)-4-methyl-L-leucine (R = CHs), HATU, NMM or EtsN, DMF, 94% yield (2 steps, R =

H) or N-(tert-
H), 91% vyield (2 steps, R = CHz); iii)

corresponding (a-e) indolecarboxylic acid, HATU, NMM or EtsN, DMF, 30-98% yield (2 steps); iv) LIOH, THF, v) CDI, THF, NH3-H,O; vi) trifluoroacetic

acid anhydride, EtsN, THF, 0 °C, 12-63% yield (3 steps).
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Studies by a subset of authors of this manuscript reported
last year the discovery that GC-376 (4 in Fig. 1), which is an
aldehyde prodrug, displayed good SARS-CoV-2 3CLP™ and
antiviral  activity.”®  Exploring  the  structure-activity
relationship of the aldehyde and bisulfate derivatives
generated a series of compounds, including 7 (Fig. 1), that
showed better inhibition of SARS-CoV-2 3CLP™, although
similar antiviral activity was obtained.">® For this study we
wanted to explore the utility of the nitrile warhead with the

Table 1 Results for protease inhibition and SARS-CoV-2 plaque reduction for

Research Article

gamma- versus delta-lactam in P1, and examine different
indole substituents with the more active P1. The same
protocols were used as detailed previously, see also ESL}>° In
Table 1, the SARS-CoV-2 3CLP™ FRET inhibition results are
shown for our peptidomimetics with a nitrile warhead in
comparison to 4 and 7. Compound 17a, which is the nitrile
analog of 7, showed a comparable ICs, value to aldehyde 7
against SARS-CoV-2 3CLP™, but was considerably more active
than 4. The o-hydroxymethylketone (HMK) 6 (Fig. 1) had an
ICs, value of 18.9 nM in this FRET assay. The ICs, values for
SARS-CoV-2 3CLP™ of 6, 7 and 17a were only a few-fold of

compounds

Inhibition at 1 uM and/or? [ICs0 in nM]

SARS-CoV-2 EC;o ECso
Cmpd Structure 3CLP™ IC5," (nM) PRA? (uM) PRA + CP° (uM) Human CatB Human CatS Human CatL
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@ _ See ESI;t determined from 8 concentrations performed in triplicate. > - Determined from 6 concentrations performed in at least triplicate
(Vero E6 host cells); CCs, of all compounds (except 18d) was >200 uM (Vero E6 and A549). - Same as b, but all wells contain 0.5 uM CP-
100356. ¢ - Run in duplicate or triplicate and at least 6 concentrations were utilized to determine IC5, values. NR - not run.
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each other with HMK appearing slightly more active.
Replacing the gamma-lactam in 17a with its 6-membered
homologue (compound 18a) provided a slight increase in
inhibition reducing the ICs, value to 13 nM for SARS-CoV-2
3CLP™. An IC;, value of 19.5 nM was obtained for the HMK
analogue 3 (Fig. 1), which is similar to 18a reinforcing the
observation that the peptidomimetics with the nitrile and
HMK warheads show comparable inhibition towards SARS-
CoV-2 3CLP™,

Based on a crystal structure obtained (vide infra) there
appeared to be room available to further substitute the
indole, and with 18a showing slightly better activity we
decided to maintain the delta-lactam in P1 while exploring
additional variations. The 6-chlorosubstitution, 18b,
produced a similar, although possibly slightly improved
inhibition of SARS-CoV-2 3CLP™ compared to 18a. The
t-butylalanine P2 version, 19b, produced inhibition in the
same range as 18a and 18b, suggesting no activity benefit
compared to P2 leucine. Utilizing a 4-ethoxy (18c) instead of
4-methoxy (18a) appears to result in a slightly reduced
inhibition. The ICs, values for the trifluoromethyl (18d) and
methyl (18a) ethers were virtually identical. The
4,5-dihydrofurano-fused indole 18e lost activity compared to
both the methoxy and ethoxy versions, 18a and 18c.

To confirm the compounds were not cytotoxic, viability
determinations were carried out on all 17-19 compounds
using both CellTiter Glo and CCK8 readouts with both Vero
E6 and A549 cells and all the compounds displayed a CCsq
value greater than 200 pM in all 4 assays, except 18d. The
outlier, 18d, had a CCs, of >100 uM against Vero E6 and
against the more sensitive A549 cells had a CCs;, value of
approximately 90 pM. Compound 4 and 7 were reported
previously and had CCs, values of greater than 200 uM."”

Compounds 17-19 were examined in a SARS-CoV-2 plaque
reduction assay (PRA) using Vero E6 host cells (Table 1). They
were initially screened for their antiviral activity at 10 pM
and if 3-fold or greater reduction in plaques was observed for
a compound it was tested in a concentration response curve
to determine the EC;, value. If less than 2-fold reduction was
observed the compound was assigned >10 uM, and if less
than a 3-fold reduction was observed at 10 uM then >5 pM
was assigned. Compounds 18a, 18b, 18c, 19b and 18d had
low single digit micromolar ECs, values in the PRA.
Compared to compound 4 and 7, these 5 compounds had
lower ICs, values against SARS-CoV-2 3CLP™, but higher EC5,
values in the PRA. One possible rationale is that these nitriles
are more susceptible to efflux than structurally related 7,
which is a recognised consideration for Vero cells.*> To
determine if these compounds were undergoing efflux we
repeated the PRA assay in the presence of a known efflux
inhibitor CP-100356 (CP) at 0.5 uM to determine the extent of
efflux (Table 1).>**° As reported previously, the ECs, values
for 4 and 7 decreased about 3-fold indicating some active
transport out of the cell.'> For compounds 18a, 18b, 19b, 18c,
and 18d, inhibiting efflux with CP in the PRA resulted in
approximately a 10-fold improvement in their anti-viral

1726 | RSC Med. Chem., 2021, 12, 1722-1730
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activity resulting in ECs, values similar to 4 and 7 in the
presence of CP. This strongly suggests that efflux plays a role
in the higher ECs, values for these nitrile compounds in the
absence of CP.

As these nitrile inhibitors demonstrated SARS-CoV-2
3CLP™ inhibition and in vitro SARS-CoV-2 antiviral activity,
we decided to examine their reactivity and selectivity. Some
reactive warheads are susceptible to reaction with glutathione
(GSH) and so we decided to test if GSH sequesters these
nitrile inhibitors. We incubated 18a with GSH (10 mM) at pH
7.4 at 37 °C for 24 h and observed equally high recovery
(=90%) of 18a to one incubated in the phosphate buffer
without GSH. The high recovery of 18a and lack of observed
glutathione adduct (by LC/MS) demonstrate these nitrile
warheads are stable in the presence of high levels of GSH, or
that any reaction is readily reversible. We then turned our
attention to selectivity over human cysteine proteases that
have a similar sequence specificity for P2 and P1, leucine and
glutamine, respectively. These are more likely to prove
challenging to obtain selectivity over than a protease with a
different catalytic mechanism and substrate specificity. The
human cysteine proteases cathepsin B (CatB), cathepsin S
(CatS) and cathepsin L (CatL) have similar specificities in P2
and P1 as SARS-CoV-2 3CLP™.*' Cathepsins are involved in
numerous physiological and pathological processes and are
themselves potential drug targets as they have suspected
roles in numerous human diseases.*'

To compare selectivity of another warhead we decided to
also examine 4 and 7 for their ability to inhibit CatB, S and
L. As the bisulfite adduct formed in 4 is reversible, both these
compounds utilize aldehyde warheads."® Both 4 and 7 were
less potent inhibitors of CatB than CatS. The CatS ICs, values
were 23 nM and 40 nM, respectively, which indicate that
these two aldehyde warhead compounds show no selectivity
for SARS-CoV-2 3CLP™. Compound 4 was 8-fold more active
against CatS than SARS-CoV-2 3CLP™. The extremely potent
inhibition of CatL by 4, with an ICs, value of 0.25 nM, was
consistent with the recently reported value of 0.33 nM.**
Compound 7 was 1120-fold less active against CatL than 4,
indicating a significant influence of the 4-methoxyindol-2-yl
versus benzyloxy P3 groups. Compound 7 was, however, still
less than 5-fold more selective for SARS-CoV-2 3CLP™ than
CatL.

All the nitriles 17-19 displayed low inhibition of CatB
when screened at 1 pM, while CatS and CatL showed
inhibition at that concentration (Table 1). Concentration
response curves were obtained for select compounds to
compare with the ICs, values obtained for 4 and 7.
Comparing 7 to 17a, where the only change is the warhead,
indicates that the nitrile warhead is over 10 times less active
against CatB and CatS than the aldehyde warhead. Although
for CatL the difference is reduced, the nitrile analog is still
5-fold less active compared to the aldehyde. This resulted in
nitrile 17a displaying a significantly better selectivity for
SARS-CoV-2 3CLP™ over the human cathepsins B, S and L
than aldehyde 7.

This journal is © The Royal Society of Chemistry 2021
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Comparison of the gamma- and delta-lactam, 17a and
18a, showed the ICs, value against CatB was within error for
both, while for CatS 18a was a few-fold less active than 17a
and for CatL the reverse was the case. With 18a having a low
IC5, value for SARS-CoV-2 3CLP™, this compound obtained
excellent selectivity over CatB and CatS of 2424-fold and 189-
fold, respectively, and reasonable selectivity over CatL of 48-
fold. The compound with the lowest ICs, value against SARS-
CoV-2 3CLP™, 18b, also had increased inhibition of CatB,
CatS and CatL in relation to 17a and 18a. Regardless,
compared to 4 and 7, 18b still showed better selectivity for
SARS-CoV-2 3CLP™ over CatB, CatS and CatL than the
aldehyde warhead containing peptidomimetics.

To determine the nature of the inhibition a reversibility
study was done with 18a (Fig. 2). The dialysis of inhibited
3CLP™ resulted in an increase of enzymatic activity over time,
which is indicative of reversible binding of the inhibitor. We
observed a recovery of 10% of activity after only 4 hours, and
a 45% recovery of initial activity after 3 days. The enzyme
3CLP™ loses activity overtime and the intersection of recovery
of activity and loss of enzymatic activity is approximately 65 h
for 18a. This recovery of activity as 18a is dialyzed away
demonstrates the reversible nature of the inhibition of this
nitrile warhead.

An initial structure of SARS-CoV-2 3CLP™ was solved by
Zhang et al.'' The structure of 17a with SARS-Cov2 3CLP™
was determined by molecular replacement, using the crystal
structure of the free enzyme of the SARS-CoV-2 3CLP™ (PDB
entry 6WTM)*® as a search model. The structure obtained
had a resolution of 2.15 A and is shown in Fig. 3 (PDB:
7R7H). It crystalized as a dimer, and the active site of both
protomers contained 17a bound in a very similar orientation.
The nitrile reacted with the catalytic sulfur of Cys145 to
generate a thioimidate adduct. This is a reversible process as
seen in Fig. 2. This thioimidate has similar bond lengths, 1.8
A C-S bond length, and geometries, sp> carbon, to that
observed with other cysteine proteases with nitrile warheads,
such as odanacatib - cathepsin K complex (PDB: 5TDI). For
both SARS-CoV-2 3CLP™-17a protomers the imine nitrogen of
the thioimidate moiety is within hydrogen bonding distance
of the NH for both Cys145 and Gly143, 3.3 A and 3.4 A,
respectively for chain A, with 3.2 A and 3.7 A for chain B. The

120
® apo3CLP

100 O 3CLP with 18a
80

60

Activity,%

40
20

0 1 1 1 1
0 20 40 60 80
Time, h
Fig. 2 Activity of SARS-CoV-2 3CLP™® over time in media or after
exposure to 18a (reversibility experiment).
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rest of the hydrogen bonding network is practically identical
to that seen previously for aldehyde 7 and HMK 6 (PDB:
7LDL and 6XHM, respectively).'”>°

Discussion

Despite the previous modest results against viral cysteine
proteases in the literature, the nitrile warhead with improved
peptidomimetic groups demonstrated potent SARS-CoV-2
3CLP™ inhibition. The inhibition of SARS-CoV-2 3CLP™ for
the nitrile warhead containing peptidomimetic was similar to
the corresponding aldehyde analog, comparing ICs, values of
17a to 7 (Table 1).

The delta-lactam had a lower ICs, than the gamma-lactam,
17a to 18a, which is consistent to Shang, Yin and coworkers
observation for enterovirus-71 3C protease with an aldehyde
warhead.”” It is worth noting that no difference in ICs, values
for the gamma- and delta-lactams in P1 against SARS-CoV-2
3CLP™ was observed in our previous study with an AMK
warhead.”® Further studies with different warheads and
proteases will be required to understand the factors
influencing the activity of the delta-lactam compared to the
gamma-lactam. In addition, the selectivity differences, such
as seen in Table 1, and other attributes, such as
pharmacokinetic properties, will also need to be evaluated to
select the optimal lactam group.

Fig. 3 shows the co-crystal structure for SARS-CoV-2
3CLP™-17a that we obtained indicating that a covalent bond
is formed between the sulfur of Cys145 and the nitrile
generating a thioimidate adduct. Based on reversibility
studies this is a reversible, covalent adduct. That structure
did not reveal any close contacts around the end of the
capping group (Fig. 3) suggesting the opportunity to add
substitutents on the phenyl or methoxy of the
4-methyloxyindole. However, only the 6-chloro derivative 18b
displayed a possibly modest increase in protease inhibition
compared to 18a, but resulted in slightly lower selectivity
attributes over CatB and CatS compared to the same
compound. Other substitutions tested did not prove
advantageous as the trifluoromethoxy group (18d) displayed
toxicity (CCso < 200 pM) and the ethoxy (18c) and
dihydrofurano (18e) derivatives lost activity against SARS-
CoV-2 3CLP™ as well as in the antiviral assay.

All the nitrile analogs (17-19) have ICs, values less than
100 nM for SARS-CoV-2 3CLP™ inhibition, but only those with
values less than 25 nM showed an ECj;, value of less than 5
uM in the PRA. Aldehydes 4 and 7 were both more active in
the PRA. The nitrile analogs all had an approximately 10-fold
reduction of ECs, value when the efflux inhibitor CP was
added, suggesting that these peptidomimetic compounds
were undergoing significant efflux from Vero E6 cells.
Structural alterations to improve properties, such as H-bond
donor removal and other depeptidization strategies could
improve properties and overcome the efflux issue.*”

Compound 4 demonstrated extremely potent inhibition of
CatL, which was consistent with that recently reported in the
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Fig. 3 Structure of 17a bound to SARS-COV-2 3CLP™ (PDB entry 7R7H) with A showing the hydrogen bonding network, S2 pocket and thioimidate

(chain A) and B showing the electron density of the ligand (chain B).

literature.>* Compound 4 also had almost 10-fold higher
inhibition of CatS than SARS-CoV-2 3CLP™. For CatL, the P3
capping group made a substantial difference when
comparing 7 to 4, but only a modest difference was observed
for CatS (Table 1).

All compounds in Table 1 were more selective for SARS-
CoV-2 3CLP™ than for CatB, with the nitriles 17a, 18a and
18b having >1000-fold selectivity. These compounds, 17a,
18a and 18b, also showed lower inhibition of CatS and CatL
than aldehydes 4 and 7 and superior selectivity for SARS-CoV-
2 3CLP™. Literature IC5, values for HMK 6 for CatB and CatL
inhibition are 1.3 uM and 146 nM, respectively.>>**
Comparison of these values to the nitrile analog 17a (Table 1)
for CatB and CatL suggests that the nitrile warhead is
significantly less active at inhibiting these cathepsins than
the HMK warhead (ca. 21- and 10-fold less), although a head-
to-head comparison is required to confirm this higher
selectivity. The selectivity criteria required for a drug still
needs to be established. For example, CatS drugs in clinical
trials were well-tolerated in healthy volunteers, but did show
an increased respiratory tract infection rate in a small
percentage of patients making potent CatS inhibition a
concern for COVID-19 therapy.*® CatL activity is implicated in
being important to the SARS-CoV-2 replication cycle, such as
spike protein processing and possibly exit from cells, and its
inhibition could also be a mechanism to inhibit viral
replication.***>*® CatS and CatL are important lysosomal
endopeptidase enzymes and further research is needed to
understand the level of selectivity that is required to avoid
side-effects in vivo.

The results herein demonstrate that these nitrile warhead
containing peptidomimetics have good potency against SARS-
CoV-2 3CLP™ and display selectivity over human cysteine
proteases (CatB, CatS and CatL) that have overlapping
sequence specificity for P2 and P1. Further structural

1728 | RSC Med. Chem., 2021, 12, 1722-1730

alterations to reduce efflux, for example by removing peptide
character, is currently being investigated. The structure of
Pfizer's recently revealed oral clinical candidate with a nitrile
warhead (8 in Fig. 1) demonstrates one method that this can
be successfully achieved, and alternate approaches could
yield diverse oral SARS-CoV-2 3CLP™ therapies with different
favourable attributes, such as maintaining activity against
clinically relevant SARS-CoV-2 3CLP™ mutants.”” Continued
research on this promising target and these peptidomimetics
has the potential to add to the arsenal of direct-acting
antivirals needed to combat the current COVID-19 pandemic,
emerging variants and future coronavirus outbreaks.

Conclusions

Direct-acting antivirals to treat COVID-19 are desperately
needed and the viral encoded protein 3CLP™, which is a
cysteine protease required for viral replication, is a promising
drug target. Treatment of proteases typically utilize
peptidomimetics that mimic the substrate and this article
demonstrated that a nitrile warhead provides compounds
with good SARS-CoV-2 3CLP™ inhibition and selectivity over
human cysteine proteases (CatB, CatS and CatL) with
overlapping sequence specificity in P1 and P2. For the same
peptidomimetic, the nitrile warhead demonstrated superior
activity (lower ICjy) against SARS-CoV-2 3CLP™ and greater
selectivity over human CatB, CatS and CatL than the
aldehyde warhead analog. Some nitrile warhead analogs with
a P1 delta-lactam also displayed ECs, values of 1-3
micromolar in a SARS-CoV-2 plaque reduction assay, with
CCs, values of greater than 200 pM. Efflux appears be an
issue for these compounds and reducing the susceptibility of
active transport of future nitrile warhead containing analogs,
such as by removing peptide character, has the potential to
improve both antiviral activity and generate favourable
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properties to enable development of novel oral therapeutics
to treat COVID-19.
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