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Very Important Paper
Structure-Activity Studies Reveal Scope for Optimisation of

Ebselen-Type Inhibition of SARS-CoV-2 Main Protease

Siegfried T. D. Thun-Hohenstein*,” Timothy F. Suits*,” Tika R. Malla,”” Anthony Tumber,™
Lennart Brewitz,” Hani Choudhry,” Eidarus Salah,”” and Christopher J. Schofield*®

The reactive organoselenium compound ebselen is being
investigated for treatment of coronavirus disease 2019 (COVID-
19) and other diseases. We report structure-activity studies on
sulfur analogues of ebselen with the Severe Acute Respiratory
Syndrome coronavirus 2 (SARS-CoV-2) main protease (MP®),
employing turnover and protein-observed mass spectrometry-
based assays. The results reveal scope for optimisation of
ebselen/ebselen derivative- mediated inhibition of MP™, partic-
ularly with respect to improved selectivity.

Ebselen is a synthetic organoselenium compound which has
been under investigation for the treatment of diseases includ-
ing stroke, hearing loss, and neurodegenerative disorders."™
Ebselen has also been proposed as a treatment for bacterial,
viral, and fungal infections.** Recently, ebselen has attracted
attention because of its potential to treat COVID-19, as shown
in cell-based assays and by its ability to inhibit the SARS-CoV-2
main protease (MP), the action of which is essential for the
virus life cycle.”” Ebselen is a potent inhibitor of MP®, with an
ICs, of <100 nM.” It is proposed to inhibit MP® via covalent
reaction of its N-Se bond, in particular with the MP™®
nucleophilic active site cysteine (Cys145).

Crystallographic studies on the inhibition of catalytic
cysteine enzymes, such as Ldty,, by ebselen reveal that an
active site nucleophilic cysteine can react with the inhibitor
N—Se group to form a catalytically inactive thioselenide, without
other fragmentation of the inhibitor®! As MP® has a catalytic
cysteine, it is possible that a similar process is responsible for
the inhibition of MP (Figure 1). However, a crystal structure
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Figure 1. Initial reaction of ebselen/ebsulfur derivatives with the cysteine
protease MP. X=S or Se. Ebselen, X=Se, R=H. Note reaction may also
occur with non-catalytic cysteines - MP® has a total of 12 cysteine residues.”

pro

with intact ebselen bound to MP® has not been reported and
there is crystallographic evidence that ebselen can react with
MP to transfer a selenium atom to the active site cysteine.”!
Mass spectrometric (MS) studies indicate that ebselen can react
with multiple nucleophilic residues on MP°."” The reactivity of
the N-Se ebselen bond is likely important in all its reported
biological activities, raising questions about its selectivity and
potential toxicity.'' "

Here we report initial structure-activity relationship (SAR)
studies on the inhibition of MP™ by derivatives of ebselen with a
sulfur substituted for the selenium (ebsulfur compounds)."* The
MS analyses reveal ebsulfur reacts more than once with MP®,
but that some ebsulfur derivatives retain potency against MP™®
while showing reduced rates of reaction with non-active site
nucleophilic residues. Together with other studies reported
during the course of our work™'™ the results reveal the
potential for improvement of ebselen-type inhibition of MP®,
perhaps most importantly in terms of selectivity.

The ebsulfur derivatives were synthesised with the aim of
investigating their potency and selectivity for the active site
Cys145 of MP®. The changes made to ebselen included
replacing the selenium for a sulfur atom to decrease reactivity,
varying the N-linked sidechain, and adding substituents at the
C6 and C8 positions (see Table 1) to alter the fit at the MP®
active site. The ebsulfur analogues were synthesised (Figure 2)
via amide formation between the appropriate acyl chloride and
primary amine to give amides 13-29. Subsequent copper-
mediated oxidative sulfur insertion and ring closure as
described by Bhakuni et al."® gave the cyclised products 3a—c
and 3e-11. The bromide substituent of 3¢ enabled functional-
ization by Suzuki-Miyaura cross-coupling to give 3d. In one
case cyclisation of 29 gave the expected product 12i as well as
the oxidised product 12, after purification.

© 2021 The Authors. ChemMedChem published by Wiley-VCH GmbH
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Table 1. Ebsulfur derivative inhibition and reactivity with M"™ via FRET and
SPE-MS assay. See Supporting Information for assay conditions. Note the
extent and the number of covalent reactions is likely condition/concen-
tration dependent. See figures S1, S2 and S3 for dose response curves and
corresponding covalent modification studies.
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The ebsulfur compounds were initially screened for MP™
inhibition activity using a fluorescence-based turnover (FRET)
assay and a solid-phase extraction coupled to mass spectrome-
try (SPE-MS) assay, and for selectivity in terms of reaction with
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Figure 2. Synthesis of ebsulfur derivatives 3a-f, 4a-d, 5-12. Reagents and
conditions: A: oxalyl chloride, CH,Cl,, DMF, 0°C—rt. B: Et;N, R;NH,, CH,Cl,, rt.
C: Cul, 1,10-phenanthroline, Sg, K,CO;, DMF, 110 °C. D: phenylboronic acid,
K,CO;, Pd(dppf)Cl,, 1,4-dioxane, 80°C.

the catalytic Cys145 of MP® by protein-observed mass spec-
trometry (POMS) under denaturing conditions."” MP™ contains a
total of twelve cysteines” hence the number of covalent
reactions observed with MP° gives potential insight into the
degree of active site selectivity of the ebsulfur compounds.

The turnover assay results (Table 1) show that the direct
ebsulfur analogue (3a) of ebselen (1) has a comparable IC;, to
ebselen (1), confirming that an S—N bond is sufficiently reactive
to inhibit MP at nanomolar concentrations. The unsubstituted
ebsulfur benzoisothiazolinone (BIT) core (2) was much less
active (ICso~1.6 uM). Ebsulfur derivatives 3a, 4a, 5-7, varying
solely in the N-linked hydrophobic sidechain, were synthesised
since it was envisaged that these sidechains might occupy the
same binding pocket as the sidechain of the P1’ residue of MP"®
substrates, as anticipated based on the structures of substrate-
like inhibitors.”” These compounds were the most potent MP™®
inhibitors described here, i.e. 3a (N-phenyl) ~0.13 uM; 4a
(isopentyl) ~032pM; 5 (N-benzyl) ~0.19uM; 6 (N-
cyclohexylmethyl) ~1.00 uM; and 7 (n-pentyl) ~0.41 uM. The
variations in 1Cs,s for the compounds, together with the results
of Sun et al." show clear scope for further optimisation of the
N-substituent of the ebsulfur derivatives (see supplementary
Figures S1 and S2).
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Figure 3. Dose response curves obtained using FRET assay and protein observed mass spectrometry. A) 1 (Ebselen) inhibits MP and reacts at multiple sites. B)
4d inhibits MP™, but reacts covalently at less sites than ebselen. C) 4c (an isomer of 4d) apparently does not inhibit or react with MP. D) 3e manifests good
inhibition and apparently reacts twice, but predominantly once. E) 3c apparently does not inhibit or react with M. F) 3d shows no inhibition and does not

react with M, potentially due to steric hindrance by its C-8 phenyl group. G) 11 inhibits and reacts. H) 4a inhibits and reacts, predominantly 4 times. I) 9
inhibits MP° and apparently reacts with up to 3 times, but predominantly once. Conditions: 40 uM compound, 2 uM MP®, 20 mM HEPES, pH 7.5, 50 mM NaCl.

® and (°) represent technical duplicates for POMS studies. See Supporting Information for assay conditions.

© 2021 The Authors. ChemMedChem published by Wiley-VCH GmbH

ChemMedChem 2022, 17, €202100582 (3 of 5)



Chemistry
Europe

European Chemical
Societies Publishing

Communications

ChemMedChem doi.org/10.1002/cmdc.202100582

Several compounds with more polar N-substituents (8-11)
were synthesised to increase solubility and/or selectivity,
including 9, the y-lactam of which was envisaged may bind in
an analogous manner to the P1 glutamine sidechain in MP®
substrates.”” None of these compounds were as potent as 1 or
3a, perhaps reflecting the hydrophobic nature of regions of the
MP™ active site, including part of the P1 residue binding sub-
site.”

Increasing the oxidation state of the sulfur substantially
increased the 1Csy (12, ~2.9 pM cf. 11 0.25 uM), suggesting steric
hindrance may be one factor in determining reactivity (Fig-
ure 3). We thus made 3b-d, 4b,c with methyl-, phenyl-, or
bromo-derivatives at the C8 position.

Such derivatisation substantially reduced potency: 4c has
an ICs, of ~94.5 uM, and 3b-d, and 4b have ICss>100 uM.
Conversely, C6-substitution had the opposite effect; addition of
a bromine at the C6 position of 3a and 4a, to give 3e and 4d,
improved potency relative to values for the unsubstituted
compounds (3e, ~0.03 uM cf. 3a ~0.13 uM, and 4d, ~0.21 uM
cf. 4a, ~0.32 uM). Introduction of a nitrogen at the C6 position
to give the pyridine (3f) showed a slight decrease in potency
(IC50~0.5 uM).

It is important to note that it cannot be assumed that
inhibition is mediated via reaction with Cys145 alone and
derivatisation may alter the patterns of reactivity with the
12 MP™ cysteines. We thus carried out protein-observed mass
spectrometry (MS) under denaturing conditions to compare the
number of (irreversible) covalent reactions by the ebsulfur
derivatives. Although we did not carry out time-course studies
(except for ebselen and ebsulfur™), and the nature and the
extent of the reactions will likely vary depending on the
conditions, the results give initial insight into the relative
reactivity of the compounds.

The results show that there is a general, but clearly
imperfect, correlation between the apparent extent of covalent
reaction and potency, consistent with the proposed mode of
reaction of the ebsulfur derivatives with cysteines to form
disulfide bonds (Figure 1). However, it should be noted that
alternative modes of covalent reaction are possible, e.g. via
reaction of the ebsulfur derivative carbonyl group. Secondly,
introduction of substituents at the C6 and C8 positions of
ebsulfur decreases the number of reactions. Thus the presence
of bromo- or phenyl- substituents at C8 apparently completely
prevents irreversible covalent reaction (3¢, 3d, 4c). C8 methyl
substitution shows a reduction in the apparent maximum
number of observed reactions from 6 (4a) to 0 (4b) for the N-
isopentyl sidechain, and from 11 (3a) to 1 (3b) for the N-phenyl
sidechain; increasing the oxidation state of the sulfur also
apparently eliminates observed covalent reaction (12). Impor-
tantly, the presence of a more polar N-substituent (compare 9,
11/1 and 2 reactions, with 6, 7/both 4 reactions) or C6 bromine
(compare 3e/1 reaction with 3a/11 reactions, and 4d/no
reaction with 4a/4 reactions) reduces the dominant number of
observed reactions. The combined ICs, and MS results for 9, 4d,
and, particularly, for 3e, are notable as they suggest that
optimised substitution of the ebsulfur core to achieve enhanced
selectivity in terms of its reaction with M should be possible.

ChemMedChem 2022, 17, €202100582 (4 of 5)

We suggest that optimising the plCsy/number of reactions
observed by MS as a useful, readily obtainable parameter for
initial optimisation of reaction selectivity (Table 1).

The reactivity of ebselen or ebselen/ebsulfur derivatives
with cysteines, and maybe other biomolecules, means that
there are likely substantial challenges in developing these
compounds as medicines. While the activities of the ebsulfur
compounds reported here do not improve on the potency of
ebselen, they clearly demonstrate the potential for achieving
compounds that are more selective in their reaction with MP*®
and, by implication, other biomolecules including both proteins
and small-molecule thiols such as glutathione/cysteine. This is
clearly exemplified by comparing the MS results for ebselen,
which, under our standard conditions, covalently reacts up to
12 times with MP®, with those for 3 e, which was observed to
only react twice under our conditions, yet retains substantial
potency (~0.03 uM).

Under our conditions, we saw no evidence for the
fragmentation of the ebsulfur derivatives or ebselen, as has
been provided on the basis of crystallographic and other
evidence for ebselen itself,” potentially in part reflecting
differences in reaction conditions/methods of analysis. We
suggest that if such improvements in selectivity can be
achieved by simple sulfur for selenium substitution, then there
is considerable scope for more sophisticated ‘caging’ of the
reactive N—Se/S bonds of ebselen/ebsulfur type compounds.
Induced-fit binding to MP™® or another target could result in
exposure of a reactive N-S/Se bond, which is otherwise
protected from nucleophilic attack by other endogenous
cysteines. It is also likely the potency and selectivity of the
compounds can be improved by taking advantage of inter-
actions observed with other types of MP® inhibitor, e.g.
incorporation of a benzisothiazolinone core into a larger
structure that mimics the binding of the natural substrates.
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