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ARTICLE INFO ABSTRACT

SARS-CoV-2 main protease is a possible target for protection against viral infection. This study examined the
inhibitory effect of food phytochemicals on the main protease of SARS-CoV-2 by determining a cleaved product
after chromatographic separation. First, 37 phytochemicals, including glycosides and metabolites, were screened
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AZtoxi dation inhibited the enzyme in varying degrees. The ICg, values were estimated from 0.4 to 33.3 uM against the 0.5-

uM enzyme. The dose-dependent adduction of epigallocatechin gallate and myricetin was confirmed by quinone
staining of protein blotted onto a membrane. The enzyme activity was decreased by increasing the concentration
of the two phytochemicals, accompanied by increasing the respective adducted molecule estimated by intact
mass spectrometry. Reduced glutathione canceled the formation of conjugate and the inhibitory effect of epi-
gallocatechin gallate or myricetin on the enzyme, suggesting that the formation of the quinone moiety in the
phytochemicals is critical for the inhibition. The covalent binding of epigallocatechin gallate or myricetin to the
cysteine residue at the active site was confirmed by analyzing peptides from the chymotrypsin-digested main

Covalent modification

protease.

Introduction

Coronavirus disease 2019 (COVID-19) caused by SARS-CoV-2 has
rapidly spread globally and threatens human life. There are some
promising target molecules to prevent the virus infection or prolifer-
ation. This study focuses on the coronavirus main protease (MP™, al-
ternatively 3C-like protease), which mediates the scission of viral pro-
tein to replicate. The MP™ protease inhibitor, GC376, reduced the viral
titer in cats with feline infectious peritonitis virus from feline enteric
coronavirus [1]. Also, a similar peptidergic MP' inhibitor improved the
survival of mice infected by MERS-CoV [2]. Judging from the similarity
among the coronavirus family, the SARS-CoV-2 MP™ is a promising tar-
get for preventing COVID-19. After reports about the crystal structure of
MP™ from SARS-CoV-2 with an inhibitor [3,4], many attempts to eval-
uate inhibitors, including natural chemicals, have proceeded in in silico
study.

Food is a good source for health promotion; it can supply beneficial
phytochemicals to humans. Thus, the daily consumption of phytochemi-
cals could help strengthen our body against diseases, such as COVID-19.
Formerly, experimental studies for the inhibitory effect of flavonoids on

the recombinant protease from SARS-CoV-1 (classic) or MERS-CoV have
been reported; some flavonoids, including herbacetin and quercetin 3-
O-glucoside, inhibited MERS-CoV MP™ [5]. SARS-CoV-1 MP' was inhib-
ited by flavonoids and flavones, such as herbacetin, rhoifolin, pectoli-
narin, apigenin, luteolin, quercetin, and amentoflavone [6,7]. Concern-
ing SARS-CoV-2 MP™, epigallocatechin gallate (EGCG) [8,9], theaflavin
[8], myricetin [10], quercetin [11], herbacetin, pectolinarin, baicalin
[12], rutin, baicalein [13], and cyanidin-3-glucoside [14] shows in-
hibitory effects on the enzyme in vitro. Most research was performed by
fluorescence resonance energy transfer (FRET) assay, which sometimes
results in false negatives or positives due to the interference of fluores-
cence signals derived from test chemicals [15]; a competitive binding
assay using the fluorescent probe 8-anilinonaphthalene-1-sulfonate is
also reported [13].

The study examines the inhibitory effect of food phytochemi-
cals by directly measuring the digested peptide substrate after high-
performance liquid chromatography (HPLC) separation. Additionally,
the mechanism of inhibition by covalent adduction of phytochemicals,
such as EGCG and myricetin, was estimated by quinone staining and
mass spectrometry (MS).
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Materials and methods
Materials

Dabcyl-KTSAVLQSGFRKME-Edans was purchased from GL Biochem,
Ltd. (Shanghai, China). GC376 and herbacetin were obtained from
Cayman Chemical (MI, USA). Kaempferol, quercetin, theaflavin, iso-
quercetin (quercetin-3-O-glucoside), cyanidine chloride, and nitroblue
tetrazolium (NBT) were from Fujifilm-Wako Pure Chemical Co. (Osaka,
Japan). Pectolinarin was purchased from Merck Sigma-Aldrich (MA,
USA). Cyanidine-3-glucoside chloride, cyanidine-3-rutinoside chloride,
and luteolin-7-O-glucoside were obtained from Extrasynthese S.A.
(Lyon, France). Cyanidine-3-sophoroside chloride and cyanidine-3-O-
glucosyl-rutinoside (C-3-GR) chloride were from Tokiwa Phytochemical
Co., Ltd. (Chiba, Japan). Allyl isothiocyanate (AITC), benzyl isothio-
cyanate (BITC), phenethyl isothiocyanate (PEITC), ebselen, resveratrol,
luteolin, isorhamnetin (IR), baicalein, myricitrin, piceatannol, rhapon-
tigenin, and isorhapontigenin were obtained from Tokyo Chemical
Industry Co., Ltd. (Tokyo, Japan). Luteolin-7-O-glucuronide was from
MedChemExpress (NJ, USA). Rutin (quercetin-3-O-rutinoside) was
purchased from Nacalai Tesque, Inc. (Kyoto, Japan). EGCG was pur-
chased from LKT Labs, Inc. (MN, USA). Quercetin-7-O-glucuroinde,
quercetin-3-O-glucuroinde, quercetin-4’-O-glucuroinde, quercetin-
3’-O-glucuroinde, isorhamnetin-7-O-glucuronide, isorhamnetin-3-O-
glucuronide, isorhamnetin-4’-O-glucuronide, quercetin-7-O-sulfate,
quercetin-3’-O-sulfate, and quercetin-4’-O-sulfate were prepared as
described previously [16,17]. Chymotrypsin (sequencing grade) and
ProteaseMAX were purchased from Promega (WI, USA). Amylose resin
and Factor Xa were obtained from New England Biolabs Japan Inc.
(Tokyo, Japan). Other chemicals used were of high-quality grades,
unless otherwise indicated.

Preparation of maltose-binding protein (MBP)-tagged main protease and its
MBP-cleaved protease

The MBP-tagged main protease containing SARS-CoV-2 MP™ (Gen-
Bank Accession No. YP_009725301; Met1-GIn306) was constructed us-
ing pMAL-c2 expression vector (New England Biolabs Japan Inc.). The
gene encoding SARS-CoV-2 MP™ with E. coli codon usage was synthe-
sized by Eurofins Genomics (Tokyo, Japan). The fusion protein was puri-
fied by amylose-conjugated affinity chromatography. MBP-cleaved MP™
was prepared from MBP-tagged MP™ by Factor Xa protease digestion.
The prepared MP™ showed a single band (MBP-tagged MP™, 77.5 kDa;
MBP-cleaved MP™, 34.7 kDa) (Supplemental Fig. 1). The concentration
of each protein was estimated by bicinchoninic acid protein assay.

Measurement of enzyme activity by HPLC fluorescence detection

The enzymatic reaction was performed in a 20-mM Tris-HCI buffer
containing 1-mM ethylenediaminetetraacetic acid (EDTA), 150-mM
NacCl, and 0.01% Triton X-100 (pH 7.5). All tested chemicals were dis-
solved in dimethyl sulfoxide (DMSO), and the concentration of DMSO
was 2% in the reaction mixture, unless otherwise indicated. The enzyme
protease (0.5 uM) was preincubated with an inhibitor (0-200 pM) or ve-
hicle at 37°C for 30 min, unless otherwise indicated. After that, 10-uM
Dabcyl-KTSAVLQSGFRKME-Edans was added to the solution and fur-
ther incubated for 1 h. The reaction was terminated by adding an equal
volume of CH3CN containing 0.1% formic acid, and 10 pL of the mix-
ture was injected into the Shimadzu Prominence HPLC connected with a
photodiode array detector (PDA) and an RF-10XL fluorescence detector
(ex. 336 nm, em. 490 nm) in series (Shimadzu Co., Kyoto, Japan). PDA
was used to check possible co-elution with the fluorescent peptide and
an additive. The fluorescence detector was used to quantify cleaved flu-
oresce peptide. The separation was done using a Phenomenex Kinetex
XB-C18 (4.6 x 50 mm, 2.6 um) with gradient elution using 0.1% trifluo-
roacetic acid in water (solvent A) and CH;CN (solvent B) at a flow rate of
1.0 mL/min. The gradient program was as follows: initial B10%, 3 min
B100%, 4 min B10%, and 10 min B10%. The analysis was performed in
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triplicate. The IC5, value was calculated using Prism v.9.2 (GraphPad
Software, LLC., CA, USA).

The scission products were confirmed using a quadrupole-time-of-
flight mass spectrometer [Q-TOF, X500R, Sciex (MA, USA)] connected
with ultra-high-performance liquid chromatography (UHPLC, Exion,
Sciex). After the reaction, the reaction mixture was then separated using
a Thermo Scientific Hypersil Gold column (2.1 x 100 mm, 1.9 um) by
gradient elution using 0.1% formic acid in water (solvent A) and CH;CN
(solvent B) at a flow rate of 0.4 mL/min. The gradient program was as
follows: initial B10%, 2 min B100%, 2.1 min B10%, and 4 min B10%.
Finally, the eluate was introduced into the Q-TOF mass spectrometer
and analyzed using information-dependent analysis mode.

Intact MS and deconvolution of the MS spectrum

The MBP-cleaved enzyme (0.5 uM) was incubated with a test chem-
ical (0-5 uM, typically 1 uM) in Tris-HCI buffer as shown above for 30
min at 37°C. The protein (10 pL) was separated using a Phenomenex
bioZen Intact XB-C8 column (2.1 x 100 mm, 3.6 um) for gradient elu-
tion using 0.1% formic acid in water (solvent A) and 0.1% formic acid
in CH;CN (solvent B) at a flow rate of 0.3 mL/min connected to the
MS. The gradient program was as follows: initial B5%, 0.5 min B5%,
4 min B90%, 5 min B5%, and 8 min B5%. The eluate was introduced
into the MS using TOF-positive mode. This experiment was performed
twice. The deconvolution of the mass spectrum was acquired by UniDec
(v.4.4.1) [18].

Detection of quinones on the blotted membrane by redox-cycling staining

After incubating the enzyme with the test chemical, 10-mM dithio-
threitol and x 4 Laemmli sample loading buffer (Bio-Rad, CA, USA) were
added to the reaction mixture. The sample (60-ng protein/lane) and Pre-
cision Plus Protein Dual Color Standard (Bio-Rad) were then applied to
an SDS-polyacrylamide gel (SDS-PAGE, 10% acrylamide) and then mi-
grated by electrophoresis. The proteins in gels were blotted onto a PVDF
membrane (Immobilon-P, Merck), and quinones on the membrane were
stained using NBT (0.24 mM) in 2-M glycine-NaOH (pH 10) as described
previously [19,20]. The same samples were separated using a gel, and
the proteins in the gel were stained using Flamingo Stain (Bio-Rad) ac-
cording to the manufactures’ protocol. Detection was performed using a
LAS1000 plus (Fujifilm, Tokyo, Japan). This experiment was performed
twice.

Estimation of free thiols by biotin incorporation into the protein

Detection of free thiols in the enzyme was performed as described
previously with some modifications [20]. First, protein samples were
incubated with 0.25-mM EZ-link iodoacetyl-LC-biotin (Thermo Scien-
tific, IL, USA) for 30 min in the dark and then mixed with 10-mM of
dithiothreitol and the x 4 loading buffer. Next, the sample (20-ng pro-
tein/lane) was separated by 10% SDS-PAGE and the gels were blotted
onto a PVDF membrane; the membrane was then blocked by EzBlock
Chemi (ATTO Co., Tokyo, Japan) for 30 min. Finally, the membrane
was treated with streptavidin-peroxidase polymer (Merck, ultrasensi-
tive, 1/100,000) for 30 min, and the binding was visualized by Chemi-
Lumi One L (Nacalai Tesque, Inc.). This experiment was performed
twice.

Identification of an adducted site in MP™ by digestion with chymotrypsin
The MBP-cleaved enzyme (5 pM) was incubated with
EGCG/myricetin (10 pM) in the Tris-HCl buffer at 37°C for 30
min. The reaction mixture (50 pL) was then applied to a tube for cen-
trifugal ultrafiltration (Amicon Ultra 10K, Merck). Then, 450-uL 0.1-M
Tris-HCI containing 10-mM CaCl, (pH 8.0) was added and centrifuged
to exchange the buffer for digestion. To the protein fraction, 100-uL
chymotrypsin (1.7 pg) in buffer containing 0.025% ProteaseMAX was
added and then further incubated at 25°C for 6 h. The digested sample
was purified using a peptide desalting and enrichment Tip, GL-Tip
SDB (GL Sciences Inc., Tokyo, Japan) according to the manufacturers’
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protocol. Peptide separation was done using a Phenomenex Jupiter
PROTEO C18 column (2 x 150 mm, 5 um) with a gradient elution
system at 0.2 ml/min flow rate. Solvent A was 0.1% formic acid in H,O,
and solvent B was 0.1% formic acid in CH;CN. The linear gradient
program was as follows: initial B2%, 4 min B2%, 55 min B40%, 58 min
B90%, 59 min B90%, 60 min B2%, and 75 min B2%. The eluate was
introduced into the MS with positive mode. MS-Digest, ProteinSpector
(https://prospector.ucsf.edu/prospector/mshome.htm) was used to
calculate the theoretical mass numbers of modified peptides. This
experiment was performed three times, and the typical result was
shown.

Results

To examine the inhibitory effect of 37 phytochemicals on MP™
(MBP-tagged MP'), Dabcyl-KTSAVLQSGFRKME-Edans was used as a
substrate, and the formed cleaved peptide (SGFRKME-Edans) was then
estimated using an HPLC fluorescence detector. Before the screening,
the generation of cleaved peptides (Dabcyl-KTSAVLQ and SGFRKME-
Edans), as products, was confirmed by TOF-MS. The scission fragment
molecule of Dabcyl-KTSAVLQ has C4;H5N1,015 ([M+H]* 996.54), and
the other fragment of SGFRKME-Edans has C4gH;N;30,3S, ([M+H]*
1101.47).

At 20 uM, several phytochemicals had a considerable suppressive ef-
fect on the protease activity of the enzyme (0.5 pM) (Fig. 1A). The IC5ys
for the phytochemicals were estimated as EGCG (0.4 uM), myricetin (0.9
uM), theaflavin (6.1 uM), piceatannol (13.8 uM), herbacetin (19.2 pM),
baicalein (20.3 uM), myricitrin (21.7 uM), BITC (4.5 pM), PEITC (14.2
uM), and AITC (33.3 uM) (Supplemental Fig. 2). Under the conditions,
IC5qs of the positive controls, ebselen and GC376, were 0.4 and 18.8 pM,
respectively. However, quercetin, pectolinarin, rutin, and cyanidine-3-
glucoside, in which their inhibitory activity to MP™ has already been
reported [11-14], did not show suppressive effect at the concentration
examined (20 uM).

The changes in the mass of MP' by incubation with the phytochem-
icals were examined. Because MBP-MP™ (77.5 kDa) signal by the intact
MS was not clearly observed, MBP-cleaved MP™ (34.7 kDa) was pre-
pared and used after that. The mass changes of the MP™ by phytochem-
ical conjugation (1 uM) were shown in Fig. 1B. One or two molecule(s)
of piceatannol, myricetin, EGCG, and theaflavin were adducted onto the
MPr_ Herbacetin, baicalein, myricitrin, and ITCs showed significant in-
hibitory effects, but their covalent adducts were not observed at 1 uM
(Fig. 1B). The adductions by myricetin and EGCG (0-5 uM) were dose-
dependently observed, and the enzyme activities were decreased accord-
ingly (Fig. 2A).

Next, the adduction of EGCG and myricetin to the enzyme was con-
firmed by quinone staining. After the reaction of the MP™ enzyme with
the two phytochemicals, the MP™ was subjected to gel electrophoresis,
blotted onto a PVDF membrane, and then stained with NBT (Fig. 2B).
From 0.625-uM phytochemicals, NBT-reactive quinone moieties at the
location of MP™ were observed dose-dependently. Simultaneously the
free thiols in the MP™ were decreased by increasing the concentration
of phytochemicals. Most of the enzyme activity was retained when re-
duced glutathione (GSH, 1 mM) was added to the buffer in advance
(Fig. 3C). Additionally, the control enzyme activity was approximately
increased 1.3-fold by GSH supplementation (data not shown). Quinone
staining by EGCG/myricetin was also canceled when incubated in the
presence of GSH.

The enzyme (5 uM) was digested with chymotrypsin after incuba-
tion with EGCG or myricetin (10 pM). The peptide digests were sepa-
rated by HPLC and then analyzed by MS(/MS). If adducted, the mass
of the peptide conjugated with EGCG or myricetin should increase by
456 or 316 Da, corresponding to the conjugation of EGCG (MW 458)
or myricetin (MW 318). The presumed signals of EGCG adducted to
NGSCGSVGF (25.9 min) and LNGSCGSVGF (27.6 min) were detected on
the extract ion chromatograms (Fig. 3A(a)). Additionally, the sequence,
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LNGSCGSVGEF, is formed by one missed cleavage with chymotrypsin.
Their sequences of the fragments induced by collision-induced dissoci-
ation were assigned as the peptides adducted by EGCG at the C (Cys) of
the (L)NGSCGSVGEF (Fig. 3A (c, e)) by comparing the prediction by the
MS-Digest. The signals (<170 Da) from the EGCG-adducted sequences
were also observed, and the mass difference was probably formed by
liberating galloyl moiety at the D ring of EGCG [21]. This indicates that
the thiol was covalently conjugated with the B ring of EGCG, but not
the D ring. The myricetin-adducted peptides (+316 Da), correspond-
ing to the NGSCGSVGF (30.1 min) and LNGSCGSVGF (31.7 min), were
observed (Fig. 3B (b)), and the fragmentation patterns (Fig. 3B (d, f))
were matched with the predicted myricetin-adducted NGSCGSVGF and
LNGSCGSVGF.

Discussion

The viral MP™ is a promising target for preventing the infection of
coronavirus, i.e., the MP™ inhibitor GC376 could prevent viral infections
[1,22,23]. Synthetic a-ketoamide compounds inhibited the SARS-CoV-2
MP™_ possibly by covalent adduction to Cys145 of the enzyme [3,4]. A
clinical candidate, PF-07321332, targeted to the enzyme has recently
proceeded to Phase 1 trial [24]. Apart from medicine, various compo-
nents in food could be beneficial to life. However, the boundary between
medicine and food is ambiguous because some foods, such as herbs, are
used as folk medicine. Indeed, as introduced, many phytochemicals pre-
vent the recombinant viral enzyme in vitro. However, the mechanism of
inhibiting phytochemicals is unknown in detail. Hence, our preliminary
study indicated that some phytochemicals could not be applied to the
FRET assay with a fluorescent plate reader because of its fluorescence
quenching ability or self-fluorescence as supposed [15]. We then eval-
uated the enzyme activity by analyzing the cleaved fluoresce peptide
after separation by conventional HPLC. A drawback of this assay is the
run time for analysis, 10 min/sample. In contrast, chromatography sep-
arates the fluoresce peptide with a test chemical, avoiding the possible
interference between them.

Of the chemicals tested, the inhibitory activities of some phytochem-
icals have already been examined at a 200-uM concentration by FRET
assay [25]. In contrast, current results using 37 compounds differ from
the outcome in some points. It might be due to the difference in the eval-
uation method of enzyme activity. In this study, at 20 uM, myricetin,
EGCG, theaflavin, and BITC considerably inhibited the viral protease,
and to a lesser extent, piceatannol, PEITC, herbacetin, baicalein, myric-
itrin, and AITC. Furthermore, the patterns of inhibition and adduct for-
mation were relatively matched (Fig. 1AB). In addition, as mentioned
before, most of these phytochemicals have been reported as possible
inhibitors of MP*°.

This study also focused on intact phytochemicals and their metabo-
lites because ingested phytochemicals are often metabolized into con-
jugates, such as glucuronide or sulfate formed by intracellular phase
II enzymes in cells. Possible inhibitory effects of these metabolites by
a flavonoid have already been supposed by in silico study [26,27],
and baicalin, a glucuronide of baicalein, inhibits SARS-CoV-2 recombi-
nant MP™ in vitro [12]. However, most metabolites or the glucosides of
flavonoids examined, except for myricitrin (a rhamnoside of myricetin),
did not inhibit the enzyme at the concentration tested (20 uM). Among
the circulating metabolites, the glucuronides could be cleaved at the
inflammatory site by a secreted f-glucuronidase and then regenerate
aglycone [28,29]. The sulfate form of phytochemicals could restore the
original phytochemical in cells [30]. These probably suggest that glu-
curonides or sulfates of phytochemicals, which are often abundantly
present in blood compared with phytochemical (aglycone), are possibly
converted to the active hydrophobic aglycone form and then incorpo-
rated into an infected cell.

When EGCG, myricetin, theaflavin, and piceatannol (1 uM) were
mixed with 0.5-uM enzyme for 30 min at neutral pH, the adduct was
formed (Fig. 1B). A former study showed that EGCG might have pos-
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Fig. 1. The effect of various phytochemicals on the enzyme activity and its mass. (A) MBP-tagged MP™ (0.5 uM) was incubated with phytochemicals (20 uM) at 37°C
for 30 min. After the reaction, a peptide substrate was added. The enzyme activity was then analyzed by measuring the cleaved fluoresce peptide generated from
the substrate as described in Materials and Methods. (B) MP™ (MBP-removed, 0.5 pM) was incubated with the phytochemicals (1 uM) at 37°C for 30 min. After the
reaction, changes in the mass of MP™ were examined by intact MS. The deconvolution of the mass spectrum was performed using the UniDec software, and the mass
shifts of the enzyme by the adduction of one or more phytochemicals were evaluated by measuring the respective peak area. The deconvoluted mass chromatograms
of piceatannol, myricetin, EGCG, and theaflavin with the individual chemical structure are also shown. Abbreviations used: Q, quercetin; G, glucose; glucuronide, GA;
S, sulfate; IR, isorhamnetin; EGCG, epigallocatechin gallate; C, cyanidine; GR, glucosyl-rutinoside; BICT, benzyl isothiocyanate; AITC, allyl isothiocyanate; PEITC,

phenethyl isothiocyanate.



Y. Kato, A. Higashiyama, E. Takaoka et al.

Relative Ratio, %

Enzyme activity, % control

100

50—

EGCG

-@- Native
4 + One adduct (EGCG)
A + Two adducts (EGCG)

1
0 1 2 3 4 5

EGCG, M

NP oV ¥
0\} © N qf-’

ﬂ\ﬂ “."_, Protein Stain
M B W W Thiol Stain

Myricetin

@ Native

100
) 4l + One adduct (myricetin)
) -A- + Two adducts (myricetin)
s
14
g 50—
K
[5}
4

0 ’_
0 1 2 3 4 5
Myricetin, uM
.2_. 100
<
<}
o
X
g
2 50—
Q
©
o
E
S
N
[=4
w oo
Myricetin, uM

Myricetin

Q
Q§@®

S o\

1 -GSH +GSH
> 3 1004
O%Y\ & & £
X N R - 1
TS e R e £
\ Q QO N 50
(=
o . . w
L e Quinone Stain
Protein Stain & 000 & 0(,0 &
000 x@ A{\0 S xq, 4’{\""
3(Q Xé

Advances in Redox Research 3 (2021) 100021

Fig. 2. Dose-dependent changes in the
mass and activity of the enzyme incubated
with EGCG or myricetin. (A) After incubat-
ing the MP™ enzyme (0.5 uM) with 1-5-uM
myricetin/EGCG, adduct formation was es-
timated by intact MS. The dose-dependent
effects of EGCG and myricetin on enzyme
activity were also examined. The reaction
of the enzyme with the substrate was set
for 15 min. (B) After incubation, the pro-
teins were separated by SDS-PAGE. Gel/blot
images for the enzyme exposed to EGCG or
myricetin were shown. For protein stain-
ing, the gel was stained using Flamingo
gel stain. Additionally, the gel was blot-
ted onto a PVDF membrane for quinone
staining and then stained using nitrob-
lue tetrazolium (NBT) in alkaline glycinate
buffer. The enzyme was first derivatized by
iodoacetamide-LC-biotin and then applied
to a gel and blotted for free thiol staining.
The blotted membrane was incubated with
streptavidin-peroxidase followed by adding
a chemiluminescence reagent for evalua-
tion. (C) The enzyme (0.5 uM) was incu-
bated with 2.5-uM EGCG or myricetin in
the presence or absence of 1-mM reduced
glutathione (GSH) for 30 min. For the con-
trol, DMSO (final 1%) was used. The en-
zyme activity (%) was expressed as %con-
trol or %control with GSH. The enzyme
was also separated by SDS-PAGE and blot-
ted onto the membrane. The membrane was
then stained by NBT as described in (B).
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Fig. 3. MS(/MS) analysis of covalently modified peptides at the active site. A; EGCG. B; Myricetin. After incubation, MP™ was digested with chymotrypsin. Extract ion
chromatograms of the theoretical mass of EGCG- or myricetin-conjugated peptides with proposed chemical structures (a, b). X; indicates EGCG-conjugated cysteine,
and X, indicates myricetin-conjugated cysteine. NGSX,; ,GSVGF (1283.405 + 0.01 (EGCG), 1143.357 + 0.01 (myricetin)) and LNGSX, ,GSVGF (1396.489 + 0.01
(EGCG), 1256.441 + 0.01 (myricetin)) were the theoretical chymotrypsin-cleavable sequences (possible conjugated peptides) located at the active site. The MS/MS
chromatograms generated from NGSX; ,,GSVGF are shown in ¢ (EGCG) and d (myricetin). Those of LNGSXGSVGF (1 missed cleavage) are shown in e (EGCG) and f
(myricetin). Inset fragmentation schemes, ¢ and e: EGCG-dependent characteristic fragments (A170) from the liberation of the galloyl moiety at the D ring in EGCG

by collision-induced dissociation of EGCG-adducted peptides.

sibly covalently modified a cysteinyl thiol residue of glyceraldehyde-3-
phosphate dehydrogenase and inactivated the enzyme at 37°C for 30
min [21]. We have also found that myricetin and EGCG inhibit the MP™
enzyme accompanying the formation of one or two molecules adducted
to the enzyme molecule dose-dependently (Fig. 2). The autoxidation of
catechin or flavonoid generates a quinone moiety. The formed quinone
could react with a thiol of the enzyme, resulting in the enzyme conju-
gation with the phytochemical (Fig. 4) [31]. Piceatannol is abundantly
present in the fruit of Passiflora edulis [32] and is a metabolite of resver-
atrol. In this study, we have discovered that piceatannol inhibits the
enzyme; the catechol structure of piceatannol is presumably the critical
structure for conjugation.

Pyrogallol (myricetin and its synthetic derivative) is considered an
alternative warhead in the design of targeted covalent ligands [10].
EGCG has trihydroxy benzoyl moieties at the B and D rings. The lib-
eration of the galloyl moiety (A170) at the D ring was observed in
fragments of digested peptides conjugated with EGCG (Fig. 3A (c, e)),
and similar liberation of the galloyl moiety (A170) from EGCG-adducted
MHRQETVDC was already reported [21]. In contrast, a signal generated
from the liberation of A290 from the opposite side (A, B, and C rings)
was not observed (data not shown). Thus, this indicates that EGCG was
mainly conjugated with a protein thiol via the galloyl moiety at the B
ring. Additionally, by comparing myricetin with myricitrin, sugar moi-
ety in the phytochemical weakens its inhibitory activity. Formerly, in a
lipid oxidation system, myricetin and thiol conjugates were identified

[33]. Recently, the conjugation (A316 Da) of one molecule of myricetin
to MP™ evaluated by intact MS has been reported [10], and the mecha-
nism of conjugation of myricetin with protein thiol via the formation of
o-quinone is also proposed.

Quinone staining showed that a reduced type of glutathione (GSH)
suppressed the conjugation of EGCG/myricetin (Fig. 2C). Furthermore,
enzyme activity loss by EGCG/myricetin was canceled in the presence
of GSH. These results suggested that GSH reacted with the o-quinone
moiety of the phytochemical instead of a thiol in the enzyme. Thus,
quinones were probably reactants to the enzyme.

We attempted to identify EGCG or myricetin-adducted site in the en-
zyme by chymotrypsin digestion (Fig. 3). A former study showed that
ebselen, PX-12, and carmofur adduct to Cys145, which was assigned
by analyzing TIKGSFLNGSCGSVGF or FTIKGSFLNGSCGSVGF digest by
chymotrypsin [3]. We have found that the EGCG/myricetin-adducted
peptides (0 and 1 missed cleavage) are located at the active site of MP™,
(L)NGSCGSVGF. Furthermore, this is the first report that phytochemi-
cals covalently adduct the active site of MP™.

The inhibitors, ebselen, disulfiram, carmofur, PX-12, tideglusib and
shikonin, were found to be nonspecific promiscuous SARS-CoV-2 main
protease inhibitors because they lose their activities in the presence of
a reducing reagent like dithiothreitol [34]. In contrast, ebselen and its
derivative possess MP™ inhibitory and antiviral activities [35]. The fa-
vored reaction between quinone and an enzyme thiol may lead to off-
target effects; quinones of phytochemicals may be trapped by intravital
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GSH, cysteine, or protein thiols before approaching the viral enzyme
in infected cells. Then, a thiol-sensitive oxidized phytochemical may be
classified as a nonspecific inhibitor of the MP™ enzyme. However, it has
also been reported that the reaction rate of myricetin with GSH is slow
[10]. Additionally, in vivo environment is more hypoxic (reductive) than
in vitro test tubes. Furthermore, there are many causes of oxidation of
phytochemicals in intra- and extracellular environments [36]; therefore,
quinone form of phytochemicals could react with the viral thiol enzyme
under higher oxidative stress.

The inhibitory effect of ITC including PEITC on MP™ has been re-
ported [37,38]. This study also shows that three ITCs prevent cleaved
peptide generation. As already known, ITC is highly reactive to thiols,
forming a covalent ITC-thiol adduct. Therefore, the modification of cys-
teine at the active site by ITC would inactivate the enzyme. However,
the adducts were not observed at least at 1-uM ITC (Fig. 1B), probably
because the thiocarbamoyl linkage between ITC and thiol is unstable.
ITC also reacts with amines to a lesser extent [39,40]. Therefore, the
study on the effect of ITC on the enzyme remains unelucidated.

It has been reported that the plasma concentration of total polyphe-
nol metabolites ranged from 0 to 4 uM with an intake of 50-mg aglycone
equivalents [41]. Therefore, it may not be enough to deliver these possi-
ble functional phytochemicals to infected cells. However, current results
have shown that some phytochemicals at a physiological concentration,
a few uMs, inhibit the viral enzyme in vitro. Furthermore, former studies
have shown that cellular proteins were modified by 5-40-uM catechins,
including EGCG, supplemented to the culture medium [21,42], suggest-
ing that EGCG (and other phytochemicals) could penetrate the cell and
covalently modify cellular proteins. Besides, nanodelivery systems with
food phytochemicals may also overcome the issue of lower bioavailabil-
ity [43].

A limitation of this study is that the inhibition was tested by in-
cubating the recombinant enzyme with pure phytochemicals in vitro.
Therefore, using SARS-CoV-2-infected cells with a test compound [44] is
preferable; however, it requires a higher biosafety, such as biosafety
level-3 environment. Alternatively, a cell-based Flip-GFP and cell-based
luciferase-Glo assays for MP™ have been developed [45-49]. These
novel assay systems could validate the inhibitory effects of the phyto-
chemicals.

Conclusively, we have estimated the inhibitory effect of the phyto-
chemicals on the virus recombinant main protease by measuring the
generation of the intact fluorescent-cleaved peptide substrate. It was
found that some phytochemicals, including myricetin and EGCG, sig-
nificantly inhibited the enzyme even at a physiological concentration.

Advances in Redox Research 3 (2021) 100021

Fig. 4. Proposed reaction scheme for adduction of
EGCG or myricetin with MPr,

Furthermore, the covalent phytochemical-MP™ adducts were observed
along with the decrease in enzyme activity, and the adduction happened
at the Cys of the active site of MP™. Finally, verifying in vivo occurrences
of the reaction between phytochemicals and the viral enzyme should be
a subject for future studies.
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