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Discovery of a Nasal Spray Steroid, Tixocortol, as an Inhibitor of
SARS-CoV-2 Main Protease and Viral Replication

David A. Davis®t, Ashwin Nair?, Yana Astter?, Emma Treco?, Brian Peyser®, Rick Gussio®f, Tam
Nguyenb, Brett Eaton¢, Elena Postnikova®, Michael Murphy¢, Prabha Shrestha?, Haydar Bulut?,
Shin-Ichiro Hattorrid, Hiroaki Mitsuya®d and Robert Yarchoan?

Coronaviruses rely on the viral-encoded chymotrypsin-like main protease (MP™ or 3CLP™) for replication and assembly. Our

previous research on MP™ of SARS-CoV-2 identified cysteine 300 (Cys300) as a potential allosteric site of MP™ inhibition.

Here, we identified tixocortol (TX) as a covalent modifier of Cys300 which inhibits MP™ activity in vitro as well as in a cell-

based MP™ expression assay. Most importantly TX inhibited SARS-CoV-2 replication in ACE2 expressing Hela cells.

Biochemical analysis and kinetic assays were consistent with TX acting as a non-competitive inhibitor. By contrast, TX was a

weaker inhibitor and modifier of C300S MP™, confirming a role for Cys300 in inhibition of WT MP™ but also providing evidence

for an additional Cys target. TX pivalate (TP), a prodrug for TX that was previously marketed as a nasal spray, also inhibited

SARS-CoV-2 replication in HeLa-ACE2 cells at low micromolar ICsy’s. These studies suggest that TX and/or TP could possibly

be repurposed for the prevention and/or treatment of SARS-CoV-2 infection.

Introduction

Coronaviruses make up a large family of RNA viruses of which
SARS-CoV-2 is a member. SARS-CoV-2 is one of seven known
coronaviruses that infect humans.! The COVID-19 pandemic
caused by SARS-CoV-2 has caused millions of deaths
worldwide, reinforcing the need to find ways to stop the spread
and treat infection with SARS-CoV-2 and other highly
pathogenic viruses.? Although recent advances in COVID-19
vaccines have saved millions of lives by preventing severe
disease and illness, they only provide partial protection against
infection by SARS-CoV-2.2> More recently, drugs have been
developed to treat SARS-CoV-2 infection, adding to the arsenal
of treatments for SARS-CoV-2 infection. The primary approved
anti-SARS-CoV-2 therapy is a fixed combination of two drugs,
nirmatrelvir and ritonavir that is sold under the brand name
Paxlovid.# Nirmatrelvir targets the active site cysteine of 3-
chymotrypsin-like main protease (MP™ also known as 3CLP™) of
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SARS-CoV-2 and covalently modifies and inactivates the
enzyme, while ritonavir is needed to maintain effective plasma
levels of nirmatrelvir.>> ¢ MP™ is essential for viral replication as
it cleaves SARS-CoV-2-encoded polyproteins (PP1a and PP1ab)
in at least 11 locations to release mature viral proteins that are
required for virus replication.” While nirmatrelvir/ritonavir can
rapidly eliminate SARS-CoV-2 and resolve symptoms of
infection, the virus can often rebound, and symptoms can return
days after the 5-day treatment and possibly necessitate
subsequent therapy.®1® While these strategies have been greatly
successful, COVID-19 remains a substantial public health
problem and additional strategies are urgently needed. The
importance of MP™ as a target for blocking virus infection was
appreciated during the outbreak of SARS (now called SARS-1)
in 2003 during which 9% of patients with SARS-CoV-1 died !!.
Basic research on SARS-1 led to the development of potential
inhibitors of the MP.12 However, due to the containment of the
SARS-1 outbreak, the need for vaccines and therapeutics on a
large scale was no longer thought necessary and therefore
research on new drugs against SARS-1 faded. However, with the
advent of SARS-CoV-2 outbreak which began in 2019, there was
suddenly an urgent interest for preventive and therapeutic
strategies against this new worldwide pandemic. Compounds
have now been identified from various screening approaches as
potential MPr inhibitors, including FDA-approved drugs that
could possibly be repurposed.!? Nirmatrelvir, identified through
rational drug design, acts as active site MP inhibitor by
covalently binding to the active site cysteine 145 to inhibit
activity % 13, During replication, SARS-CoV-2 MP® becomes
active by forming a homodimer, which is the active form of Mpre.
Our previous research revealed that MP© could be reversibly
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inhibited through reversible oxidation of Cys300. Modification
of Cys300 with glutathione causes MP™ to form an inactive
monomer.'® Activity can be restored with reducing agents or
with the addition of the ubiquitous cellular enzyme glutaredoxin,
both of which removed the covalently bound glutathione.
Interestingly, each monomer of MP® contains an intact active
site. However, the monomer remains inactive unless
dimerization occurs, leading to the functional conformation of
the active site pocket.!” While it remains uncertain if Cys300 acts
to regulate MP™ within cells, it seemed reasonable to hypothesize
that this allosteric site could be targeted for inhibition of MPr,
We hypothesized that targeting this site with small molecule
drugs could interfere with dimerization, leading to inactivation
of Mp© and could provide an alternative way to block SARS-
CoV-2 replication.!® Further supporting this idea, another group
recently demonstrated allosteric inhibition of the MP™ dimer with
colloidal bismuth subcitrate that involves Cys300 and another
unidentified cysteine.'® In this report, we describe the
identification of tixocortol (TX) as an MP™ inhibitor that acts
primarily at Cys300 to inhibit MP™. Our data suggests that TX is
an allosteric covalent inhibitor that, in part, impairs MP®©
dimerization. TX, as well as the prodrug form tixocortol pivalate
(TP) and TX disulfide (TSST), block SARS-CoV-2 replication
in HeLa-ACE2 cells. The fact that TX is part of a previously
approved nasal spray suggests it could be repurposed to help
prevent SARS-CoV-2 infections or treat SARS-CoV-2

infections and symptoms.

Methods

Chemicals and Reagents

ACV tripeptide, zofenoprilat, epicaptropril, bicisate were from
BOC Sciences (Shirely, NY), phosphopantetheine, DL-thiorphan,
captopril, R-dihydrolipoic acid and hydrocortisone were from
Sigma-Aldrich (St Louis, MQO), omapatrilat, emerimide were
from Cayman Chemicals (Ann Arbor, MI), tixocortol, and
tixocortol pivalate were from Medical Isotopes Inc. (Pelham,
NH) and bucilliamine was from AK Scientific (Union City, CA)
Nirmatrelvir (NM) was from Med Chem Express (Monmouth
Junction, NJ). All compounds were dissolved in 100% cell
culture-grade DMSO from Sigma (St Louis, MO) and stored as
10-20 mM stock solutions at -20°C until use. TKB-198, 5H, and
GRL-0920 were obtained as described previously 121 and
stored as stocks in 100% DMSO. Ammonium hydrogen
carbonate for use in SEC/MS chromatography was obtained
from Millipore (Oakville, Ontario, CA). Formic acid and
trifluoroacetic acid were from Pierce Chemical company
(Rockford, IL). Tris(2-carboxyethyl) phosphine hydrochloride
(TCEP) solution, dithiothreitol (DTT), and reduced glutathione
(GSH) were from Sigma. Sequencing grade chymotrypsin and
AccuMAP Low pH Digestion kit was from Promega (Madison,
WI1). The disulfide of TX was generated by incubation of TX at 1
mM in 50 mM HEPES buffer pH 7.8 and 10% DMSO overnight at
35°C. The resultant precipitate was dissolved in 100% DMSO
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and then run on RP-HPLC to purify TSST from remaiping IX.using
a Vydac C18 column and a 2% ACN gradi@gt; 10.1039/D4MD00454J

Molecular docking of glutathione and compound discovery
procedure

The objective was to form an all-atom detailed molecular model
around L-glutathione. Among the SARS-CoV-2 main protease
structures examined from the Protein Data Bank, there are
marked similarities in their secondary and tertiary features. For
the preliminary model, we chose the MP™ X-ray structure
PDB:7AXM, the monomeric main protease that has been co-
crystalized with Pelitinib. In this initial phase, the preliminary
model served as a basis for ligand discovery. For details on the
creation of the preliminary model and refinement please see
the electronic supplemental informationt. To determine the
feasibility of covalent binding of compounds of interest at the
identified Cys300 pocket, these compounds were covalently
docked by virtual modeling onto the SARS-CoV-2 main protease
crystal structure. Maestro 12.7 (Schrodinger, Inc.) was used to
prepare the template MP crystal structure of PDB:7AXM and
the Covalent Docking module was used to model the covalent
ligand-protein complex using the Reactive Residue set at
Cys300, Reaction Type (Disulfide Formation), and Docking
Mode set at Virtual Screening.

Screening assay for MP™ inhibitory activity and determination
of MPre covalent modification

Compounds identified from the docking procedure were
screened for activity against MP™ using a peptide based
(TSAVLQSGFRKM) RP-HPLC assay as described previously, 16
using 100 nM MP (final) and 50 uM of each drug in assay buffer
(50 mM HEPES buffer, 1 mM EDTA, 50 mM NaCl pH 7.8) (see
Table S1). Briefly, compounds were incubated at 37°C with MPr°
for 1 h, then the assay was started with addition of peptide
substrate (2 mM final) and stopped after 10 minutes with TFA.
Products were determined by measuring their absorbance at
205 nm. Control was 5% DMSO and all samples contained 5%
DMSO in assay. Further assays involving kinetics and further
characterization were performed the same except 50 nM MP™
was used in these assays. For assessing covalent modification,
compounds dissolved in 100% DMSO were diluted to 50 uM (5%
DMSO final) and incubated with MP™ (5 uM) for 1 h in assay
buffer and then analyzed by SEC/MS for covalent modification
by protein deconvolution as described previously.’® MPr
samples (1 uM-10 puM as indicated in Figures) were injected (2-
10 pl) and run with an isocratic flow rate of 0.35 ml - min~ and
where indicated, cmBSA was used as an internal standard and
carrier to help prevent nonspecific losses of protein during the
analysis. MPr® eluting from the column was monitored using an
Agilent DAD UV detector in series with the Agilent 6230 MS-TOF
detector. After different treatments and preincubation times of
MPre with test compounds, the eluting MP™ peaks detected by
the ion current from MS analysis were deconvoluted using
Agilent’s Mass Hunter software to assess the molecular mass of
MPre and to obtain evidence of covalent modification of the
eluting MP™ as described previously. ¢

This journal is © The Royal Society of Chemistry 20xx
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MPre Kinetic Analysis

Wild type and C300S MP®’s were prepared and purified as
described previously. ¢ To perform Michaelis-Menten kinetics
the assay was done in 96 well cell culture treated round bottom
plates (Corning). The enzyme was made up as a 60 nM stock in
HEPES assay buffer. Eight wells received 38 ul of enzyme
solution and each well was then treated with 2 pl of DMSO for
controls or 2 pl of 20X stock of TX dissolved in DMSO to bring to
1X. The plate was incubated for 1 h at 37°C and then 5X
substrate stocks in HEPES assay buffer were added to give final
substrate concentrations of 0.1, 0.2, 0.4, 0.8, 1.6, 3.2 and 6.4
mM for the DMSO controls and inhibitor treatments (50 nM
MPre following substrate addition). The assay was carried out at
37°C for 8 minutes (confirmed to be within the linear range of
the assay to obtain initial velocities) and the assay was stopped
with 10 ul of 4% TFA solution in water. Samples were analyzed
by RP-HPLC as described above and Lineweaver-Burke (double-
reciprocal plots) plots were used to calculate the values of Ky,
Vmax- and K;. The data presented represents the average of three
independent experiments.

In cellulo MP™ Assay

Active MP was expressed from the pcDNA3 H2B-mIFP T2A MPre
(WT) plasmid (Addgene 163079). The NanolLuc plasmid
containing the MP™ cleavage site (AVLQSGFR) was constructed
as reported by Chen et al. 22 Briefly, a permuted NanolLuc
construct in the pcDNA3.1 vector expressing amino acids 66-
171 in the N-terminus was linked using a linker containing the
MPre cleavage site (GGGSGNGSAVLQSGFRSLKACGGG) with
amino acids 2-66 of the Nanoluciferase protein in the C-
terminus. The NanolLuc construct was codon-optimized for
mammalian expression. One hundred thousand early passage
healthy Hela cells were plated in each well of a 12-well plate
and transfected 24 h later with FUGENE6 (Promega). A ratio of
1:3:3 (NanoLuc:Mpro:Bgal) of plasmid was used for transfection
along with pcDNA3 as carrier DNA for maintaining transfection
efficiency. Briefly, in each well of the 12-well plate, 80 ng of
NanolLuc, 240 ng of MP™, and 240 ng of the beta-gal control
vector were transfected. Drugs (TX or NM) were added to the
cells 20 h post-transfection and assayed for NanoLuc activity 46
h post-drug treatment.

SARS-Cov-2 antiviral assay

For SARS-CoV-2 replication assays, Hela-Ace2 cells obtained
from Creative Biogene (Shirley, NY) were seeded into 384-well
tissue culture treated plates at 6,000 per well in 30 uL DMEM
(Gibco, Gaithersburg, MD, USA) supplemented with either non-
heat inactivated, or heat inactivated (HI) 10% fetal bovine
serum (FBS; Sigma, St. Louis, MO, USA) the day prior to
infection. One h or 18 h before infection, compounds (dissolved
in DMSO) were digitally dispensed directly into cell plates using
a Tecan D300e digital dispenser to generate a twelve-point dose
curve for each compound, replicated in quadruplicate (n = 4).
Under biocontainment conditions, SARS-CoV-2 virus (WA-01)
was diluted in DMEM with 10% FBS to a concentration of 3000

This journal is © The Royal Society of Chemistry 20xx
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plaque forming units (PFU)(60,000 PFU/mL) (MQLof.2)k JThis
inoculum was added to the assay plates fé&ff'a fiHgFa53ay\veldate
of 50 pL. Plates were fixed in 10% neutral buffered formalin 18
h post-infection; Upon removal from biocontainment, cells
were stained with a SARS-CoV/SARS-CoV-2 nucleoprotein-
specific primary antibody followed by a secondary antibody
conjugated to Alexa647 fluorophore. Hoechst dye was added
for detection of cell nuclei. Fluorescence readout was
quantitated using a PerkinElmer Operetta high-content imaging
system. Cytotoxicity on mock-infected plates was determined
using the Promega Cell Titer-Glo Luminescent Cell Viability
Assay (Catalog #G7571) at the time of fixation of the infected
plate. Half-maximal inhibitory concentration (ICsq) and 50%
cytotoxic concentration (CCso) were calculated using GraphPad
Prism Software (La Jolla, CA). Z' factor scores were assessed as
quality-control parameters for each plate.

Metabolism of tixocortol pivalate to tixocortol and related
metabolites

To determine conversion of TP to TX and related compounds
under various conditions, we incubated TP (50 uM) in water,
DMEM, DMEM supplemented with heat inactivated serum or
DMEM with 10% serum that was not heat inactivated. Following
an 18 h incubation overnight at 37°C the samples were acidified
with 0.2% TFA to stop the reaction and then diluted with DMSO
to give a final of 50% DMSO. This was done to ensure solubility
of the compounds prior to RP-HPLC/MS analysis. The samples
were treated with 10 mM TCEP for 15 min (to reduce any
disulfide bound TX or TSST in the samples) and then separated
on a Vydac-5205 C18 column and the amount of TP and TX was
determined based on the elution time and molecular mass
obtained with the standards. To assess the conversion of TP by
cells, Hela cells were plated overnight and then cells were
treated with TP (50 pM). Cells were then extracted for
metabolites after 1, 4, 24, and 48 h incubation. Cells were
washed with PBS and then trypsinized followed by three
additional washes with PBS. The pellet was then extracted with
60% methanol solution/0.2% TFA and heated at 95°C for 5 min.
Cellular debris was removed by centrifugation and the
methanolic/TFA solution dried by speed vac to dryness. The
residue was dissolved in 100% DMSO and analyzed by RP-
HPLC/MS. The concentrations of TP, TX, TSSG and the disulfide
of TX were determined.

Purification of tixocortol disulfide

To purify tixocortol disulfide for use in MP™ assays, TX was first
incubated in HEPES assay buffer pH 7.8 in 5% DMSO. The
reaction was left to go overnight at 37°C. TSST precipitated from
the solution and was pelleted and then redissolved in 100%
DMSO. The solution was then separated on a Vydac-5205 C18
column and the eluting TSST, as identified by its mass obtained
from MS analysis, was collected in eppendorph tubes. The
eluates were then dried down in a speed Vac concentrator,
incubated with methanol to remove volatiles and dried again.
The powder was redissolved in 100% DMSO. The TSST could be
converted to TX with 10 mM TCEP and then the concentration

J. Name., 2013, 00, 1-3 | 3
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determined by comparison to a known concentration of TX
standard. The TSST in DMSO was stored at -70°C until use.

Preparation of TX-MP™ for chymotryptic digestion and RP-
HPLC/MS analysis

To determine which cysteines of MP™© were modified by
tixocortol treatment, we first prepared TX-modified MP™ (TX-
MPro). MPr© was first pretreated with 10 mM TCEP to ensure full
reduction of the 12 cysteines and the correct native mass was
verified by SEC/MS analysis as described above. The TCEP was
removed by washing through an Amicon 10 kDa cutoff
membrane three times using 50 mM HEPES buffer pH 7.8 with
1 mM EDTA, 10% DMSO and 50 mM NaCl. Protease was set at 1
UM and TX was added at a final concertation of 200 uM and
incubated at 35°C for 1 h (total volume 3.5 ml). The preparation
was then concentrated using a 10 kDa membrane and washed
three times with HEPES buffer pH 7.2 with 1 mM EDTA, 10%
DMSO to remove the residual unbound TX. The TX-MpPre
preparation was analyzed by SEC/MS to determine the extent
of TX modification. To determine which cysteines were
modified by TX, we carried out chymotryptic digestions as
described previously using the AccuMAP Low pH Digestion kit
from Promega. 16 Briefly, 20 pug of TX-MP™ was alkylated with
NEM in 8 M urea, concentrated by filtration, and put up in final
1 M urea pH 8 in Tris and CaCl2 buffer. The alkylated
preparation in 1 M urea was digested with chymotrypsin (1
pg/mlin 1 mM HCI) at 28°C overnight. The solution was stopped
with a final of 2% TFA. The samples were then applied to Pierce
C18 peptide desalting columns from ThermoFisher Scientific
(Waltham, MA) and after washing, the peptides were eluted
with acetonitrile. Peptide samples were put up into RP-HPLC
running buffer (0.1% FA/0.02% TFA). The peptide samples,
treated without or with 10 mM TCEP, as well as the
corresponding peptide standards and TX-modified peptide
standards were analyzed by RP-HPLC/MS as described
previously. 16

Results

To further explore the possibility that Cys300 and the
surrounding pocket might be a promising target for identifying
allosteric inhibitors of MP°, we developed a model of
glutathione anchored to Cys300 through a disulfide bond with
MPre (PDB ID: 7AXM) (Fig S1At). A pocket was identified that
showed potential binding of glutathione to MP™ through
electrostatic interactions with Arg4 and Arg298 of the same
monomer and with the -SH group of glutathione juxtaposed to
the Cys300 -SH. With the physiologic ligand L-glutathione, a very
favourable distance (2.54 angstroms) was achieved once its
carboxylate formed a salt bridge with the side chain of Arg 4,
enabling disulfide bond formation (Fig. S1At). By contrast, D-
glutathione, upon forming the same salt bridge, produced an
inter-thiol distance (5.48 angstroms) that was prohibitive for
disulfide bond formation (Fig. S1Bt). Therefore, the L-
glutathione model could serve as an initial platform for a ligand
discovery effort. Next, a database was formed with all thiol-

4| J. Name., 2012, 00, 1-3

containing compounds present in the DrugBank, All.Drugs
structure file, release date 2021-01-03°THid0d¥tab4se04was
examined using an automated virtual screening approach at the
Cys300 pocket. We initially identified 15 compounds with
favorable docking scores and were able to obtain 13 of these
compounds from commercially available sources for testing
(Table S1t). For screening, each compound was preincubated
for 1 h at 50 uM with MP™ and then assayed for activity using a
previously described peptide-based (TSAVLQ*SGFRKM) RP-
HPLC MP™ method. ¢ In addition, MP™ was also examined by
size exclusion chromatography/mass spectroscopy (SEC/MS) to
determine if covalent modification of MP™ was taking place with
any of the compounds. While most of the compounds showed
no inhibition and even improved MP™ activity to some degree
under these conditions, tixocortol (TX) was identified as the only
compound of the 13 tested to significantly inhibit MP activity
in the screen (average 80% inhibition) and to covalently modify
MPre following the 1 h preincubation (Table S17).

Based on these preliminary results, we explored in more
detail the effects of TX on inhibition of MP™ and SARS-CoV-2
replication. TX is a 21-thiol derivative of hydrocortisone (HC)
that was developed as a prodrug in the form of a tixocortol
pivalate (TP) suspension for use as a nasal spray for rhinitis
(brand name Pivalone) (Fig. 1A).23 In the presence of serum or
cellular esterase, TP releases the pivalate group to produce TX,
the active form of the steroid.?* The 21-sulfur in TX participates
in a thiol ester bond with pivalate to form TP (Fig. 1A). To better
understand the mechanism of the inhibitory activity of TX, we
assayed the effects of TX, TP, and HC on MP'® activity following
a 1 h preincubation with each compound. TX inhibited MPr
activity an average of 90%, while TP was weakly active, while HC

A
tixocortol (TX) tixocortol pivalate (TP) hydrocortisone (HC)
120 4
B ns c
100
100 4 = I
*
5 %01 ] 575
=
g 60 g
S S 50
E 40 1 <
£
20 4 sk % 25
I o
0
0

DMSO  TX v HC
Treatment (50 uM)

0 5 10 15 20 25
X (uM)

Fig. 1: Structures of tixocortol (TX), tixocortol pivalate (TP) and hydrocortisone
(HC) and characterization of TX inhibition of SARS-CoV-2 MPr. (A) Structure for
tixocortol (TX), tixocortol pivalate (TP) and hydrocortisone (HC). (B) Comparison
of the inhibition of SARS-CoV-2 MP™© enzyme activity using 50 uM of each
compound after 1 h preincubation compared to DMSO control. Shown is the mean
and standard deviation from three separate experiments, * p<0.05, *** p<0.005,
ns=not significant. (C) Dose response curves for tixocortol at three different
preincubation times (1 h, 2 h, and 3 h) prior to substrate addition. MP™© (60 nM,)
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was incubated with TX in assay buffer for the indicated times and then assayed
(final MPr concentration of 50 nM) for activity (10 min).

showed no inhibitory activity (Fig. 1B). A dose response and
time course study using TX as an inhibitor of MP™ revealed that
inhibition was time-dependent with longer pre-incubation
times leading to improved ICsys (ICso of 8 uM at 1 h and ICsg of
< 2 uM at 3 h) (Fig. 1C). These data suggest that the 21-thiol
group is needed for good inhibitory activity of TX and suggests
that a time-dependent covalent modification of MP™ via the 21-
thiol group is likely required for TX inhibition. Michaelis-Menten
(MM) kinetics were performed and a Lineweaver—Burk plot of
the MM data (Fig. S2AT) indicated that TX had little effect on
Km but decreased the V.., 5-fold consistent with non-
competitive inhibition (Fig. S2Bt). From the MM data, the K;for
TX was calculated to be approximately 2.5 uM.

MPre inhibitors that bind to and covalently modify the active
site of MP™ are known to promote dimerization of MP™ resulting
in an inactive dimer.1> 2> We therefore compared the effect of
TX on MPr dimerization to that of nirmtrelvir and several other
active site inhibitors using SEC/MS analysis. MP™ (10 uM) was
treated with each compound (200 uM) (20:1 ratio drug to MP™)
for 1 h in HEPES assay buffer, and then analyzed by SEC/MS. The
MPre control (5% DMSO) eluted as a mix of dimer (D) and
monomer (M) (Fig. 2A, black tracing). Treating MP™© with NM
clearly induced MP dimerization, consistent with that
described previously (Fig. 2A blue tracing).?> We also observed
this shift to dimer when MP™ was treated with active site
inhibitors TKB-198,1° GRL-0920,26 and 5h,2! (Fig. S3A-S3Et). By
contrast, TX treatment did not induce dimer but instead
increased the proportion of monomer compared to dimer and
shifted the peak for the monomer to a later elution time
(denoted as MP™-TX) (Fig. 2A, red dashed tracing). TX also led to
a decrease in the amount of MP™ recovered over time (Fig. 2A,
red dashed tracing). These results suggest that TX may
covalently modify and destabilize the dimer leading to
dissociation of dimers and may subsequently lead to protein
aggregation. This is consistent with what was previously
reported for colloidal bismuth subcitrate where MPr
dissociation ultimately led to protein aggregation.’® The fact
that TX did not shift MP™ to dimer suggests that it may not act
as an active site inhibitor at Cys145 but instead forms covalent
adducts with a different cysteine or cysteines of MP™ and alters
dimerization. Protein deconvolution following MS of the eluting
MP© revealed only native MP™ in the control (Fig. 2B). As
expected, protein deconvolution of MP™® treated with NM
revealed that approximately 79% of MP™ was covalently
modified with NM based on the mass increase of +499.3 (Fig.
2C). Similarly, treatment of MP™ with TX led to approximately
33% of MP™ covalently modified with TX based on the observed
mass increase of +375.9 (Fig. 2D). A smaller percentage of MPr
(4.5 %) showing a mass increase of +752.4 (Fig. 2D) indicated
that an additional cysteine was also modified by TX but to a
lesser extent (Fig. 2D). Since the inhibition of MP™© by TX was
time dependent, we carried out an experiment to follow the SEC
eluting behavior and covalent modification of MP™ over time. In
these experiments, a ratio of TX (200 uM) to MP™® (1 uM) of
200:1 was used and BSA was included to protect from protein

This journal is © The Royal Society of Chemistry 20xx
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loss and as an internal standard. By 60 minutes, appreximately
50% of MP© was modified with TX (40% With 10 TR YOI RitH
2 TX) (Fig. S4AT) and over time the MP™1TX monomer elution
shifted to the right of unmodified MP', indicating a later elution
time (Fig. S4B). To distinguish the elution profiles for the 3
different forms of MP that were detected by MS (native MP™,
MPre-1TX, and MP°-2TX) we extracted the specific ions for the
native, 1TX and 2TX MPr species (list of ions shown in Fig. S4Ct)
from the total ion current (TIC) chromatogram for the eluting
MPro’'S after the 60 min incubation with TX (Fig. S4D*1). When this
was done, while MP©-1TX eluted in both the dimer and
monomer regions (compare blue tracing for MP™-TX vs black
hashed tracing for native MP™) the monomer form eluted later
than native monomer MP™ (Fig. S4Dt). Also, MP™-2TX eluted
almost exclusively as a later eluting monomer (Fig. S4Dt),
(compare red tracing with black dashed tracing) providing
evidence that TX modification disrupts the ability of the MP™ to
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Fig. 2: SEC elution Behavior and covalent modification of Mr™ following
treatment with NM or TX. (A) SEC/MS analysis of MP™ following treatment
with DMSO (black tracing -), NM (blue tracings) or TX (red dashed tracing).
MPre (10 uM) was incubated at 37°C in 50 mM HEPES buffer pH 7.8 with 1 mM
EDTA and treated with DMSO control or 200 uM of NM or TX (20:1 ratio drug
to MP) for 1 h and then analyzed by SEC-MS. The peak elution time for Mp™
dimer (D), monomer (M) and TX-shifted monomer (M-TX) are indicated by the
horizontal lines. (B, C, D) Protein deconvolution of eluting MP™ showing the
masses obtained for (B) control, (C) 200 um NM treated MP™ and (D) TX-
treated MP™. (E) Reversibility of TX modification and (F) TX inhibition of MP™
with different reducing agents. (E) Restoration of native MP© following
treatment with reducing agents. MP™ (1 uM) was first modified with 200 uM
TX for 1 h in assay buffer then reducing agents were added for 15 minutes.
Mrre was then analyzed by SEC/MS followed by protein deconvolution
(deconvolution region indicated by black horizontal line)) to determine the %
native MP™ restored. (F) Activity of Tx-treated MP© after treatment with
reducing agents. MP© (60 nM) was incubated with 5% DMSO (control) or 50
UM TX in assay buffer for 1 h then reducing agents were added (diluted 1:20
as 20X stocks) to give a final concentration of 10 mM and incubated for 15
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minutes. Samples were then assayed (MP™ 50 nM final) for activity (10 min).
Shown is the mean and standard deviation from three separate experiments.

form dimers. To determine if TX-modification and inhibition of
MP© was reversible, we tested three different reducing agents
(GSH, TCEP, DTT). MP™ (1 uM) was treated with TX (50 uM) for
60 min and then either exposed to buffer (control) or reducing
agents in buffer and incubated for an additional 15 minutes.
Samples were then analyzed by SEC/MS to assess the extent of
TX modification. The TX treated MP™ showed 52% MP™ modified
with TX and 48% native MP™ (Fig. 2E). Treatment with GSH (20
mM) increased the amount of native MP™ from 48% to 76%
while 10 mM TCEP or 10 mM DTT treatment restored all the
MP™© to its native form (Fig. 2E). Protein deconvolutions
following the treatment of TX-MP™ with the different reducing
agents are provided in Fig. S57. To determine if covalent
modification of MP™ was required for TX inhibition of MPr
activity, we first preincubated MP (60 nM) with TX (50 uM) for
60 minutes in assay buffer and then added the different
reducing agents (glutathione, TCEP, and DTT) at 10 mM for 15
minutes prior to assaying for activity. GSH restored about 20%
of the DMSO/GSH MP control activity, while TCEP and DTT
restored over 60% of their respective control activities
indicating that covalent modification with TX plays a role in the
inhibition of MP™ by TX (Fig. 2F).

Since reducing agents did not completely reverse TX
inhibition of MP°, we decided to assess the ability of TX and/or
TP to inhibit SARS-CoV-2 replication in cells by targeting MP™, In
addition, even though cells usually maintain a reducing
environment, it's been reported that SARS-CoV-2 infection
leads to dramatically lower cellular thiol levels in SARS-CoV-2
infected cells within the first 24 h of infection resulting in a pro-
oxidant environment.?’ This could therefore favor TX covalent
modification and inhibition of MP™ in infected cells as well as
other cysteine modifying compounds. To assess TX activity
against SARS-CoV-2 infected cells, we tested the ability of TX to
inhibit SARS-CoV-2 replication in a HelLa-ACE2 cellular system
from Creative Biogene (Shirley, NY). These epithelial cells
express the ACE-2 receptor, allowing for SARS-CoV-2 infection.
We tested the effect of pretreating cells with TX for 1 h or 18 h
before virus infection. HC, which was inactive in the MP™ assay,
was used as a control. Pretreatment of cells with TX for 1 h
resulted in an ICso for viral inhibition of 45 uM and was
associated with little or no toxicity at the concentrations used
(up to 100 uM) (Fig. 3A). Interestingly, if cells were pre-treated
with TX for 18 h prior to virus infection the ICsq for TX
substantially improved (6 uM) with < 20% toxicity observed (Fig.
3B). Yet, for reasons that are not clear, TX inhibitory activity
plateaued at 80%-85% inhibition for the 18 h pretreatment
group (Fig. 3B). By contrast, HC was inactive if cells were
pretreated for 1 h prior to infection and showed relatively weak
activity in the overnight pretreatment with HC (1C5o 84 uM) (Fig.
3C and 3D). Representative images of the SARS-CoV-2
nucleoprotein (in red) and Hoechst staining for cell nuclei are
shown for the Fig. 3B 18 h pretreatment control (Fig. 3E), 11 uM
TX (Fig. 3F), and 26 uM TX (Fig. 3G). We next investigated the
ability of TP to inhibit SARS-CoV-2 replication since this is the
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Fig. 3: Inhibition of SARS-CoV-2 replication in HeLa-ACE2 cells following a 1
h or 18 h pretreatment with TX or HC. Cells were pretreated with TX or HC
(as a control) for 1 h (Aand C) or 18 h (B, and D) prior to exposure to SARS-
CoV-2. Results are percentage inhibition of virus replication (blue values) and
cytotoxicity (black values) relative to untreated controls. Error bars represent
standard deviations (SDs) from tests run for each concentration with 4
replicates. ICso, half-maximal inhibitory concentration is indicated for each
drug on the dotted line. (E, F, and G)) Representative images from Fig. 3B 18
h pretreatment. (E) infected control, (F) TX at 11 uM and (G) TX at 26 pM.
Red staining represents SARS-CoV-2 nucleoprotein with percentage
infectivity measured as the number of SARS-CoV-2—positive cells relative to
total cells measured by Hoechst 33342 nuclear staining (blue).

form previously marketed for use as a nasal spray for rhinitis. TP
dose dependently inhibited viral replication (ICso of 30 uM) al-
though TP treatment (unlike TX) also affected cell viability at
higher doses with a TCso of about 60 uM (Fig. 4A). However, TP
at 44 uM inhibited more than 90% of the replication with less
than 10% toxicity seen (Fig. 4A). If cells were pretreated for 18
h with TP, then like TX, the ICsq improved (14 uM) but this was
also associated with greater toxicity (TCso of approximately 35
uM) (Fig. 4B). Representative images of the SARS-CoV-2
nucleoprotein (in red) and the Hoescht staining for cell nuclei
are shown for the 1 h pretreatment control (Fig. 4C), 26 uM TP,
(Fig. 4D), and 58 uM TP (Fig. 4E). The SARS-CoV-2 replication
data shown in Fig. 3 and Fig. 4 were acquired from cells grown
in serum that had not been heat inactivated (nonHI) to better
mimic natural serum which could provide active serum
esterases to convert TP to TX. However, we also tested these
compounds in cells grown in standard HI serum. The results with
Hl-serum mostly paralleled that seen with non-HI serum
although TP toxicity was greater in HI serum and there was a
somewhat higher calculated ICsq for virus inhibition in the 18 h
pretreatment in HI serum (compare ICsq of 14 puM in non-HlI
serum vs 21 uM in HI serum) (Fig. S6A-6D1). With HI-serum HC
did not inhibit viral replication nor was it toxic to the cells (Fig.
S6E-Ft). Taken together, these data indicate that the 21-thiol

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4: Inhibition of SARS-CoV-2 replication in HeLa-ACE2 cells followinga 1 h
or 18 h pretreatment with TP. Cells were pretreated with TP for 1 h (A ) or 18
h (B) prior to exposure to SARS-CoV-2. Results are percentage inhibition of
virus replication (blue values) and cytotoxicity (black values) relative to
untreated controls. Error bars represent standard deviations (SDs) from tests
run for each concentration with 4 replicates. ICs, half-maximal inhibitory
concentration is indicated for each drug on the dotted line. (C, D, E)
Representative images from results in Fig. 4A. (C) infected control, (D) TP at
26 uM and (E) TP at 58 uM. Red staining represents SARS-CoV-2 nucleoprotein
with percentage infectivity measured as the number of SARS-CoV-2—positive
cells relative to total cells measured by Hoechst 33342 nuclear staining (blue).

group is required for inhibition of MP™ activity as well as
inhibition of SARS-CoV-2 replication.

To further explore the need for TP to convert to TX to inhibit
MPre during viral replication, we also investigated the ability of
serum (heat inactivated and non-heat inactivated) and cells to
convert TP to TX since this conversion would be needed to
inhibit MPr activity if the free thiol group is required to inhibit
MPre in SARS-CoV-2 infected cells. TP was incubated for 18 h
with H,O, DMEM, DMEM with 10% HIl-serum or DMEM with
10% non-heat inactivated serum and then analyzed for TP and
TX by RP-HPLC/MS analysis. Recovery of TP from the samples
was similar for H,O, DMEM and DMEM with Hl-serum (15-17
UM recovered from 25 uM initially) (Fig. S7AT). However, only
about 7 uM of TP was recovered from the DMEM with non-Hl
serum (Fig. S7AT). This corresponded with more TX detected by
RP-HPLC/MS analysis from the non-HI serum sample (3.1 uM)
than the other samples (0.6-1.3 uM) (Fig. S7A). The detection of
TX in the absence of serum is likely due to solvolysis of TP over
time in the overnight incubation. To determine if TP was
converted to TX when added to cells, HelLa cells were treated
with TP (50 uM) for 1, 4, 24 and 48 h and then trypsinized,
washed and extracted with 60% Methanol/TFA to determine
cellular levels of TP and its metabolites. The major metabolite
detected from TP-treated cells was TX which peaked at 24 h
incubation (Fig. S7B*1). Also detected were low levels of TP and
TX conjugated to glutathione but at levels only 10-20% of that
of TX (Fig. S7BT). These data confirmed that when TP is added
to cells, it rapidly undergoes conversion (presumably via
cellular esterases) to TX.

This journal is © The Royal Society of Chemistry 20xx
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When TX was tested in the MP™ enzyme assay. e RlsQ
learned that TX would undergo oxida®tiohlGVEP/ Be GH5its
disulfide (TSST) (Fig. S8A-S8Ct). We considered the possibility
that TSST may be the form of TX that covalently modifies MPr
through disulfide exchange with cysteines of MP™. To examine
this, TSST was separated and purified as described in
supplemental information (Fig. S8Ct) and its ability to
covalently modify MP™ and inhibit MPr activity was determined.
The effect of TSST on MP dimerization was like that seen for
TX, causing a shift to monomer, a later elution time for the
eluting monomer, and partial loss of total recoverable MP™ (Fig.
5A). TSST covalently modified about 43% of MP™ (Fig. 5B and
5C). Although TSST did modify MP™ to a similar degree as TX in
a 1 h preincubation with MP™, when tested at lower
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Fig. 5: SEC elution Behavior and covalent modification of MP™® following
treatment with DMSO or TSST. (A) SEC/MS analysis of MP© following
treatment with DMSO (black tracing -) or TX (red dash tracing). MP™© (10 uM)
was incubated at 37°C in 50 mM HEPES buffer pH 7.8 with 1 mM EDTA and
treated with DMSO (control) or 200 uM of TSST (20:1 ratio drug to MP™) for 1
h and then analyzed by SEC-MS. The peak elution time for MP™© dimer and
monomer (D and M) as well as TX-shifted monomer (M-TX) are indicated by
the horizontal lines. (B, C) Protein deconvolution of eluting MP™ showing the
masses obtained for (B) control, (C) TSST-treated MP™. (D) TX modification of
MPre using TSST (10 uM) or TX (at both 10 uM and 20 puM) for 15 min. Values
are the average of 3 separate experiments. (E) Effect of TSST on SARS-CoV-2
replication. Cells were pretreated with TSST for (F) 1 h or (G) 18 h prior to
exposure to SARS-CoV-2. Results are percentage inhibition of virus replication
(blue values) and cytotoxicity (black values) relative to untreated controls.
Error bars represent standard deviations (SDs) from tests run for each
concentration with 4 replicates. 1Cso, half-maximal inhibitory concentration is
indicated for TSST on the dotted line.
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concentrations and shorter incubation times, TSST more rapidly
modified MP™ compared to TX (Fig. 5D). For example, TSST at 10
UM modified more than 20% of MP™ in 15 minutes as compared
to an average of 10% and 13% modification with 10 uM or 20
UM TX, respectively (Fig. 5D). The increased modification by
TSST also correlated to greater inhibition of MP™. In a typical 1
h preincubation assay with 50 nm MPr, TSST at 12.5 uM
decreased MPr activity to about 10% of the control as
compared to a decrease in activity to about 70% of the control
with 12.5 uM TX (Fig. 5E). Yet, at the higher concentration of 50
UM inhibition of MP™ by TX and TSST was comparable (Fig. 5E).
These data demonstrate that TSST is superior to TX at covalently
modifying and inhibiting MP™ and suggests that TX may first
oxidize to TSST before covalently modifying MP™. However,
from this data we cannot rule out direct modification of MP™ by
the reduced form of TX. TSST was also tested in the SARS-CoV-
2 viral replication assay. Pretreatment of cells with TSST for 1 h
prior to infection led to an I1Cso of 70 uM with minimal toxicity
(<20%) (Fig. 5F). Pretreatment of cells with TSST for 18 h led to
an improved ICsg of 15 uM although this was also associated
with some toxicity and inhibitory activity plateaued at around
80% like that seen with TX (Fig. 5G). The lower activity of the
TSST in the cellular replication assays as compared to the in vitro
assays with MP™© may be due to the lower solubility of TSST as
compared to TX when used in cell culture due to the limitation
on DMSO concentrations when used on cells.

Although TX and TP have activity against SARS-CoV-2
replication it remains possible that inhibition of replication is
due to blocking different aspects of infection rather than
inhibiting MP™. To assess whether TX could inhibit MP™ activity
expressed within cells absent the virus, we used a previously
described cell-based luciferase assay developed by Chen et al.??
The assay uses a modified nano-luciferase which contains an
MPre cleavage site. Upon cleavage by MP™, the nano-luciferase
activity is eliminated while in the presence of inhibitors the
activity is protected (see schematic in Fig. 6A). Treatment of
Hela-ACE2 cells with 50 uM TX decreased MP' activity by an
average of 55% providing further evidence that TX can inhibit
MPre activity within cells and may at least be one of its targets
leading to SARS-CoV-2 inhibition in infected cells (Fig. 6B). NM
was tested at 5 UM as a positive control for MP inhibition and
inhibited MPr® activity by an average 35% (Fig. 6B).

To identify which cysteines of MP™ were becoming modified
by TX, we made a preparation of TX-modified MP™ (TX-MPr),
and then removed the excess TX using molecular weight cut-off
filtration membranes. The final prep contained 49% of MPr
modified with one TX and 11% with two TX’s (Fig. 9A and S9Bt).
As seen before, by extracting the ions associated with for each
MPre species, we could see that the single TX-modified MPre
eluted more as monomer than native MP™ while the 2TX-MPr°
eluted >90% as monomer (Fig. S9Ct). We next carried out
chymotrypsin digestions of MP™ as described previously © to
determine which of the 12 cysteines of MP™ were becoming
modified. Based on RP-HPLC/MS analysis we identified two
tixocortol labeled peptides: 295DVVRQC™SGVTF3%  and
235DVVRQC™SGVTFQ3% each harboring Cys300 (Table 1).
Treatment of the peptide digest with the reducing agent TCEP
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Fig. 6: TX inhibition of MP™ activity expressed in cells. (A) Schematic
depiction of the nano-luciferase-based MP™ cellular assay. Inhibition of MP™
leads to increased luciferase activity by preventing substrate cleavage. (B)
Inhibition of MP™ activity in the cellular assay as compared to the DMSO
treated control. Cells were seeded (24 h) then transfected with MP™
expression plasmid and 18 h later treated with DMSO, TX (50 uM), or NM (5
1M) and then luciferase activity was measured 24 h later. NM was only used
as a positive control at 5 uM to verify the assay.

revealed the masses of the native forms of these same peptides
(Table 1 and Fig. S10A-S10Ft). Unfortunately, we were not able
to identify additional Cys residues modified with TX based on
our analysis. However, it should be noted that alkylated
peptides for Cys38, Cys44 and Cys160 were not detected (see
Fig. S11t for list of peptides detected in the chymotryptic
analysis) so these cysteines can’t be ruled out as secondary
targets for TX. To assess the extent to which TX modification of
Cys300 was playing a role in the inhibition of MP™ activity, we
tested the effect of TX on C300S MP™, prepared as described
previously.'® A time course study was carried out to assess the
elution profile and modification rate C300S MP™ with TX (Fig.
S12A). Several differences from WT MP™ were noted. First, the
monomer and dimer peaks for C300S treated with TX had
retained the same retention times as the control over the 90-
minute period examined (Fig. S12AT) which is unlike what we
saw for WT MPr° where the monomer peak shifted to later
elution times (see Fig. 2A and 5A). Second, protein
deconvolution of the eluting C300S MP™ region (12B and S12Ct)
revealed that only 23% of the total C300S MP™ was modified
with a single TX even after 90 minutes of incubation (Fig. S12C¥)
as compared to 65% modification seen for WT under the same
conditions (Fig. S12Dt). Also, even after 90 minutes of
incubation with TX, TX appeared to modify only a one cysteine
in C300S (Fig. S12C*) consistent with Cys300 being one of the
two cysteines modified in WT MP™®. In addition to less
modification of C300S with TX, TX was also a weaker inhibitor of
C300S MP© compared to WT, but some inhibition was still
observed (Fig. S12Et). TX at 12.5 uM inhibited 62% of WT MP™
activity as compared to approximately 27% inhibition of C300S
Mpro (Fig. S12Et). To determine if the active site Cys145 might
be the target in C300S modified with TX, we first occupied
Cys145 by covalent modification with GRL-0920 since our
studies showed >90% modification of Cys145 with this drug (see
Fig. S3D1). When this was done, there was only a small decrease
in the extent of TX modification (23.5 % TX modification without

This journal is © The Royal Society of Chemistry 20xx
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Table 1: RP/HPLC/MALDI-TOF MS Identification of TX modified
Cys300 peptides from chymotryptic digestion

Peptide found TCEP M(caiq) M r(expt) %TX or Alk
25DVVRQC™SGVTF303 - 1585.77 1584.80 25
295DVVRQCSGVTF30® + 1209.57 1209.60 75
295DVVRQC™*SGVTFQ3%® - 1713.83 1713.00 37
295DVVRQCSGVTFQ3% + 1209.57 1209.60 63

C™indicates modification of cysteine by TX based on a monoisotopic mass increase
of 376.2 *The Cys300 295-306 peptide is a result of incomplete cleavage at the
305:306 predicted chymotryptic cleavage site. Peptide extracts were treated with
or without TCEP to reveal the native reduced form of the TX modified peptides.
Molecular masses for these peptides were confirmed with the use of synthetic
peptides that were run on RP-HPLC/MALDI-TOF as native, alkylated or tixocortol
modified peptides. Shown are the calculated native masses [M; ()], the
experimental masses [M; (expy]. The % modified shown in the last column was
determined based on the area obtained for the native peptide after TCEP
treatment to the total area for that peptide (native + alkylated). RTs for the two
TX-peptides were 26.6 and 25.2 respectively, and 16.2 and 15.3 for the native
forms.

GRL-0920 vs 19.8% TX modification with GRL-0920) (Fig. S13A-
Ct) suggesting Cys145 is unlikely to be a primary target for TX in
C300S MPre, Together, these data support a primary role for
Cys300 in the inhibition of MP" activity with an additional role
for another unidentified cysteine. Since Cys300 was identified
as one of the primary targets for TX, we generated a
biochemically feasible covalent binding model for the TX-
Cys300 modification of MP© (Fig. 7t). A scheme for TX in
inhibition of SARS-CoV-2 replication is proposed based on our
data (Fig. S14t).

Discussion

We provide evidence that TX acts as an allosteric covalent
inhibitor of MP', in part, by covalently modifying Cys300 in the
C-terminal helical domain. TX also inhibits MP™ activity in cells
and shows inhibitory activity in SARS-CoV-2 replication assays at
low micromolar levels when preincubated with ACE2-Hela cells.
TP, the prodrug form of TX previously marketed as a nasal spray,
undergoes conversion to TX in cells and showed good inhibitory
activity against SARS-CoV-2 replication, although TP is
associated with some cellular toxicity in this system. The
disulfide of TX, TSST, more rapidly covalently modified and
inhibited MP™ suggesting that the covalent attachment of TX to
MP© may first go through a TSST intermediate. Since longer
preincubation times of Hela-ACE2 cells with TP or TX may
generate TSST within infected cells, this may explain the
improved ICso’s obtained with longer preincubation times.
Based on our results, we propose the following scheme
whereby cellular esterases remove the pivalate moiety leading
to the production of TX. TX can then react with MP™ or undergo
further conversion to TSST in cells under a pro-oxidant state,
and this will more readily react with MP© and form covalent
disulfides with Cys300 of MP™ and another unidentified Cys
residue(s) leading to disruption of MP™ dimerization,
aggregation and loss of activity (Fig. S147).
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Cys300 is the most solvent-exposed cysteine residue, in M2 &
28 and we’ve previously demonstrated®®hdf WodifieaRisnSof
Cys300 with glutathione inhibits MP™ dimerization and
activity.1® Tao et al. have previously demonstrated disruption of
MPre dimerization and activity by colloidal bismuth subcitrate
through interaction with Cys300.!% It is not surprising that
certain sulfhydryl reactive compounds have the potential to
inhibit MP™, given that MP™ contains 12 cysteines all in their
reduced state. It has been suggested that the usefulness and
specificity of various sulfhydryl reactive compounds for MP™, for
example ebselen or carmofur, would be better assessed with
enzyme assays carried out under reducing conditions, by either
including DTT, or perhaps more relevantly, the cellular thiol,
glutathione.?® 30 However, our studies here suggest that the
reversibility of inhibition of MP™ by reducing agents may not
mean that the compound would not be useful in cellular assays.
Several active site inhibitors that covalently modify Cys145 have
been developed, yet few compounds have been reported to
inhibit MP™ by modifying cysteines other than the active site.1®
Unlike active site inhibitors such as nirmatrelvir, which
covalently modify the active site Cys145 and stabilize the
dimeric state,?®> TX appears to disrupt protease dimerization
resulting in inhibition of activity. Although TX inhibition was
partly reversible with GSH, TX was still able to inhibit MP™
expressed in cells and inhibit viral replication suggesting the
reducing environment was not sufficient to prevent TX
inhibition of MP™©. Due to several potential advantages with the
use of nasal sprays for the treatment of SARS-CoV-2 infection,

SARS CoV-2 Main Profease

e Tixocortol

1249

Fig. 7: Molecular model of the interaction of TX with SARS-CoV-2 MP™. TX (carbons in
cyan) binds within a pocket formed by 3 helices (pale green cartoon). Displayed Mpro
residues consist of the first neighbor contacts between Mpro and TX. These contacts
comprise 10 hydrophobic residues and three polar residues (Cys 300, GIn 256, and His
246). In addition to the hydrophobic interactions, a hydrogen-bonded network (dashed
white lines) bridges TX through three water molecules (rendered in stick) to the polar
contacts in Mpro. Side chain carbon atoms are color-coordinated by helix (from left to
right: lime green, olive green and blue green). The TX-Cys300 disulfide bond (2.54
angstroms) is shown in yellow, nitrogen (blue), oxygen (red), and water hydrogens are
displayed as white sticks. The proposed mechanism is the formation of a disulfide bond
between TX and Cys300 of SARS-CoV-2 MP™,
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several groups have pursued their development for use in SARS-
CoV-2 infections.31-3* Through intranasal delivery or inhalation,
nasal sprays can be concentrated at the primary site of SARS-
CoV-2 infection without causing systemic toxicity. They may
also have use as prophylactic agents to prevent infection when
an individual is exposed. 3° TP is the prodrug form of TX; it was
approved as a 1% nasal spray suspension for treating rhinitis in
the mid 1980’s and was found to have an excellent safety
profile.36:37 There is essentially no literature available on why TX
was developed as a pivalate prodrug but it was perhaps done to
prevent TX oxidation to TSST. However, TP is presumably
hydrolysed to TX by cellular and other esterases to form the
active steroid 2* and we demonstrated that in this study as well.
It should be noted that TP has glucocorticoid effects, which may
also be of clinical benefit in SARS-CoV-2 infection.38 Although TX
is less potent against MP™ (UM range vs nM range) than other
drugs, such as NM, the ability to use it as a nasal spray allows
for application directly to the site of infection. TP s
administered as a 21 mM suspension which greatly exceeds the
micromolar concentrations of TP/TX required for inhibition of
SARS-CoV-2. Our studies on Hela-ACE2 cells demonstrate that
preincubation of TX, TP or TSST improved the ability to block
SARS-CoV-2 infection up to 7-fold, suggesting that TP may be
useful as a prophylactic during potential exposure during
crowded events or to prevent SARS-CoV-2 infection in
individuals following potential exposure. To our knowledge
there are no approved products for this purpose. Finally,
although GSH appears to impair TX activity somewhat against
MPre, this may be less of an issue in SARS-CoV-2 infected cells as
virus infection can lead to a prooxidant state with dramatically
lower cellular thiol and GSH levels in SARS-CoV-2 infected Vero
cells within the first 24 h of infection.?” These types of changes
in redox parameters also appear to be involved in the
pathogenesis of SARS-CoV-2-mediated disease.3%-41
Interestingly, lowered cellular thiols in infected cells could
promote the formation of TSST which was found in our hands
to be the most active form of TX for inhibiting MP activity.

While the activity of TP and TX is somewhat less than
systemic agents, such as nirmatrelvir, the ability to deliver it
locally at the site of infection may compensate for this lower
activity. Also, there is substantial clinical experience with TP
use in humans as a nasal spray and it has an excellent safety
profile. Given this, the results here suggest that it is worth
exploring as a potential treatment or preventive agent for
SARS-CoV-2. In addition, the results suggest that it may be
worthwhile to identify or develop other compounds that
target Cys300 pocket in MP'©,
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