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Abstract: The main protease of SARS-CoV-2 (MP°), the
causative agent of COVID-19, constitutes a significant drug
target. A new fluorogenic substrate was kinetically compared
to an internally quenched fluorescent peptide and shown to be
ideally suitable for high throughput screening with recombi-
nantly expressed MP”. Two classes of protease inhibitors,
azanitriles and pyridyl esters, were identified, optimized and
subjected to in-depth biochemical characterization. Tailored
peptides equipped with the unique azanitrile warhead exhibited
concomitant inhibition of MP"™ and cathepsin L, a protease
relevant for viral cell entry. Pyridyl indole esters were analyzed
by a positional scanning. Our focused approach towards MP™
inhibitors proved to be superior to virtual screening. With two
irreversible inhibitors, azanitrile 8 (Ki./K;=37500m"'s7,
K.=24.0nm) and pyridyl ester 17 (k. /K;=29100m"s7",
K;=10.0 nm), promising drug candidates for further develop-
ment have been discovered.

Introduction

Since December 2019, the outbreak of the current
unprecedented coronavirus disease (COVID-19) has led to
a global crisis with increasing morbidity. Severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), the
pathogen of the pandemic, is a (4+)ss-RNA virus that shares
the typical gene array of coronaviruses. It encodes two
overlapping polyproteins from which the main protease
(MP), also designated 3C-like protease (3CLP™), is excised
by autocleavage. The subsequent processing by SARS-CoV-

2 MP™ (and a second papain-like protease, PLP™) is critical for
the assembly of the viral replication—transcription complex,
the release of functional viral proteins and thus for the
replication of SARS-CoV-2.1!

SARS-CoV-2 MP™ has a strong preference for homodi-
merization.”) Each protomer consists of three domains, out of
which the chymotrypsin-like domains I and II form a cleft
harboring the substrate binding site.’) MP® is a cysteine
protease with a noncanonical catalytic dyad composed of
Cys145 residing in the S1’ site and His41l whose imidazole
serves as a hydrogen bond donor to a structural water
molecule. Cysteine proteases catalyze the hydrolysis of
peptide bonds in the course of an acyl transfer mechanism.
In the first step, accompanied by the release of the first
product, an S-acyl enzyme is formed as a result of the attack
of the active site Cys145 on the carbonyl carbon of the scissile
peptide bond. This covalent mechanism can be utilized for the
design of inhibitors bearing an electrophilic warhead, suscep-
tible for the nucleophilic attack of the catalytic cysteine.*~!

MP™ is highly conserved (96% amino acid sequence
identity) between SARS-CoV-2 and SARS-CoV-1, a related
virus that caused severe acute respiratory syndromes world-
wide in 2003. Due to the structural and functional similarities
of both proteases, promising attempts towards new SARS-
CoV-2 MP™ inhibitors have been based on previous com-
pounds targeting SARS-CoV-1 MP™.*¢l Examples include -
ketoamide inhibitors which served as a starting point to
expedite the identification of SARS-CoV-2 MP® inhibitors.>”!
MP™ has a unique substrate specificity mainly recognizing the
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substrate residues ranging from P4 to P1’ and possessing
a preference for glutamine at the P1 position. Such a feature is
absent in human proteases suggesting the feasibility of
developing selective protease inhibitors without toxicity in
patients. Considering the seriousness of COVID-19 and its
implications on public life in lockdown mode and the
economic fallout across the globe, there is an urgent unmet
medical need to develop clinically effective SARS-CoV-2-
specific drugs, for which the viral proteases, MP™ and PLP™,
represent attractive targets to combat viral replication and
pathogenesis.”

In this study, we developed a new SARS-CoV-2 MP™ assay
for quantitative high-throughput screening (HTS) and com-
pared it to the current standard assay. Focused libraries were
compiled taking inhibitors of related cysteine proteases and
cysteine-reactive compounds into account. As a second
approach, virtual screening of a proprietary compound
library®” comprising 23000 unique molecules was performed.
We identified several candidate compounds and utilized the
HTS results as a basis for structure-based design, synthesis,
and biochemical characterization of highly potent inhibitors
for SARS-CoV-2 MP™.

Results and Discussion

As a first step, we established a bacterial expression
system for SARS-CoV-2 MP™ to be used in our biochemical
assays. BL21 FE. coli cells were transformed with a DNA
construct encoding the protease with an N-terminally fused
MP® cleavage site and a C-terminal His,, tag linked via an
HRYV 3C protease cleavage site. During bacterial expression,
MP™ autocatalytically cleaved the fusion protein, thereby
generating the native MP° N-terminus. The His tag was
employed to purify the enzyme and was subsequently cleaved
off using an HRV 3C protease. After elimination of the latter
protease utilizing its GST tag, the purified, native MP™ was
obtained.

To monitor the proteolytic activity of His-tagged MP™, we
applied an internally quenched fluorescent peptide substrate,
Dabcyl-Lys-Thr-Ser-Ala-Val-Leu-Gln-Ser-Gly-Phe-Arg-Lys-
Met-Glu(EDANS)-NH, (Figure S1, Supporting Informa-
tion).’! In the intact peptide, the quencher 4-((4-(dimethyl-
amino)phenyl)azo)benzoic acid (Dabcyl) absorbs emission
energy from the fluorophore, 5-((2-aminoethyl)amino)naph-
thalene-1-sulfonic acid (EDANS), which is disrupted by M-
catalyzed cleavage of the peptide bond between the P1 amino
acid glutamine and the P1’" amino acid serine resulting in
a fluorescence signal. This substrate, referred to as “Dabcyl-
EDANS”, has recently been established for SARS-CoV-2
MP 3107131 Tt has been reported that a shorter, internally
quenched fluorescent peptide substrate MCA-Ala-Val-Leu-
Gln-Ser-Gly-Phe-Arg-Lys(Dnp)-Lys-NH, equipped with 7-
methoxy-coumarin-4-yl-acetic acid (MCA) as fluorophore
and the 2,4-dinitrophenyl (Dnp) quencher can also be used to
monitor SARS-CoV-2 MP©[*14131 Both internally quenched
substrates share a P4-to-P4’ consensus sequence.

We designed a second type of fluorogenic substrate
containing a C-terminal 7-amino-4-methylcoumarin (AMC)

moiety. Its structure was based on the unique preference of
MP™ for glutamine at the P1 position and the optimized P4-to-
P2 sequence as previously determined using a positional
scanning combinatorial library of natural and unnatural
amino acids.'" The synthesis of the resulting substrate, Boc-
Abu-Tle-Leu-GIn-AMC, is depicted in Scheme S1. Very
recently, a similar substrate was used for the development
of activity-based probes for SARS-CoV-2 M [17]

By means of both substrates, Dabcyl-EDANS and Boc-
Abu-Tle-Leu-GIn-AMC, we established and optimized con-
ditions for HTS assays with respect to the choice of buffer
(Figure S2), the concentration of DMSO (Figure S3), as well
as the correlation of MP™ concentration and product forma-
tion rate (Figure S4), and of the substrate concentration and
gain of fluorescence upon complete cleavage (Figure S5).
Expectedly and advantageously, product formation with the
novel substrate Boc-Abu-Tle-Leu-GIn-AMC resulted in an
improved readout (Figure S5). Under the established assay
conditions (pH 7.2, 4% DMSO), K, values of 60.6 + 3.6 um
for Dabcyl-EDANS (literature values 28.2 um at pH6.5;
74.4 um at pH 7.3)1%12 and 48.2+5.6 um for Boc-Abu-Tle-
Leu-GIn-AMC have been determined (Figure S6; see Fig-
ure S7 for corresponding data with the purified native
protease). Dabcyl-EDANS exhibited a 10-fold higher specif-
icity constant of 5800 m 's™! (literature values 3426 M 's™!,
5624 M~s7H310] than Boc-Abu-Tle-Leu-Gln-AMC
(604 Mm~'s™"). Hence, the extended structure of Dabcyl-
EDANS resulted in an accelerated turnover.

Boc-Abu-Tle-Leu-Gln-AMC was cleaved by MP™ much
more efficiently than by cathepsin L, B, and trypsin, although
these proteases have been employed at a concentration
sufficient to convert three other selected substrates with very
high rates (Figure 1). In contrast, Dabcyl-EDANS was also
hydrolyzed by trypsin, presumably after one of the basic
amino acids of this substrate. HEK cell lysate of an
appropriate protein concentration degraded the five sub-
strates to a limited extent; a significant cleavage of Boc-Abu-
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Figure 1. Conversion of fluorogenic substrates by His-tagged SARS-
CoV-2 main protease (MP), lysate obtained from human embryonic
kidney (HEK) cells, HEK cell lysate spiked with MP", human
cathepsin L (cat L), human cathepsin B (cat B), bovine trypsin, and in
the absence of enzymes (FU, fluorescence units). The product
formation was monitored for 10 min at 37°C with an initial substrate
concentration of 50 um in all cases. Each enzyme was used at the
same concentration in all respective experiments.
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Tle-Leu-Gln-AMC was not observed. Addition of MP™ to the
lysate resulted in a pronounced Boc-Abu-Tle-Leu-Gln-AMC
and Dabcyl-EDANS cleavage only. At this stage, we consid-
ered Boc-Abu-Tle-Leu-GIn-AMC suitable to monitor M
activity for our HTS campaign on the search for inhibitors of
this promising anti-SARS-CoV-2 target. Moreover, it can be
expected to be an adequate substrate for measuring MP™
activity in a cellular environment, superior to the current,
less selective standard substrate. The kinetic parameters of
MP™ inhibition by selected inhibitors identified with Boc-
Abu-Tle-Leu-GIn-AMC were found to be comparable to
those from experiments with Dabcyl-EDANS. Two reported
inhibitors of MP™, that is, disulfiram and ebselen, were initially
investigated, and enzyme inhibition was confirmed (Ta-
ble S2). We obtained similar ICs, values for disulfiram and
somewhat higher ones for ebselen in comparison to the study
of Jin et al., performed under different assay conditions."

The first two in-house libraries (Table 1) were compiled
with respect to a potential electrophilic reactivity towards the
active-site cysteine nucleophile. Chloroacetamide derivatives
(e.g. 1 and 2, Figure 2) were identified as irreversible M
inhibitors, and the second-order rate constants of inactivation,
kina/ K;, were determined to assess their potency (Table S1).
Some Michael acceptors of the second library were weak
irreversible MP™ inhibitors (Table S1), but the peptidic vinyl
sulfones and acrylates of this library, known to inhibit other
cysteine proteases,'®! were inactive. The third library was
composed of compounds with a primary carboxamide, lactam,
or imide moiety turning them into potential glutamine
mimetics. However, hit compounds were not identified in
this series.

The majority of the 186 members of the fourth library
(Table 1) were peptide nitriles with a cyano group at the o-
carbon of the P1 amino acid, in place of the scissile peptide
bond, which constitute prototypic inhibitors for cysteine
proteases.'”l We discovered several hits in this library, mainly
azapeptide nitriles, in which the cyano group was connected
to a nitrogen replacing the P1 C,H unit (Table S1). The
chemotype of azadipeptide nitriles had emerged as efficient

Table 1: Focused libraries for small-molecule MP® inhibitors!

library o number of number
[um] test compds of hits!
in-house chloroalkyl derivatives 50 29 7
in-house Michael acceptors 50 69 5
in-house glutamine analogs 50 33 0
in-house carbonitriles 50 186 17
natural product library 10 143 2
Pathogen Box 50 400 2
in-house indoles 10 78 0
virtually generated library 10 140 1

[a] Residual activity of MP" was measured with 50 um Boc-Abu-Tle-Leu-
GIn-AMC in 50 mm 3-(N-morpholino)propanesulfonic acid (MOPS)
buffer, pH 7.2, 4% DMSO at 37°C. Reactions were monitored
(Aex=360 nm, ., =460 nm) for 10 min and the progress curves were
analyzed by linear regression. [b] Test concentration depended on
compound solubilities and expected potencies. [c] Compounds which
showed >50% inhibition at the indicated concentration in duplicate
measurements were considered as hits.
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Figure 2. Selected, confirmed SARS-CoV-2 MP” inhibitors identified by
HTS. Compounds 1 and 2 were identified in the library of in-house
chloroalkyl derivatives (entry 1 in Table 1), compound 9 in the Patho-
gen Box library (entry 6 in Table 1), and compound 10 in the virtually
generated library (entry 8 in Table 1).

inhibitors of human cysteine cathepsins,” as activity-based
probes for organelle-specific delivery to lysosomal targets,
and as PET-imaging agents for tumor-associated cathepsin
activity.?!

Since none of the azadipeptide nitriles contained the
glutamine side chain and considering the respective primary
specificity of SARS-CoV-2 MP, we designed two peptidomi-
metics with this structural feature (Scheme 1). The synthetic
route to compounds 3 and 4 involved the preparation of Cbz-
protected leucine- and phenylalanine-derived hydrazides with
methylated internal nitrogen to avoid heterocyclization of the
envisaged products.” The precursor for the glutamine side
chain was introduced as dimethyl acetal whose primary
carboxamide moiety was generated from the corresponding
methyl ester. Both fragments underwent condensation under
acidic conditions. The resulting hydrazones were successfully
hydrogenated with the dimethylamine-borane complex.”””
The following conversion with cyanogen bromide yielded
the final azadipeptide nitriles 3 and 4 with aza-glutamine in P1
and leucine or phenylalanine in P2 position, comprising the
first examples of this chemotype with a functionalized P1 side
chain.

Similar to the well-established dipeptide nitriles, azadi-
peptide nitriles undergo a covalent interaction with the target
proteases by forming stabilized isothiosemicarbazide ad-
ducts.® Accordingly, 3 and 4 showed time-dependent inhib-
ition (Figure 3) and were analyzed as pseudo-irreversible
inhibitors of MP® whose second-order rate constants of
inactivation k;,,/K; are listed in Table 2 (see also Table S1).
Both peptidic inhibitors were then structurally extended by
the successive introduction of one or two amino acids as
additional substrate specificity features of M. Hence, we
employed L-fert-leucine and L-2-aminobutyric acid as P3 and
P4 building blocks (Scheme 1). The subsequent dimethyl-
amine-borane-promoted reduction and the final electrophilic
cyanation yielded § and 6, as well as 7 and 8, the first
azatripeptide and azatetrapeptide nitriles described so far.
Compounds 6, 7, and 8 exhibited strong inhibitory potency
against SARS-CoV-2 MP with k;,,/K; values of more than
20000 m~'s™" (Table 2, see also Figure S9). Phenylalanine in
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Scheme 1. Synthesis of the azapeptide nitriles 3-8.

P2 was more advantageous than leucine, explicitly in case of
the azatripeptides (5 versus 6). The two azatetrapeptide
nitriles 7 and 8 showed similar K; values (23.5nM and
24.0 nm), but 8 had a faster inactivation step (Table S1).

The structural expansion (3 and 4 versus 5 and 6 versus 7
and 8) resulted in improved biological activity confirming that
such compounds gain their potency not only from covalent
binding,” but also from specific noncovalent interactions of
the P1-P4 residues with the active-site subsites. To further

rationalize the

impressive

activity of 8 (k. /Ki=

37500 m~'s™!, K; =24.0 nm), we performed a covalent docking
using the X-ray crystal structure of the SARS-CoV-2 M in
complex with a peptidic acrylate inhibitor (Figures4 and

815).114

0.08

w
o
T

< 0.06

Ind
[9,]
T

N
=)

fluorescence intensity x 103
=) o

o
&

0 10 20 30 40 50 60
t (min)

Figure 3. MP*-catalyzed hydrolysis of 50 um (=1.03xK,,) of Boc-Abu-
Tle-Leu-GIn-AMC in the absence (black) or presence of increasing
concentrations of inhibitor 4 (from top to bottom: 0.6 pm, 1.2 um,
1.8 uM, 2.4 um, 3.0 um). Inset: A plot of first-order rate constants
versus the inhibitor concentrations and non-linear regression gave

a kiyac/Ki value of 1150 m~'s™".

Table 2: MP inhibition by azapeptide nitriles with aza-glutamine in P1
positionl

compd P4 P3 P2 Kinac/ Ki
M's]
3 - - Cbz-Leu 489
4 - - Cbz-Phe 1150
5 - Cbz-Tle Leu 2060
6 - Cbz-Tle Phe 36000
7 Cbz-Abu Tle Leu 21400
8 Cbz-Abu Tle Phe 37500

[a] Progress curves in the presence of five different inhibitor concen-
trations and 50 um Boc-Abu-Tle-Leu-GIn-AMC in 50 mm MOPS buffer,
pH 7.2, 4% DMSO at 37°C were monitored for 60 min and analyzed by
non-linear regression using the equation [P]=v;x (1—exp(—kops xt)/
kobs +d. Values ki.../K; were determined by non-linear regression using
the equation Kyp, = (kinae X [1]) /([1] + Kix (1 +[S]/K.,)). Deviation of each
data point from the calculated non-linear regression was less than 10%.

Out of a natural product library of 143 members, two
compounds were initially identified as hits (Table S1), but
could not be confirmed by subsequent concentration-depen-
dent inhibition curves. Testing of the Pathogen Box (a
collection of anti-Malaria agents)?!! yielded an MP™ inhibiting
bis-benzguanidine (compound 9, Figure 2). Moreover, we
performed a virtual screening (for details, see Supporting
Information) of our PharmaCenter Bonn compound library,
which provided the active 1H-imidazo[1,2-f]purine derivative
10 as a single hit (Figure 2). In contrast, preparation and
structural optimization of reported SARS-CoV-1 MP™ inhib-
itors was highly successful, highlighted by the class of pyridyl
indole esters.*!

Such esters preferentially contained a chloro-substituted
pyridinolic group and were also active against the related
hepatitis A virus 3C and human rhinovirus 3C proteinases.”
This structural feature was a prerequisite for SARS-CoV-
2 MP™ inhibition, since a library of different indoles””! did not
offer any hit (Table 1). To explore the chemical space of
indole esters, a positional scanning of the ester substituent at
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Figure 4. Predicted binding pose of the azapeptide nitrile 8 (orange) in
the active site of SARS-CoV-2 MP* with relevant amino acids (green).
The model was obtained based on a reported enzyme—inhibitor
complex (PDB ID: 6LU7)."! The covalent bond between the sulfur of
the active site Cys145 and the cyano carbon of the warhead generated
an isothiosemicarbazide-type enzyme-inhibitor adduct. The P1 gluta-
mine side chain resides in the S1 pocket. The aromatic ring of the P2
phenylalanine is positioned in the hydrophobic S2 pocket (His41,
Met49, Met165) in proximity to the GIn189 side chain. The P3 tert-
leucine is oriented towards the solvent. The P4 aminobutyric acid and
the N-terminal, Cbz-capped part of the inhibitor are oriented towards
the S3/S4 region. Hydrogen bond interactions are shown in yellow
dotted lines, for details see Figure S15. The binding mode of 8 is
consonant with X-ray crystal structures of other peptidic inhibitors in
complex with MPr 141014

the indole core was conducted (Table 3). For this purpose, the
complete set of 1H-indolecarboxylic acids was converted by
uronium salt-mediated reactions with halo-substituted
pyridin-3-ols to yield 11-18 (Schemes S3 and S4). These
esters were kinetically analyzed as irreversible inhibitors of
MP™ (Table 3; see also Table S1 and Figure S10). All the
isomeric esters 11-16 exhibited strong MP inhibitory activity;
their second-order rate constants of inactivation differed by
one order of magnitude, and the ester moiety at position 7
(compound 16) resulted in the strongest M inactivation.

Table 3: MP* inhibition by 5-halopyridin-3-yl 1H-indole-carboxylates!®®
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The replacement of chlorine by bromine led to a further
improvement (13, Y=CI versus 18, Y =Br). Strikingly, the
introduction of a chloro substituent at position 5 (compare 11,
R’ =H versus 17, R’ = Cl) provided the most potent inhibitor
of this series, the new indole ester 17 (kip,o/K; =29100 M 's ™!,
K;=10.0 nm). The observed time-dependent inhibition indi-
cated that these indole esters act by acylation of the active-site
cysteine (see also Figure S16), in accordance with literature
data.”?l While the majority of indole esters (11-19), could
be characterized as efficient pseudo-irreversible inhibitors,
some (Table S1) showed enzyme reactivation within a period
of one hour (e.g. Figure S11) due to hydrolytic cleavage of the
acyl-enzyme formed. Bioisosteric replacement of the indole
moiety (X =NH, Table 3) by a benzofuran ring system (X =
O, Table 3) in 20 led to an inhibitor with high affinity (ICs,=
5.41 nm) but pronounced MP™ reactivation. We analyzed the
structure—activity relationships of irreversibly acting indole
esters with the same 5-chloropyridin-3-olate leaving group
(X=NH, Y=Cl; 11-17, 19). Their inhibitory potency did not
correlate with the susceptibility to nucleophilic attack, which
could be derived from the acidity of the corresponding acids
(Figure S12).%%! This finding clearly revealed the importance
of specific protease—inhibitor interactions for MP™ inhibition
by indole esters.

The potent pyridyl indolecarboxylates with their molec-
ular weight of less than 300 gmol ! can even be regarded as
fragments. Nevertheless, some of them are amazingly potent
MP® inhibitors with ICs, values in the low nanomolar
concentration range (Table S1) along with k;,,/K; values of
up to almost 30000 M~ 's~". Thus, these compounds have high
ligand efficiency, which makes them excellent scaffolds for
drug development. Very recently, the indole ester 13, which
displayed intermediate MP™ inhibitory potency, and the
related  5-chloropyridin-3-yl  dihydroindole-4-carboxylate
were demonstrated to be active against the infectivity and
replication of SARS-CoV-2 in Vero E6 cells,” indicating the
high therapeutic potential of this class of compounds.

Selected members of both classes of extraordinarily
potent MP™ inhibitors, azapeptide nitriles 4, 6, and 8, and

halopyridyl esters 16, 17, and 20, were additionally
investigated for their potency in MP"-containing cell
lysates. In fact, all of the investigated inhibitors

R 0 Y displayed similarly high M inhibition in HEK and
RSQ\LRG R= §_‘/<o 7\ human lung epithelial A549 cell lysates as in buffer
R7 x\ R? =N containing the purified enzyme, showing virtually
complete inhibition at 1 pm (6, 8, 16, 17, 20) or at
compd X R? R’ R R R R Y kinsc/Ki 10 pum (4), respectively (Figure S14). These results
M's™] indicate that the new MP® inhibitors retain full

1 NH R H H H H H cl 7600 activity in a cellular context.
12 NH H R H H H H a 6090 For cell entry, coronaviral spike proteins bind to
13 NH H H R H H H al 14800 cellular receptors and are primed by host cell
:: E: E E E E' IF;' E g: 13142188 proteases. Cathepsin L, a human lysosomal cysteine
16 NH H H H H H R al 20200 protease, contributes to the proteolytic activation of
17 NH R H H a H H a 29100 the SARS-CoV-2 spike protein in the endosomal-
18 NH H H R H H H Br 24000 lysosomal compartment.[”] Hence, it was suggested
19 NH -(CHy).- H R H H cl 5620 to develop dual inhibitors which target the viral
20 o R H H H H H d nd  protease and the host cathepsin L."") We therefore

[a] Syntheses are described in Supporting Information. [b] For kinetic analysis, see

Table 2. [c] n.d.: not determined. 1C5,=5.41 nm.

investigated the potential of selected compounds as
dual targeting inhibitors (Table S3). While the indole
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esters (e.g. 13 and 17) did not inhibit cathepsin L (and the
related enzyme cathepsin B) indicating selectivity of this
chemotype for viral cysteine proteases, our azapeptide nitriles
6, 7, and 8 exhibited strong anti-cathepsin L activity with K
values of 53 nM, 22 nm and 120 nm, respectively, (Table S3),
thus turning them into particularly interesting cysteine
protease inhibitors, acting at different stages of virus replica-
tion.

Conclusion

Since SARS-CoV-2 MP™ plays an irreplaceable role in the
life cycle of the virus, its inhibition by low-molecular weight
drug candidates has been recognized as a promising strategy
against COVID-19. We developed a new, readily available
specific substrate that is directly applicable for HTS and can
even be used in cell lysates to test for MP™ activity. This report
highlights the successful discovery of highly potent MP™
inhibitors out of several focused libraries. Based on the
identification of appropriate substructures, two types of
molecules have been assembled, peptidomimetic azatripep-
tide and azatetrapeptide nitriles as well as non-peptidic
halopyridinyl 1H-indole-carboxylates. These rationally de-
signed inhibitors are promising candidates for further devel-
opment with the ultimate goal of attaining antiviral drugs
against COVID-19.
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