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Screening of electrophilic compounds yields an aziridinyl peptide
as new active-site directed SARS-CoV main protease inhibitor
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Abstract—The coronavirus main protease, M, is considered a major target for drugs suitable to combat coronavirus infections
including the severe acute respiratory syndrome (SARS). In this study, comprehensive HPLC- and FRET-substrate-based screen-
ings of various electrophilic compounds were performed to identify potential MP*® inhibitors. The data revealed that the coronaviral
main protease is inhibited by aziridine- and oxirane-2-carboxylates. Among the trans-configured aziridine-2,3-dicarboxylates the
Gly-Gly-containing peptide 2¢ was found to be the most potent inhibitor.

© 2005 Elsevier Ltd. All rights reserved.

Coronaviruses are important pathogens that mainly
cause respiratory and enteric disease in humans, live-
stock, and domestic animals.! In 2003, a previously un-
known coronavirus called SARS-CoV was identified as
the causative agent of the severe acute respiratory syn-
drome (SARS), a newly emerging disease that within a
few weeks spread from its likely origin in Guangdong
Province, China, to neighboring regions and many other
countries.”* Coronaviruses are plus-strand RNA virus-
es that use a complex enzymology to replicate the largest
RNA genomes currently known and synthesize an
extensive set of 5’ leader-containing subgenomic
mRNAs that encode the viral structural proteins and
several species-specific proteins with unknown func-
tions.!>® The enzymatic activities required for viral
RNA synthesis are part of two virus-encoded polypro-
teins of about 450 and 750 kDa, respectively, that are
extensively processed by two or three viral proteases to
yield up to 16 mature proteins and multiple processing
intermediates.”

Most of the cleavages are mediated by the coronavirus
main protease, MP'®, a cysteine protease featuring a
two-B-barrel structure (domains I and II) that is linked
to a C-terminal o-helical domain III. The structure of
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domains I and II is similar to that of chymotrypsin-like
serine proteases.” ' Because of its essential role in pro-
teolytic processing, the MP™ is considered an attractive
target for antiviral drugs against SARS and other coro-
navirus infections.’

Up to now, a number of potential inhibitors have been
proposed employing molecular modeling and virtual
screening techniques.''™!°

However, the inhibitory potency of these compounds
has not yet been verified.

Only a small number of potent protease inhibitors were
identified by screening assays thus far.??* Most of
these studies used commercially available compound li-
braries for their screening assays. With the exception
of a peptidyl chloromethylketone!® and recently pub-
lished etacrynic acid derivatives®> none of the potent
compounds identified up to date was developed and is
predicted to target the active site cysteine residue. This
lack of active-site directed lead structures motivated
the search for new leads with proven active-site directed
activity.

The scrutinized compounds contain electrophilic build-
ing blocks (aziridine,?%?7 epoxide,?®283% see Table 1)
which are known to react with nucleophilic amino acids
within the active site of proteases. For example, trans-
configured epoxysuccinyl-based peptides-like E-64,3°
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Table 1. Results of the screening of various protease inhibitors against SARS-CoV MP™
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Compound  Configuration R! R? X R? Inhibition of SARS-CoV
of the TMR MP™at 100 pM
la rac-cis (S,S+ R,R)  Phenyl OMe Bn-N H ni
1b rac-cis (S,S+ R,R) Me OEt Bn-N H ni
Ie (1/1)° rac-cis (S,S + R,R) Me (S)-Phe-OBn  Bn-N H 34+ 70
1d cis (S,S) Me (S)-Phe-OBn  Bn-N H 24 £2°
le (1.1/1)°  rac-cis (S,S+ R,R) Phenyl  (S)-Phe-OBn  Bn-N H 30+ 9°
If (1L4/1°  rac-cis (S,.S+ R,R) Phenyl  (S)-Val-OBn  Bn-N H 22428
2a cis (R,S) MeO,C OMe HN H ni
2b cis (R,S) EtO,C OEt HN H ni
2c trans (S,S) EtO,C Gly-Gly-OBn HN H 54 + 5%/75 + 7° (see also Ref. 37)
2d trans (S,S) EtO,C (S)-Ile-OBn HN H ni
3a trans (S,S) BnO,C OBn BOC-Gly-(S)-Pip-N H 29 + 4
3b trans (R,R) EtO,C OEt BOC-(S)-Leu-(R + S)-Azet-N  H 16 £ 4%
3c trans (R,R) EtO,C OEt BOC-(S)-Leu-(S)-Pro-N H 16 £ 6*
4a (R+S) H OMe MeO,C-CH,-N H 30 £ 6%
4b (R+S) H OMe BnO,C-CH,-N H 26 47
4c (LU (R+S) H OMe “"eozcﬁ»-‘k H 30 + 3°
N
4d (1.5/1)°  (R+S) H OMe B”OZCW-"J\ H 20+ 6
N
BnO,C._ . § )
de (1LI/1)*  (R+5) H OMe YT Tcogen H 28+ 7
N
BnO,C._ . )
4 (121°  (R+S) H OMe N Y H 34+ 50
N
4g 2.3/1)°  (R+S) H OMe B”OZCW-‘J\/ H 30+ 5°
N
MeO,C._
4h (1.2/1° (R+3S) H OMe h H 39+ 6
N
MeO,C._ . s )
4i (1211  (R+S) H OMe NS H 28 + 38
N
4k (L1 (R+S) H (S)-Phe-OMe  MeO,C-CH,-N H ni
MeO,C. H\ ]
41 (1.3/1)° (R+S) H OMe J/ Chz H 48 + 6%
N la
5a (R+S) Me OMe BOC-N CO,Me  ni
5b (R+S) Me OMe EOC-N CO,Me ni
5¢ (R+S) Me OMe HN CO,Me  ni
6a cis (R,R) Me OH O H ni
6b cis (R,S) MeO,C OMe o H ni
6¢c cis (R,S) EtO,C O H ni
6d cis (R,R) Me (S)-Phe-OBn O H 15+ 5°
6e cis (R,R) Me (R)-Phe-OBn O H ni
of cis (S,S) Me (R)-Phe-OBn O H ni
6g cis (S,S) Me (S)-Phe-OBn O H 28 + 6%
6h cis (S.S) Me (R)-Phe o} H ni
6i cis (R,R) Me (S)-Phe o H ni
6k cis (R,R) Me (S)-Val-OBn O H 10+ 32
6l (1.2/1)° rac-cis (R,S + S,R) EtO,C  (S)-Phe-OBn O H 22+ 5%
Ta cis (R,S) For structure see above ni

All amino acids are abbreviated in the three-letter code; ni inhibition <10%; TMR three-membered ring.
#Percentage inhibition as obtained in the FRET-based assay, values are mean values of at least 2 independent assays.

® Percentage inhibition as obtained in the HPLC assay, mean value of four independent assays.

°Ratio of diastereomers.
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Figure 1. HPLC profiles of proteolytic reactions for determination of
enzymatic activity of SARS-CoV MP™ and of inhibition by 2¢c. S,
substrate VSVNSTLQ|SGLRKMA; E, enzyme SARS-CoV MP™; P,
hydrolysis products VSVNSTLQ and SGLRKMA.

and respective aziridines?’ are highly active inhibitors of
CACI13!' cysteine protease. Their proposed inhibition
mechanism is the alkylation of the active site cysteine
residue. However, E-64 is reported to be inactive against
coronaviral main proteases and 3C-like picornaviral
proteases.3>3* c¢is-Configured epoxides, on the other
hand, are known to inhibit aspartic proteases>” by alkyl-
ation of one aspartate residue within the active site, and
o,B-epoxy ketones are reported to inhibit both serine
and cysteine proteases, depending on the stereochemis-
try of the epoxide ring.?®

To investigate whether epoxides, and aziridines could
serve as electrophilic building blocks for coronaviral
main proteases, and to evaluate which stereochemistry
will be preferred by these proteases, both, trans- and
cis-configured differently substituted three-membered
heterocycles, were included in the screening.

First, a screening was performed with an HPLC-based
assay using VSVNSTLQ|SGLRKMA®3+35 a5 sub-
strate (Fig. 1). Second, the screening was extended
using a less time-consuming and less intricate fluori-
metric assay using a FRET-pair labeled substrate?
(Table 1). The screening revealed the trans-configured
N-unsubstituted aziridine-2,3-dicarboxylate 2c¢ (S,S)-
(EtO)Azi-Gly-Gly-OBn,*® which showed 75% inhibi-
tion of SARS-CoV MP™ in the HPLC assay (Fig. 1)
and 54% inhibition in the fluorimetric assay at
100 uM,*” and the aziridine-2-carboxylate 41, which
showed 48% inhibition, as most potent compounds
(Table 1).

Within the series of trans-configured aziridines 2¢, 2d, and
3a-3c, only the Gly derivative 2¢ shows considerable
activity. Only weak activity is found for the derivatives-
containing larger amino acids (2d, 3a-3c) which, in
contrast, are good inhibitors of CACI proteases (e.g.,
inhibition of cathepsin L by 3a: K; = 6.4 uM and by 3b:
K =4.8 uM).”’

The study also revealed that epoxide or aziridine
building blocks alone, which do not bear an amino acid

moiety, are not active (1a, 1b, 2a, 2b, and 6a—6¢). Within
the series of cis-configured epoxides and aziridines weak
inhibition is exhibited by the N-benzyl aziridines-(1c-1f)
and the PheOBn-containing epoxides 6d, 6g, and 61. The
free acids (6h, 6i) are inactive. The diastereomeric mix-
ture of PheOBn-containing N-benzyl aziridines 1c is
slightly more active than the pure compound 1d, sug-
gesting that the diastereomer with (R,R) configured azi-
ridine ring is the more potent isomer. With the exception
of 4k all aziridine-2-carboxylates (1c—1f, 4a—4i, 41) are
active in the range between 20 and 50%, whereas all azi-
ridine-2,2-dicarboxylates (5a-Sc) are inactive. Interest-
ingly, epoxide 7a which is the only compound without
an electron-withdrawing substituent at the three-mem-
bered ring does not show any activity.

These results show that in contrast to CACI1 proteases
which are only inhibited by trans-configured three-mem-
bered heterocycles?®3%38 cis-configured analogues can
serve as building blocks for inhibitors of PAC30 prote-
ases as well.

To better understand the relevant interactions between
the most potent inhibitor 2¢ and the SARS-CoV MP™,
docking experiments using FlexX™3° were carried out.
The binding site was extracted from the recently published
structure of the complex of SARS-CoV MP™ with a
peptpeptidyl chloromethyl ketone (CMK) (PDB code:
1UK4).10

Figure 2 shows a docking overlay of the CMK (green),
with the aziridinyl peptide 2¢ (orange) and the proposed
binding mode of 2c.

The substrate analogue hexapeptidyl chloromethyl ke-
tone inhibitor (Cbz-Val-Asn-Ser-Thr-Leu-Gln-CMK)
is shown as found after elimination of the covalent bond
and subsequent minimization of the active site of the
SARS-CoV MP™,

The docking of the aziridine derivative 2¢ (orange) sug-
gests that the reactive center of the compound is located
in close proximity to the sulfur of Cys145 (co-crystal-
lized ligand: 3.14 A; 2¢, 3.91 A). The main part of 2c¢ is
located in the S1 pocket of the enzyme.

For this compound the interactions with the enzyme are
described by hydrogen bonds to amino acids of the B-
chain (Serl) and A-chain (Ser144, His163, and His172)
(Fig. 2) suggesting that 2¢ should better fit into the pro-
tein dimer which is formed in solution at high concentra-
tions and which is supposed to be the active enzyme
form.** For the docked conformations, hydrophobic
interactions are found for the terminal ethyl group only.
This group is positioned in proximity to the S1’ pocket.
In the docked conformations, the terminal benzyl resi-
due is solvent exposed, suggesting that this group is
not overly important for a high biological activity. Since
neither the ethyl nor the benzyl groups show optimal fit
into the enzyme, a number of possibilities for synthetical
optimization are conceivable. These include enlargement
of the ethyl group and replacement of the benzyl group
by an amide group mimicking the side chain of Gln
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Figure 2. Docking overlay of hexapeptidyl CMK (green) and aziridinyl peptide 2¢ (orange) (left). Predicted H-bonds between 2¢c and SARS-CoV

MP' (right).

which is supposed to be the optimal residue for the Sl
pocket. In this context, a modification of the peptidic
nature of 2¢ into a peptidomimetic one has also to be
kept in mind due to pharmacokinetic reasons.

In summary, a comprehensive screening of electrophilic
compounds has revealed the trans-configured aziridine-
2,3-dicarboxylate 2c¢ as modest active-site directed
SARS-CoV MP™ inhibitor with potential for further
optimization. In addition, aziridine- and oxirane-2-car-
boxylic acid-containing compounds also show weak
inhibitory activity. This activity might be enhanced
when the electrophilic building blocks are linked to
appropriate amino acids (e.g., Gln), substrate analogue
peptides or peptidomimetics.
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