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SUMMARY

Potent and biostable inhibitors of the main protease (Mpro) of SARS-CoV-2 were
designed and synthesized based on an active hit compound 5h (2). Our strategy
was based not only on the introduction of fluorine atoms into the inhibitor mole-
cule for an increase of binding affinity for the pocket of Mpro and cell membrane
permeability but also on the replacement of the digestible amide bond by a sur-
rogate structure to increase the biostability of the compounds. Compound 3 is
highly potent and blocks SARS-CoV-2 infection in vitro without a viral break-
through. The derivatives, which contain a thioamide surrogate in the P2-P1 amide
bond of these compounds (2 and 3), showed remarkably preferable pharmacoki-
netics in mice compared with the corresponding parent compounds. These data
show that compounds 3 and its biostable derivative 4 are potential drugs for
treating COVID-19 and that replacement of the digestible amide bond by its thi-
oamide surrogate structure is an effective method.

INTRODUCTION

The pandemic of the novel COVID-19, which is produced by the positive-strand RNA virus SARS-CoV-2, has

been continuing for more than two years.1–4 Vaccination has been pervasive worldwide and has been very

effective in suppression of infection as well as aggravation, but the spread of SARS-CoV-2 has not relented

because of frequent breakthrough infections in vaccinated people and the numbers of people who have

avoided vaccination,5,6 and drugs are needed to treat infected patients. Initially, Remdesivir, a reposition-

ing inhibitor of RNA-dependent RNA polymerase (RdRp), which had been administered to patients of

Ebola hemorrhagic fever, was used as the first FDA-authorized anti-COVID-19 drug.7,8 Other inhibitors

of this type, including inhibitors such as Molnupiravir,9–11 which are specific for SARS-CoV-2 RdRp have

been developed. Subsequently, Nirmatrelvir/PF-07321332 (1), aka Paxlovid, a novel inhibitor of the main

protease (Mpro) of SARS-CoV-2, was authorized by FDA in 2021 (Figure 1).12

The genome of SARS-CoV-2 encodes two large overlapping polyproteins, pp1a and pp1ab, which are pro-

cessed principally by two viral proteases, Mpro and a papain-like protease (PLpro), to generate the virally func-

tional proteins.13–17 Mpro is classified as amember of the cysteine protease family. The genome of SARS-CoV-2

has approximately 80% nucleotide identity with the genome of SARS-CoV-1. The Mpros of both SARS-CoV-2

and SARS-CoV-1 have 96% amino acid sequence identity18 and near identity in their tertiary structures and they

form almost the same active center of Mpro.19 As Mpro is essential for viral replication and there is no human

enzyme closely homologous withMpro, it is an important and attractive drug discovery target for the treatment

of COVID-19. Another Mpro inhibitor, S-217622, which is apparently not correlated with covalent bond forma-

tion with Mpro, has been developed.20 In addition, several other Mpro inhibitors have been developed to

date.21–27 As the development of additional several drugs is required for a repertory of drug choice, we

have tried to develop other Mpro inhibitors. Previously, we characterized a hit compound, 5h (2), as a SARS-

CoV-2 Mpro inhibitor19 among a panel of known compounds, which had originally shown inhibitory activity

against SARS-CoV (Figure 1).28–30 As the inhibitory activity or biological stability of compound 5h (2) is insuffi-

cient, we have attempted in this study to develop more effective inhibitors with increased activity and biolog-

ical stability based on compound 5h (2) and are reporting the results.
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Figure 1. The structures of SARS-CoV-2 Mpro inhibitors, Nirmatrelvir/PF-07321332 (1) and 5h (2)
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RESULTS

Concept of compound design

Compound 5h (2) is a tripeptide mimic, with an electrophilic ketone group as a warhead. It functions as a

tightly binding reversible-covalent inhibitor of SARS-CoV-2 and has a Ki value of 17.6 nM.19 In common with

Nirmatrelvir/PF-07321332 (1), compound 2 has P3, P2, P1, and P10 sites (Figure 1). The warhead electrophilic

carbonyl group at the P10 site of compound 2 can trap the nucleophilic thiol group of Cys145 at the active

center of Mpro with a reversible covalent bond, which produces a hemithioketal structure as an intermediate

that can inactivate Mpro.19,30 In order to increase the potency of Mpro inhibitors such as compound 5h (2),

fluorine atoms were introduced to inhibitor molecules in an attempt to realize a fluorine-associated inter-

action31 with the pocket of Mpro, and an increase of the cell membrane permeability.32,33 To date, this fluo-

rine scan strategy has been applied to the design of several compounds.34–39 Practically, the effectiveness

of introduction of fluorine into inhibitor molecules, including enhancement of hydrophobic interaction

because of the formation of bonds between a halogen atom and the target enzyme and an increase of intra-

cellular uptake has been revealed by the development of highly potent HIV-1 protease inhibitors.40–42 Hy-

drolysis of the P1-P2 amide bond of compound 5h (2) in the liver, on the other hand might lead to its low

availability.30 Thus, the P2-P1 amide bond was replaced by a thioamide, a surrogate structure. Using a sul-

fur atom as an alternative to an oxygen atom, a thioamide structure is a useful biomimetic for an amide

bond in natural peptides because thioamide bonds are resistant to normal peptidases, which can cleave

peptide bonds.43,44 A thioamide-containing small drug, ethionamide has been utilized as an antibiotic

to treat tuberculosis for over 60 years.45
Synthesis of compounds 3 and 4

The purity of the final synthesized compounds was measured by analytical HPLC or NMR and was >95%.

Experimental procedures of the synthesis of all of the compounds including characterization data are pro-

vided in the supplemental information – SI (Data S1). The synthesis of the representative compounds (3 and

4) is shown in Figures 2 and 3. A derivative in which the P1-P2 amide bond was replaced by thioamide, was

synthesized as compound 4 (Figure 3).46,47 Coupling of the tert-butyl ester hydrochloride of Leu (5) with

7-fluoro-4-methoxyindole-2-carboxylic acid (6) by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI)

hydrochloride, 1-hydroxybenzotriazole (HOBt) monohydrate and N,N-diisopropylethylamine (DIPEA)

provided the amide (7), and this was followed by deprotection of the tert-butyl group with hydrochloride

to give the acid (8). Treatment of the Na-Boc-derivative of methyl (S)-2-amino-3-((S)-2-oxopyrrolidin-3-yl)

propanoate (9) by 4-fluorobenzothiazole pretreated with n-butyllitium produced a ketone (10), and

the subsequent deprotection of the Na-Boc group with tetrafluoroboric acid diethyl ether complex

gave an amine (11). Condensation of the acid (8) and the amine (11) with 1-[(1-(cyano-2-ethoxy-2-

oxoethylideneaminooxy)dimethylaminomorpholino)]uronium hexafluorophosphate (COMU) in the

presence of DIPEA yielded the target compound (3). Coupling of Boc-Leu-OH (12) with 4-nitro-1,2-

phenylenediamine by a mixed anhydride reaction using isobutylchloroformate and N-methylmorpholine

gave the amide (13). Treatment of 13 with phosphorus pentasulfide in the presence of sodium carbonate

produced the thioamide (14),46,47 and this was followed by treatment with sodium nitrite in the presence of

aqueous acetic acid to yield the triazole (15). Condensation of the triazole (15) with the amine (11) in the

presence of DIPEA led to a thioamide (16), and this was followed by deprotection of the Na-Boc group
2 iScience 25, 105365, November 18, 2022



Figure 2. Synthetic scheme for compound 3
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with tetrafluoroboric acid diethyl ether complex to give the amine (17). Condensation of the acid (6) with

the amine (17) by COMU in the presence of DIPEA yielded the target compound (4).
Structure-activity relationship studies on derivatives modified at the P10 site
The structure of compound 5h (2) is shown in Figure 1. Fluorobenzothiazolyl ketones function as a warhead

with increased electrophilicity. Initially, the benzothiazole moiety at the P10 site was modified by the intro-

duction of fluorine atoms (Figure 4). The EC50 and CC50 values of the products were determined with RNA-

qPCR and WST-8 assays, respectively, using VeroE6 cells (see the experimental model and subject details

section).19 The introduction of a fluorine atom at position 4 or 5 of the benzothiazole moiety maintained the

antiviral activity (compounds 18/19) but the introduction of a fluorine atom at position 6 (compound 20)
Figure 3. Synthetic scheme for compound 4

iScience 25, 105365, November 18, 2022 3



Figure 4. The structures of derivatives modified at the P10 site
EC50 and CC50 values were determined with RNA-qPCR and WST-8 assays, respectively, using VeroE6 cells.19 The

numbers represent the average EC50 value G SD (mM) and CC50 value G SD (mM) from at least two independent

experiments. Fold changes to 5h (2) are shown. n.a., not applicable.
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slightly decreased this activity. The introduction of a cyclopropane moiety at position 4 of the benzothia-

zole moiety gave compound 21 but did not affect the potency substantially. Derivatives bearing alkyl esters

with one or two trifluoromethyl group(s) (22 or 23, respectively) failed to show significant antiviral activity

suggesting that trifluoromethyl-containing alkyl esters when compared with those with the original benzo-

thiazolyl ketone moiety are not suitable as units at the P10 site. A 4- or 5-fluorobenzothiazole moiety or a

normal benzothiazole moiety is suitable as a unit at the P10 site. According to the X-ray crystal structure

of Mpro and 5h (Figure 5B),19 there is enough space close to position 4 or 5 of the benzothiazole moiety

at the P10 site to introduce groups such as a fluorine atom.
Structure-activity relationship studies on derivatives modified at the P3 site

Next, the indole moiety at the P3 site was modified (Figure 6). The introduction of a fluorine atom at position 7

of the indole moiety (compound 24) maintained or slightly decreased the antiviral activity of 5h. The introduc-

tion of a fluorine atom at position 7 and the replacement of the 4-methoxy group by a fluorine atomgave com-

pound 25, which mostly retained the antiviral activity of 5h, indicating that the pattern of 4,7-difluoro-substit-

uents is acceptable and that an electron-withdrawing group as well as an electron-donating group is suitable

as the 4-substituent group. Other difluoro-substitutions failed to cause any positive effects: 4,5-difluoro-sub-

stitution (compound 26) slightly decreased the antiviral activity of 5h, and 4,6-difluoro-substitution (compound

27) largely decreased the antiviral activity of 5h. The replacement of the 4-methoxy group by a trifluorome-

thoxy group (compound 28) mostly maintained the potency. According to the X-ray crystal structure of Mpro

and 5h, there is enough space close to positions 4–7 of the indole moiety at the P3 site to introduce groups

such as a fluorine atom, a methoxy group, or a trifluoromethoxy group. Positions 4–7 of the indole moiety

are located in a solvent contact area (Figure 5C). The replacement of the indole moiety by a benzyloxy group

(compound 29) caused a remarkable decrease of the potency. As a result, it was concluded that 7-fluoro-4-

methoxy-substituents, 4,7-difluoro-substituents, and 4-trifluoromethoxy-substituents of the indole moiety

are suitable for high antiviral activity. Therefore, to perform structure-activity relationship studies on the
4 iScience 25, 105365, November 18, 2022



Figure 5. The X-ray crystal structure of SARS-CoV-2 Mpro and 5h (2) 7JKV

(A) The two protomers of SARS-CoV-2 Mpro are shown in black and gray surface presentations, and 5h (2) is shown in cyan

sticks and mesh (PDB: 7JKV).19 Hydrogen, nitrogen, oxygen, and sulfur atoms are shown in gray, blue, red, and yellow,

respectively.

(B and C) The binding pocket of Mpro, which interacts with 5h (2), is shown. The benzothiazole moiety at the P10 site is

shown in the center (B). The 4-methoxyindolemoiety at the P3 site, which is surrounded by hydrophobic residues, is shown

in the center (C).
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benzothiazole moiety, 7-fluoro-4-methoxy-substituents, 4,7-difluoro-substituents, or 4-trifluoromethoxy-

substituents of the indole moiety were fixed at the P3 site.
Structure-activity relationship studies on compound 24 derivatives with a 7-fluoro-4-

methoxyindole moiety at the P3 site

First, 7-fluoro-4-methoxy-substituents of the indole moiety at the P3 site were used, and the benzothiazole

moiety at the P10 site was derivatized (Figure 7). As a 4- or 5-fluorobenzothiazole moiety is suitable as a unit

at the P10 site of derivatives of 5h, which have 4-methoxyindole at the P3 site, compound 3, which has a

4-fluorobenzothiazole moiety at the P10 site and a 7-fluoro-4-methoxyindole moiety at the P3 site, and

compound 30, which has a 5-fluorobenzothiazolemoiety at the P10 site and a 7-fluoro-4-methoxyindolemoiety

at the P3 site, were designed and synthesized. Compound 3 showed remarkably higher antiviral activity than
Figure 6. The structures of derivatives modified at the P3 site

iScience 25, 105365, November 18, 2022 5



Figure 7. The structures of compound 24 derivatives with a 7-fluoro-4-methoxyindole moiety at the P3 site

n.d., not determined.
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5h, and compound 30mostly maintained the potency of 5h, suggesting that a 4-fluorobenzothiazole moiety is

more suitable than a 5-fluorobenzothiazole moiety as a unit at the P10 site. According to the X-ray crystal struc-

ture of Mpro and compound 3, the complex structure of compound 3 is similar to that of 5h (Figure 8). In the

complex with Mpro, the warhead carbonyl group at the P10 site of compound 3, similar to that of 5h, forms a

covalent bond with the side chain thiol group of the Cys145 residue producing its hemithioketal structure,

and the entire structure of compound 3 has hydrogen bond interactions as well as hydrophobic interactions

with amino acid residues in the pocket of the active site. There is enough space close to positions 4 and 5

of the benzothiazole moiety at the P10 site to introduce a fluorine atom (Figure 8A) as well as sufficient space

close to positions 4–7 of the indole moiety at the P3 site to introduce a fluorine atom or a methoxy group. Po-

sitions 4–7 of the indole moiety are located in a solvent contact area (Figure 8B). Next, the replacement of the

fluorine atom at position 4 of the benzothiazole moiety by a chlorine atom, a bromine atom, a methoxy group,

or a cyclopropane group was investigated. Compound 24 derivatives with a 4-chlorobenzothiazole moiety, a

4-methoxybenzothiazole moiety or a 4-cyclopropylbenzothiazole moiety, (31, 33 and 34, respectively)

obviously decreased the potency of compound 3 but largely maintained the potency of 5h (2). A derivative

of compound 24 with a 4-bromobenzothiazole moiety (32), maintained the same or slightly less potency
6 iScience 25, 105365, November 18, 2022



Figure 8. The superimposed structure of SARS-CoV-2 Mpro with 5h (2) (PDB: 7JKV) or compound 3 (PDB: 8DOY)

The binding pocket of Mpro is shown in ribbon/surface presentation in gray, and 5h (2) and compound 3 are shown in overlay images of cyan/magenta sticks,

respectively. Hydrogen, nitrogen, oxygen, fluorine, and sulfur atoms are shown in gray, blue, red, green and yellow, respectively.

(A) The binding pocket of Mpro, which interacts with 5h (2)/compound 3.

(B) The formation of a hydrogen bond between the Na-amino group of L-leucine at the P2 site of 5h (2)/compound 3 and the sidechain carbonyl group of

Gln189 is in the center.

(C) No interaction between the carbonyl group of L-leucine at the P2 site of 5h (2)/compound 3 (red mesh) and Mpro is shown in the center.

(D) The formation of a hydrogen bond between the Na-amino group of (S)-2-amino-3-((S)-2-oxopyrrolidin-3-yl)propanoic acid at the P1 site of 5h (2) or

compound 3 and the mainchain carbonyl group of His164 is shown in the center.
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than compound 3. In addition, the replacement of the fluorine atom at position 5 of the benzothiazole moiety

of compound 30 by a trifluoromethoxy group and a methyl group was investigated. Compound 24 derivatives

with a 5-trifluoromethoxybenzothiazole moiety (35) or a 5-methylbenzothiazole moiety (36) reduced the po-

tency of compound 3, and are more potent than compound 30, with a 5-fluorobenzothiazole moiety. The

replacement of the fluorine atom at position 5 of the benzothiazole moiety by a hydroxymethyl group was

investigated. A derivative of compound 24 with a 5-hydroxymethylbenzothiazole moiety (37), significantly

reduced the potency of compound 3, and mostly maintained the potency of compound 30. Judged by the

X-ray crystal structure of Mpro with 5h (2) or compound 3 (Figures 5 and 7), introduction of hydrophilic groups

such as hydroxymethyl at position 5 of the benzothiazole moiety is not suitable because a hydrogen bond

acceptor could affect the hydrogen bond between the sidechain hydroxy group of Thr25 and the mainchain

carbonyl group of Cys44 of Mpro and might cause the disadvantageous formation of the inhibitor-Mpro com-

plex in the bindingpocket. The normal benzothiazolemoiety of 5h (2) and the 4F-benzothiazolemoiety of com-

pound 3 have no significant effect on the hydrogen bond between Thr25 andCys44 of Mpro (SI, Figure S1). The

5-OCF3 group on the benzothiazole ring of compound 35 plausibly forms a hydrogen bond with the sidechain

hydroxy group of Thr25 and a halogen bond with the mainchain carbonyl group of Cys44 simultaneously.

These interactions might contribute to a favorable formation of the inhibitor-Mpro complex in the binding

pocket. The introduction of a fluorine atom at position 7 of the benzothiazole moiety was examined. Com-

pound 24 derivatives having a 7-fluorobenzothiazole moiety (38) or a 4,7-difluorobenzothiazole moiety (39)

showed significantly lower antiviral activity than compound 3, which has a 4-fluorobenzothiazole moiety.

This suggests that the introduction of the fluorine atom at position 7 of the benzothiazole moiety is not

compatible with high potency although the introduction of the fluorine atom at position 4 is critical. The

replacement of the benzothiazolyl ketonemoiety by an alkylester group or an amide groupwas also examined.

Compound 24 derivatives with alkyl esters and one or two trifluoromethyl group(s) (40 or 41, respectively),

showed moderate or insignificant antiviral activity, indicating that trifluoromethyl-containing alkyl esters are

not suitable as units at the P10 site compared with the original benzothiazolyl ketone moiety, as has been

seen in compounds 22 and 23. A derivative of compound 24 with an added N-methoxy-N-methyl amide (a

Weinreb amide) group (42) failed to show significant antiviral activity, suggesting that this amide group is

not suitable as a unit at the P10 site.

Structure-activity relationship studies on compound 25 derivatives having a 4,7-

difluoroindole moiety at the P3 site

Next, 4,7-difluoro-substituents of the indole moiety at the P3 site were examined, and the benzothiazole

moiety at the P10 site was derivatized (Figure 9). As a 4- or 5-fluorobenzothiazole moiety is suitable as a

unit at the P10 site of 5h derivatives, compound 43, with a 4-fluorobenzothiazole moiety at the P10 site
and a 4,7-difluoroindole moiety at the P3 site, and compound 44, which has a 5-fluorobenzothiazole moiety

at the P10 site and a 4,7-difluoroindole moiety at the P3 site, were designed and synthesized. Compound 43
iScience 25, 105365, November 18, 2022 7



Figure 9. The structures of compound 25 derivatives having a 4,7-difluoroindole moiety at the P3 site
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showed remarkably higher antiviral activity than 5h and compound 44 showed slightly higher or equivalent

potency compared with 5h, indicating that as observed in compounds 3 and 30, a 4-fluorobenzothiazole

moiety is more suitable than a 5-fluorobenzothiazole moiety as a unit at the P10 site. The introduction

of a fluorine atom at position 7 of the benzothiazole moiety was tested. A compound 25 derivative

with a 7-fluorobenzothiazole moiety (45) showed significantly lower antiviral activity than compound

43 with a 4-fluorobenzothiazole moiety, and almost the same potency as compound 44 with a

5-fluorobenzothiazole moiety. This suggests that the introduction of a fluorine atom at position 7 of the

benzothiazole moiety does not encourage high potency although the introduction of the fluorine atom

at position 4 is critical. Next, the replacement of the fluorine atom at position 4 of the benzothiazole moiety

by a chlorine or bromine atom or a methoxy group was investigated. Derivatives of compound 25 with
8 iScience 25, 105365, November 18, 2022



Figure 10. The structures of compounds with other indole derivatives at the P3 site
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4-chlorobenzothiazole and 4-bromobenzothiazole moieties (46 and 47, respectively) mostly retained the

potency of compound 43, suggesting that a 4-chlorobenzothiazole or 4-bromobenzothiazole moiety is

suitable as a unit at the P10 site as a 4-fluorobenzothiazole moiety. A derivative of compound 25 with a

4-methoxybenzothiazole moiety (48) obviously reduced the potency of compound 43, although it mostly

maintained the potency of 5h, indicating that a 4-methoxybenzothiazole moiety is not suitable as a unit

at the P10 site as had been observed in compound 33. The replacement of the fluorine atom at position

5 of the benzothiazole moiety by a trifluoromethoxy group or a methyl group was investigated. A derivative

of compound 25 with a 5-trifluoromethoxybenzothiazole moiety (49) slightly decreased the potency of

compound 43, and is much more active than compound 44 with the 5-fluorobenzothiazole moiety, sug-

gesting that a 5-trifluoromethoxybenzothiazole moiety is suitable as a unit at the P10 site as observed in

compound 35. A derivative of compound 25with a 5-methylbenzothiazole moiety (50) reduced the potency

of compound 43, indicating that a 5-methylbenzothiazole moiety is not suitable as a unit at the P10 site as it

is not consistent with the result observed in compound 36. Furthermore, the replacement of the benzothia-

zole moiety by a benzyl group was investigated. A derivative of compound 25 with a benzyl group (51)

showed significantly lower antiviral activity than compound 25 with a benzothiazole moiety. This suggests

that a benzyl group at the P10 site is less suitable for high potency than a benzothiazole moiety.

Structure-activity relationship studies on compounds with other indole derivatives at the P3

site

Other indole derivatives at the P3 site were investigated (Figure 10). Compound 52, which has a

4-fluorobenzothiazole moiety at the P10 site and a 4-fluoro-7-methoxyindole moiety at the P3 site, showed

less antiviral activity than 5h, and clearly lower potency than compound 3, which has a 7-fluoro-4-

methoxyindole moiety at the P3 site. Therefore, the opposite disposition of a fluorine atom and a methoxy

group as substituents on the indole moiety is unsuitable. Compound 53, which has a 5-fluorobenzothiazole

moiety at the P10 site and a 4,5-difluoroindole moiety at the P3 site, and compound 54, with a

5-fluorobenzothiazole moiety at the P10 site and a 4,6-difluoroindole moiety at the P3 site, showed almost

the same potency as compound 44, which has a 5-fluorobenzothiazole moiety at the P10 site and a 4,7-di-

fluoroindole moiety at the P3 site. Compounds 53, 54 and 44 showed slightly higher or equal potency as 5h,

indicating that the disposition of two fluorine atoms as substituents on the indole moiety did not cause any
iScience 25, 105365, November 18, 2022 9
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significant effect on antiviral activity. Compound 55, which has a 4-fluorobenzothiazole moiety at the P10

site and a 4-trifluoromethoxyindole moiety at the P3 site, showed almost the same antiviral activity as

compound 18, which has a 4-fluorobenzothiazole moiety at the P10 site and a 4-methoxyindole moiety

at the P3 site. Compound 56, which has a 5-fluorobenzothiazole moiety at the P10 site and a

4-trifluoromethoxyindole moiety at the P3 site, showed almost the same antiviral activity as compound

19, which has a 5-fluorobenzothiazole moiety at the P10 site and a 4-methoxyindole moiety at the P3

site. Therefore, a 4-methoxyindole moiety and 4-trifluoromethoxyindole moiety at the P3 site have almost

the same effect on the potency.
Structure-activity relationship studies on derivatives, in which the L-Leucine residue at the P2

site was modified

Next, the L-leucine residue at the P2 site was modified (Figure 11) because the amide bond between the P2

and P1 sites is susceptible to hydrolysis in the liver according to the metabolic analysis of 5h performed by

Konno et al.30 Na-Methylation of amino acid residues is simple and useful for modification of amide bonds.

Na-Methylation of (S)-2-amino-3-((S)-2-oxopyrrolidin-3-yl)propanoic acid corresponding to the P1 site is

described below. Firstly, Na-methyl-L-leucine corresponding to the P2 site was used to prepare com-

pounds 57, 58 and 59. Compound 57 is a derivative of 5h (2) with Na-methyl-L-leucine at the P2 site, and

both compounds 57 and 5h (2) have a benzothiazole moiety at the P10 site and a 4-methoxyindole moiety

at the P3 site. Compound 57 shows remarkably lower antiviral activity than 5h (2), suggesting that Na-

methylation of the L-leucine residue at the P2 site does not maintain or increase the potency. According

to the X-ray crystal structure of Mpro and 5h (2) or compound 3 (Figure 8B), the a-amino hydrogen atom

of the L-leucine residue at the P2 site interacts with the carbonyl oxygen atom of the side chain of

Gln189 of Mpro by hydrogen bonding. Compound 58 is a derivative of compound 30 with Na-methyl-L-

leucine at the P2 site, and compounds 58 and 30 both have a 5-fluorobenzothiazole moiety at the P10

site and a 7-fluoro-4-methoxyindole moiety at the P3 site. Compound 58 showed significantly lower anti-

viral activity than compound 30. This is consistent with the observation that Na-methylation of the

L-leucine residue at the P2 site does not maintain or increase the potency. Compound 59 is a derivative

of compound 44 with Na-methyl-L-leucine at the P2 site, and both compounds 59 and 44 have a

5-fluorobenzothiazole moiety at the P10 site and a 4,7-difluoroindole moiety at the P3 site. Compound

59 mostly maintains the antiviral activity of compound 44, but shows significant cytotoxicity and CC50 =

96 mM. The reason whyNa-methylation of the L-leucine residue at the P2 site is suitable for themaintenance

of potency only in the case of compound 59 is unclear, but compound 59 is not appropriate as a lead

because of its significant cytotoxicity. A thioamide structure being analogous to a carboxyamide bond,

a dipeptide surrogate corresponding to the P2-P1 site, L-Leu-j[C(S)-NH]-(S)-2-amino-3-((S)-2-oxopyrroli-

din-3-yl)propanoic acid, was synthesized and used to prepare compounds 4, 60, 61 and 62. Compound

60 is a derivative of 5h (2) with L-Leu-j[C(S)-NH]-(S)-2-amino-3-((S)-2-oxopyrrolidin-3-yl)propanoic acid at

the P2-P1 site, and both compounds 60 and 5h (2) have a benzothiazole moiety at the P10 site and a

4-methoxyindole moiety at the P3 site. Compound 60 mostly maintained the antiviral activity of 5h. As a

result, the thioamide structure of the L-leucine residue at the P2 site was deemed to be suitable for the

maintenance of the potency of 5h. This suggests that, according to the X-ray crystal structure of the com-

plex of 5h (2) and Mpro (Figure 8C), as there is no interaction between Mpro and the carbonyl group of the

L-leucine residue at the P2 site, this carbonyl group can be changed to a surrogate such as a thiocarbonyl

group. Compound 60 is appropriate as a lead compound of biostable inhibitors, and it was subjected to

in vivo stability testing. Compounds 4, 61 and 62 are derivatives of compounds 3, 44 and 56, respectively,

with L-Leu-j[C(S)-NH]-(S)-2-amino-3-((S)-2-oxopyrrolidin-3-yl)propanoic acid at the P2-P1 site and the cor-

responding benzothiazole moieties at the P10 site and indole moieties at the P3 site. The thiocarbonyl type

derivatives 4, 61 and 62 mostly maintained or enhanced the antiviral activity of the corresponding parent

carbonyl compounds 3, 44 and 56, respectively. The replacement of the carbonyl structure of the L-leucine

residue at the P2 site by a thiocarbonyl structure is also applicable in the case of compounds 3, 44 and 56,

although compounds 61 and 62 showed significant cytotoxicity, with CC50 = 38G 1.1 mM and 50G 1.1 mM,

respectively. Similar to compound 60, compound 4 is appropriate as a lead compound for biostable

inhibitors, and was submitted to in vivo stability tests. The replacement of the L-leucine residue at the P2

site by other amino acid residues was explored. Compounds 63 and 64 are a derivative of compound

30 with 1-aminocyclopentane-1-carboxylic acid and a derivative of compound 3 with 1-amino-3,3-

difluorocyclopentane-1-carboxylic acid, respectively, at the P2 site, a 5- or 4-fluorobenzothiazole moiety,

respectively, at the P10 site, and a 7-fluoro-4-methoxyindole moiety at the P3 site. Compounds 63 and

64 have a remarkably reduced antiviral activity compared with compounds 30 and 3. As a result, the
10 iScience 25, 105365, November 18, 2022



Figure 11. The structures of derivatives, in which the L-leucine residue at the P2 site was modified
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substitution of a 1-aminocyclopentane-1-carboxylic acid derivative at the P2 site was deemed to be unsuit-

able for the maintenance of the potency of compounds 30 and 3. Compounds 65 and 66 are derivatives of

compounds 30 and 55, respectively, with L-trifluoromethylalanine at the P2 site, the corresponding

benzothiazole moieties at the P10 site and indole moieties at the P3 site. Compounds 65 and 66mostly re-

tained the antiviral activity of the parent compounds 30 and 55, respectively. The substitution of

L-trifluoromethylalanine at the P2 site is applicable. Compounds 67 and 68 are derivatives of compounds

3 and 43, respectively, with L-trifluoroethylalanine at the P2 site, the corresponding benzothiazole moieties

at the P10 site and indole moieties at the P3 site. Compounds 67 and 68 had a reduced antiviral activity of

the parent compounds 3 and 43, respectively. The substitution of L-trifluoroethylalanine at the P2 site fails

to maintain the potency. Compounds 69 and 70 are derivatives of compounds 3 and 43, respectively, with

L-difluoromethylalanine at the P2 site, the corresponding benzothiazole moieties at the P10 site and indole

moieties at the P3 site. Compounds 69 and 70 have lower antiviral activity than the parent compounds 3

and 43, respectively. In contrast to the substitution of L-trifluoroethylalanine, substitution of

L-difluoromethylalanine at the P2 site fails to maintain the potency of the compound. Concerning the
iScience 25, 105365, November 18, 2022 11



Figure 12. The structures of derivatives, in which the (S)-2-amino-3-((S)-2-oxopyrrolidin-3-yl)propanoic acid

residue at the P1 site was modified
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replacement of the L-leucine residue at the P2 site by other amino acid residues, the replacement by

L-trifluoromethylalanine might be applicable, but the replacement by a 1-aminocyclopentane-1-

carboxylic acid derivative, L-trifluoroethylalanine, or L-difluoromethylalanine is unsuitable. This suggests

that considering the space between the S2 site of Mpro and the side chain group of the L-leucine residue

at the P2 site as shown in the X-ray crystal structure of the complex of compound 3 and Mpro, the side

chain group of L-trifluoromethylalanine might be suitable in size for the S2 site of Mpro, but the side

chain groups of a 1-aminocyclopentane-1-carboxylic acid derivative, L-trifluoroethylalanine, and

L-difluoromethylalanine are too large to fit the S2 site of Mpro (Figure S2).
Structure-activity relationship studies on derivatives, in which the (S)-2-amino-3-((S)-2-

oxopyrrolidin-3-yl)propanoic acid residue at the P1 site was modified

Finally, the (S)-2-amino-3-((S)-2-oxopyrrolidin-3-yl)propanoic acid residue at the P1 site was modified (Fig-

ure 12). Na-Methylation of (S)-2-amino-3-((S)-2-oxopyrrolidin-3-yl)propanoic acid corresponding to the P1

site was investigated because, as mentioned above, the amide bond between the P2 and P1 sites is suscep-

tible to hydrolysis. Compound 71 is a derivative of 5h with Na-methyl-(S)-2-amino-3-((S)-2-oxopyrrolidin-3-yl)

propanoic acid at the P1 site, and both compounds 71 and 5h have a benzothiazole moiety at the P10 site
and a 4-methoxyindole moiety at the P3 site. Compound 71 had a significantly reduced antiviral activity

compared with 5h, suggesting that Na-methylation of the (S)-2-amino-3-((S)-2-oxopyrrolidin-3-yl)propanoic

acid residue at the P1 site is not suitable for the maintenance or increase of potency. According to the

X-ray crystal structure of Mpro and 5h (Figure 8D), the a-amino hydrogen atom of the (S)-2-amino-3-((S)-2-ox-

opyrrolidin-3-yl)propanoic acid residue at the P1 site enjoys hydrogen bonding with the carbonyl oxygen atom

of His164 of Mpro. Substitution of other amino acid residues at the P1 site was examined. Compound 72 is a

derivative of 5h with L-pyridin-4-ylalanine at the P1 site, and both compounds 72 and 5h have a benzothiazole

moiety at the P10 site and a 4-methoxyindole moiety at the P3 site. Compound 72 reduced the antiviral activity

of 5h by about 50%. Compound 73 is a derivative of compound 44with L-pyridin-4-ylalanine at the P1 site, and

both compounds 73 and 44 have a 5-fluorobenzothiazolemoiety at the P10 site and a 4,7-difluoroindolemoiety

at the P3 site. Compound 73 failed to show antiviral activity below 100 mM. Compound 74 is a derivative of

compound 44 with L-pyridin-3-ylalanine at the P1 site, and has a 5-fluorobenzothiazole moiety at the P10 site
and a 4,7-difluoroindole moiety at the P3 site. Compound 74 showed significantly reduced antiviral activity

compared with compound 44. This indicates that the substitution of L-pyridin-3- or 4-ylalanine at the P1 site

is not applicable. The (S)-2-amino-3-((S)-2-oxopyrrolidin-3-yl)propanoic acid residue at the P1 site has been

widely used in the design of human rhinovirus 3C protease inhibitors,48 and might be indispensable.

In terms of cytotoxicity, the CC50 values of all of the synthesized compounds, with the exception of com-

pounds 29, 40, 51, 59, 61 and 62 are over 100 mM, suggesting absence of significant cytotoxicity.
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Table 1. Enzymatic inhibitory activity of synthesized compounds

Compound

IC50 EC50 CC50

(mM) (mM) (mM)

5h (2) 0.36 G 0.0050 (1.0)a 2.2 G 0.53 (1.0) >100

24 0.054 G 0.0015 (0.15) 3.4 G 0.15 (1.2) >100

28 2.5 G 0.023 (7.1) 2.9 G 0.15 (1.0) >100

3 0.037 G 0.0010 (0.10) 0.29 G 0.056 (0.026) >100

43 0.050 G 0.0070 (0.14) 0.40 G 0.090 (0.2) >100

44 0.12 G 0.010 (0.34) 2.7 G 0.15 (0.7) >100

54 0.54 G 0.020 (1.5) 2.8 G 0.20 (1.1) >100

60 0.99 G 0.060 (2.8) 2.7 G 0.15 (1.1) >100

4 0.37 G 0.015 (1.0) 0.34 G 0.015 (0.16) >100

61 0.67 G 0.050 (1.9) 0.49 G 0.060 (0.2) 38 G 1.1

PF-07321332 (1) 0.028 G 0.0050 (0.080) 1.6 G 0.51 (0.55) >100

Remdesivir not tested 5.0 G 0.050 (1.5) >100

The inhibitory activity of each compound against Mpro (IC50 value) was determined using 3CL Protease, Untagged (SARS-

CoV-2) Assay Kit (BPS Bioscience: Catalog#: 78042-1).19

EC50 values were determined with RNA-qPCR and CC50 values with WST-8 assays, using VeroE6 cells.

Numbers represent the average IC50 valueG SD (mM), EC50 valueG SD (mM), and CC50 valueG SD (mM) from two indepen-

dent experiments. EC50 and CC50 values for 24, 28, 3, 43, 44, 54, 60, 4, and 61 are from Figures 6, 7, 9, 10, and 11.
aThe numbers in parentheses show fold changes to 5h.
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Enzymatic inhibitory activity of synthesized compounds

As the antiviral activity of the synthesized compounds was evaluated against SARS-CoV-2 in VeroE6 cells

and several compounds showed significant antiviral activity, enzymatic inhibitory activity of selected hit

compounds against Mpro was investigated for target validation (Table 1) (experimental model and subject

details section).19 In most compounds, antiviral activity (EC50) and enzymatic inhibitory activity (IC50) are

positively correlated, and the Mpro inhibitory activity is approximately one order greater than the antiviral

activity according to IC50 and EC50 values observed with the parent compound 5h. Compound 24, a 5h de-

rivative with a 7-fluoroindole moiety at the P3 site, showed potent Mpro inhibitory activity in view of its anti-

viral activity whereas compound 28, a 5h derivative with a 4-trifluoromethoxyindole moiety at the P3 site,

showed lowMpro inhibitory activity compared with its antiviral activity, suggesting that compound 28might

easily penetrate cells and is biologically stable (see investigation of pharmacokinetics (PK)). Compound 3,

which has a 4-fluorobenzothiazole moiety at the P10 site and a 7-fluoroindole moiety at the P3 site, com-

pound 43, which has a 4-fluorobenzothiazole moiety at the P10 site and a 4,7-difluoroindole moiety at

the P3 site, and compound 44, which has a 5-fluorobenzothiazole moiety at the P10 site and a 4,7-difluor-

oindole moiety at the P3 site, all showed Mpro inhibitory activity comparable with their antiviral activity.

Compound 54, which has a 5-fluorobenzothiazole moiety at the P10 site and a 4,6-difluoroindole moiety

at the P3 site, showed Mpro inhibitory activity similar to its antiviral activity. The Mpro inhibitory activity of

the thiocarbonyl type derivatives 4, 60, and 61 was almost equal to their antiviral activity, according to

the IC50 and EC50 values. This suggests that compared with the corresponding parent carbonyl compounds

3, 5h, and 44, such thiocarbonyl type derivatives might show significant activity in cells relative to their

enzyme inhibitory activity, possibly because of enhanced cellular penetration or biological stability. The

clinically used drug Nirmatrelvir/PF-07321332 (1) exhibits potent Mpro inhibitory activity comparable with

its antiviral activity. In order to confirm that the anti-SARS-CoV-2 activity of the compounds could not be

because of non-specific cytotoxicity, immunostaining experiments were performed.19 These experiments

showed that compounds 3 and 4 have no significant cytotoxicity at concentrations up to 100 mM (SI,

Figure S3).
Detailed antiviral activity of compounds 3 and 4 against SARS-CoV-2

The antiviral activity of the hit compounds (3, 4) against SARS-CoV-2 was investigated in detail (Table 2).

The EC75 and EC99 values of these compounds were determined and compared with the values from 5h

(2) and PF-07321332 (1). Compound 3 showed themost potent antiviral activity among the four compounds
iScience 25, 105365, November 18, 2022 13



Table 2. Detailed antiviral activity of compounds 3 and 4 against SARS-CoV-2

Compound

EC50 EC75 EC99 CC50

(mM) (mM) (mM) (mM)

5h (2) 1.9 G 0.50 4.3 G 0.58 8.4 G 0.23 >100

3 0.23 G 0.030 0.46 G 0.020 0.97 G 0.0020 >100

4 0.28 G 0.045 0.59 G 0.030 4.1 G 3.1 >100

PF-07321332 (1) 1.9 G 0.18 4.4 G 0.21 9.7 G 0.015 >100

EC50, EC75, and EC99 values were determined with RNA-qPCR and CC50 values were determined with WST-8 assays, using

VeroE6 cells.

Numbers represent the average EC50 value G SD (mM) and CC50 value G SD (mM) from two independent experiments.
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with an EC99 of <1 mM. In the EC50, EC75, and EC99 values, compound 3 is superior to PF-07321332 (1) by

approximately one order of magnitude. A thiocarbonyl type compound (4) also showed more potent anti-

viral activity than PF-07321332 (1) in each of these three indexes. Thus, compounds 3 and 4 are useful lead

compounds as anti-SARS-CoV-2 drugs.

Antiviral activity of compound 3 against some SARS-CoV-2 mutants

Initially, we investigated the effects of the synthesized compounds against a WK-521 strain of SARS-CoV-2

(ancestral Wuhan strain),19 which is classified into variousWuhan strains. AlthoughMpro, especially its active

center, has common structures in different mutants, various SARS-CoV-2 mutants were tested in the pre-

sent study (Table 3). The parent compound, 5h (2), showed significant antiviral activity against QHN001

(a), TY8-612 (b), TY7-501 (g), K1734 (d), K5356 (k), 00012 (o, BA.1), and 02037 (o, BA.2) strains at micromolar

levels when tested against a WK-521 strain, and a lead compound (3) exhibited approximately one order of

magnitude more potent antiviral activity than 5h (2) against these mutant strains. This universal effectivity is

an impactful advantage of compound 3.

Investigation of pharmacokinetics (PK)

The pharmacokinetics of synthesized compounds PF-07321332 (1), 5h (2), 24, 28, 60, 44, 3, 43, and 4 in mice

were investigated. Compounds PF-07321332 (1), 5h (2), 24, 28, 60, 44, 3, 43, and 4 were administered intra-

venously (i.v.) at 2.0 mg/kg into mice. Blood samples were collected at various time points after adminis-

tration (15, 30, 60, 120, and 240 min) and the plasma was obtained by centrifugation. All of the compounds

were detected by LC-MS/MS. (Figures 13A and 13B). The half-life values were calculated using a non-

compartment model (for details, see the experimental model and subject details section) (Figure 13E).

As a result, the half-life values of PF-07321332 (1) and 5h (2) were <23 min, relatively shorter than those

of the other compounds. The half-life values of compounds 24 and 44 (�30min) were also short, suggesting

that the introduction of fluorine atoms in the indole moiety at the P3 site might not significantly extend the

half-life. The half-life values of compounds 28 and 60 (�50–60min) are approximately 2–3 times longer than

that of the parent compound, indicating that the introduction of a 4-trifluoromethoxy group in the indole

moiety at the P3 site and the replacement of the P2-P1 amide bond by a thioamide structure might prolong

the half-life. High blood concentrations of compound 60 were maintained after 60 min, and even 240 min

had passed. The positive effect of the thioamide structure of compound 60 is reasonable because hydro-

lysis of the P2-P1 amide bond of 5h (2) with human and rat cryopreserved hepatocytes might underlie its low

biological stability.30 The positive effect of the 4-trifluoromethoxy group in the indole moiety at the P3 site

of compound 28 is also reasonable because metabolism of the 4-methoxy group of 5h (2) with cryopre-

served hepatocytes, producing a hydroxyl group was detected.30 The half-lives of potent compounds 3,

4 and 43 (32–37 min) were also short, suggesting the introduction of fluorine atoms in the benzothiazole

moiety at the P10 site as well as in the indole moiety at the P3 site might not significantly prolong the

half-life, and that the replacement of the P2-P1 amide bond of compound 3 by a thioamide structure

did not have any significant effect on prolongation of the half-life although higher blood concentrations

of compound 4 were maintained compared with those of compound 3 after 60 min, and even 240 min.

Compounds 3, 4, and 28, which showed relatively satisfactory PKs upon i.v. administration, were adminis-

tered orally (p.o.) at 2.00 mg/kg and intraperitoneally (i.p.) at 20 mg/kg into mice. Blood samples were

collected at various time points after administration (15, 30, 60, 120, 240, 480 and 1,440 min)

(Figures 13C, 13D and 13F). Although the half-life of compound 4 after p.o. administration (2.85 h) was
14 iScience 25, 105365, November 18, 2022



Table 3. Antiviral activity of compound 3 against some SARS-CoV-2 mutants

Strains

5h (2) 3

EC50 (mM) EC50 (mM)

WK-521 (ancestral Wuhan strain) 2.6 G 0.070 0.28 G 0.02

QHN001 (a) 2.3 G 0.090 0.34 G 0.09

TY8-612 (b) 2.2 G 0.050 0.22 G 0.035

TY7-501 (g) 2.4 G 0.050 0.28 G 0.060

K1734 (d), Exp. 1 2.7 G 0.075 0.35 G 0.15

K1734 (d), Exp. 2 not tested 0.59 G 0.24

K5356 (k) 2.4 G 0.13 0.29 G 0.065

00012 (o, BA.1) Not tested 0.47 G 0.050

02037 (o, BA.2) Not tested 0.33 G 0.10

EC50 values were determined with RNA-qPCR and CC50 values with WST-8 assays, using VeroE6 cells.

Numbers represent the average EC50 value G SD (mM) and CC50 value G SD (mM) from two independent experiments.

Exp.: experiment.
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shorter than that of compound 3 (4.33 h), compound 4maintained remarkably higher blood concentrations

for the first day than compound 3. The initial concentration of compound 3 did not increase compared with

that of compound 4, and a relatively higher value of the half-life of compound 3was calculated. The half-life

value of compound 4 after i.p. administration (3.84 h) was longer than that of compound 3 (2.72 h), and

compound 4 maintained remarkably higher blood concentrations than compound 3, although after

1 day, the concentration of compound 3 was slightly higher than that of compound 4. In p.o. and i.p. ad-

ministrations, the replacement of the P2-P1 amide bond of compound 3 by a thioamide structure might

effectively extend the half-life. The PK profiles of compound 28 in p.o. and i.p. administrations were not

satisfactory when compared with those of compound 4. As a result, the replacement of the P2-P1 amide

bond of these inhibitors by a thioamide structure was thought to possibly lead to favorable PK profiles.

Although compounds 28 and 60 are suitable compounds in i.v. administration, taken together with antiviral

activity compound 4 is a more suitable compound, particularly when administered p.o. or i.p.

DISCUSSION

As the development of new drugs in addition to existing drugs is necessary to support a repertory of

chemotherapeutic choice, we attempted to develop novel Mpro inhibitors based on a previously character-

ized compound, 5h (2). In this study we developed more effective inhibitors with increased activity and bio-

logical stability compared with compound 5h (2). Our process of development of lead compounds

included the introduction of fluorine atoms into the inhibitor molecules to increase the binding affinity

for the pocket of Mpro and the cell membrane permeability, and the replacement of the unstable amide

bond by surrogates such as a thioamide structure. As a result, several potent inhibitors were developed

through detailed structure–activity relationships focused on the P3, P2, P1, and P10 sites of compound

5h (2). Compound 3 effectively blocks SARS-CoV-2 infection in vitro without significant cytotoxicity. Similar

to compound 5h (2), compound 3 forms a covalent bond with the side chain thiol of the Cys145 residue of

Mpro and according to the X-ray crystal structure analysis, enjoys hydrogen bond interactions and hydro-

phobic interactions with amino acid residues in the active site pocket of Mpro. Compound 3 also has highly

potent enzymatic inhibitory activity against Mpro at the IC50 value of 0.037 G 0.0010 mM. This is true of the

other selected hit compounds, which have significant anti-SARS-CoV-2 activity in cells and possess remark-

able enzymatic inhibitory activity, showing that there is a positive correlation between anti-SARS-CoV-2

activity and the enzymatic inhibitory activity against Mpro. Compound 3 showed one-order higher antiviral

activity than 5h (2) and PF-07321332 (1), even in the EC99 values. Compound 3 exhibits high antiviral activity

against several mutant strains such as QHN001 (a), TY8-612 (b), TY7-501 (g), K1734 (d), K5356 (k), and 00012

(o, BA.1), and 02037 (o, BA.2) strains as against a WK-521 strain (ancestral Wuhan strain). This universal

effectivity is the strong point of compound 3. In future, the justification of testing compound 3 against

SARS-CoV-2 variants would be expanded for plausible conquest of drug resistance to these Mpro inhibi-

tors,49,50 and the possible mutation in Mpro to confer viral evasion of known Mpro inhibitors, Nirmatrelvir/

PF-07321332 (1) and 5h (2), was investigated in detail.51 Furthermore, compound 4, which has a thioamide

structure in place of the amide bond between the P2 and P1 sites of compound 3, has remarkable
iScience 25, 105365, November 18, 2022 15



Figure 13. PK profiles of synthesized compounds in the mouse blood

(A–D) Plots of concentrations of synthesized compounds in the mouse blood after administration. (A) i.v. administration of

compounds PF-07321332 (1), 5h (2), 24, 60, 44, and 28 at 2.0 mg/kg into mice; (B) i.v. administration of compounds 3, 4,

and 43 at 2.0 mg/kg into mice; (C) p.o. administration of compounds 3, 4, and 28 at 20 mg/kg into mice; (D) i.p.

administration of compounds 3, 4, and 28 at 20 mg/kg into mice. number: mouse number, ex. 1-1 and 1-2: two different

mice with administration of compound 1.

(E and F) Calculated values of the half-lives (min) of the test compounds in i.v. administration (E, 240 min) and in p.o. and

i.p. administrations (F, 1,440 min) from each data points in (A)–(D).
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anti-SARS-CoV-2 activity, comparable with that of compound 3 in terms of EC50 and EC75 values, although

the enzymatic inhibitory activity of compound 4 against Mpro is significantly lower than that of compound 3.

Thus, thioamide derivatives might express significant activity in cells in proportion and relative to enzyme

inhibitory activity, possibly because of enhanced cell membrane permeability or biological stability

compared with the corresponding parent amide-type compounds. Significantly, compound 4 showed

remarkably preferable pharmacokinetics in mice, especially in p.o. and i.p. administrations, compared

with the corresponding parent compound 3, suggesting that replacement of the hydrolyzable amide

bond by its thioamide surrogate structure can increase the biostability of the compound. Our data show

that compounds 3 and 4 are useful drug candidates for Mpro inhibitors, and further development based

on these compounds is continuing.
Limitations of the study

We have developed highly potent Mpro inhibitors that block SARS-CoV-2 infection in vitro without viral

breakthrough. Some compounds showed remarkably preferable pharmacokinetics in mice compared

with the parent compounds. Future experiments should evaluate the antiviral activity of these compounds

in animal models of SARS-CoV-2 infection, and developmore effective inhibitors for drugs treating COVID-

19 based on the present data.
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58. Schüttelkopf, A.W., and van Aalten, D.M.F.
(2004). PRODRG: a tool for high-throughput
crystallography of protein-ligand complexes.
Acta Crystallogr. D Biol. Crystallogr. 60, 1355–
1363. https://doi.org/10.1107/
S0907444904011679.

59. Higashi-Kuwata, N., Hayashi, S., Kumamoto,
H., Ogata-Aoki, H., Das, D., Venzon, D.,
Hattori, S.I., Bulut, H., Hashimoto, M., Otagiri,
M., et al. (2021). Identification of a novel long-
acting 4’-modified nucleoside reverse
transcriptase inhibitor against HBV.
J. Hepatol. 74, 1075–1086. https://doi.org/10.
1016/j.jhep.2020.12.006.

60. Jaki, T., and Wolfsegger, M.J. (2011).
Estimation of pharmacokinetic parameters
with the R package PK. Pharmaceut. Statist.
10, 284–288. https://doi.org/10.1002/pst.449.
iScience 25, 105365, November 18, 2022 19

https://doi.org/10.1002/cmdc.200600015
https://doi.org/10.1002/cmdc.200600015
https://doi.org/10.1016/j.jfluchem.2008.02.004
https://doi.org/10.1016/j.jfluchem.2008.02.004
https://doi.org/10.1021/ml4002419
https://doi.org/10.1021/ml4002419
https://doi.org/10.1002/cmdc.201600132
https://doi.org/10.1002/cmdc.201600132
https://doi.org/10.1021/acs.jmedchem.7b01788
https://doi.org/10.1021/acs.jmedchem.7b01788
https://doi.org/10.1002/cmdc.201700824
https://doi.org/10.1002/cmdc.201700824
https://doi.org/10.1038/s41598-020-65993-z
https://doi.org/10.1128/AAC.02635-18
https://doi.org/10.1128/AAC.02635-18
https://doi.org/10.1021/jacs.7b08417
https://doi.org/10.1021/jacs.7b08417
https://doi.org/10.1039/d1sc00785h
https://doi.org/10.1164/arrd.1965.91.5.728
https://doi.org/10.1164/arrd.1965.91.5.728
https://doi.org/10.1002/cbic.201900115
https://doi.org/10.1002/cbic.201900115
https://doi.org/10.1021/jo961245q
https://doi.org/10.1021/jo961245q
https://doi.org/10.1021/jm9805384
https://doi.org/10.1021/jm9805384
https://doi.org/10.1016/j.bmcl.2022.128629
https://doi.org/10.1016/j.bmcl.2022.128629
https://doi.org/10.1101/2022.06.28.497978
https://doi.org/10.1021/acs.jmedchem.2c00404
https://doi.org/10.1021/acs.jmedchem.2c00404
https://doi.org/10.7883/yoken.JJID.2020.061
https://doi.org/10.7883/yoken.JJID.2020.061
https://doi.org/10.21203/rs.3.rs-26344/v1
https://doi.org/10.21203/rs.3.rs-26344/v1
https://doi.org/10.1107/S2059798318017795
https://doi.org/10.1107/S2059798318017795
https://doi.org/10.1107/S2059798317017235
https://doi.org/10.1107/S2059798317017235
https://doi.org/10.1107/S0907444909042589
https://doi.org/10.1107/S0907444909042589
https://doi.org/10.1107/S0907444911001314
https://doi.org/10.1107/S0907444904011679
https://doi.org/10.1107/S0907444904011679
https://doi.org/10.1016/j.jhep.2020.12.006
https://doi.org/10.1016/j.jhep.2020.12.006
https://doi.org/10.1002/pst.449


ll
OPEN ACCESS

iScience
Article
STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

primary antibodies: convalescent

IgG fraction

a convalescent COVID-19

individual, reference S1

N/A

secondary antibody: goat polyclonal

anti-human-IgG-Alexa Fluor 488

Fab fragment antibody

Jackson ImmunoResearch

Laboratories, Inc

Cat#109-547-003; RRID: AB_2337854

Texas Red�-X dye conjugated Phalloidin Thermo Fisher Scientific Cat#T7471

Bacterial and virus strains

JPN/TY/WK-521 (SARS-CoV-2WK-521) National Institute of Infectious

Diseases (Tokyo, Japan)

GISAID Accession ID; EPI_ISL_408667

B.1.1.7 (alpha) strain [hCoV-19/Japan/

QHN001/2020 (SARS-CoV-2QHN001)]

clinically isolated, National Institute

of Infectious Diseases

GISAID Accession ID; EPI_ISL_804007)

B.1.351 (beta) strain [hCoV-19/Japan/TY8-

612-P0/2021 (SARS-CoV-2TY8-612)]

clinically isolated, National Institute

of Infectious Diseases

GISAID Accession ID; EPI_ISL_1123289

P.1 (gamma) strain [hCoV-19/Japan/TY7-

501-P0/2021 (SARS-CoV-2TY7-501)]

clinically isolated, National Institute

of Infectious Diseases

GISAID Accession ID; EPI_ISL_833366

B.1.617.2 (delta) strain [hCoV-19/Japan/

TKYK01734/2021 (SARS-CoV-2K1734)]

clinically isolated, Tokyo Metropolitan

Institute of public Health

GISAID Accession ID; EPI_ISL_2080609

B.1.617.1 (kappa) strain [TKYTK5356_

2021 (SARS-CoV-25356)]

clinically isolated, Tokyo Metropolitan

Institute of public Health

GISAID Accession ID; EPI_ISL_2378733

BA.1.1.529 (omicron BA.1) strain [hCoV-19/

Japan/TKYX00012/2021 (SARS-CoV-2000129)]

clinically isolated, Tokyo Metropolitan

Institute of public Health

GISAID Accession ID; EPI_ISL_8559478

BA.1.1.529 (omicron BA.2) strain [hCoV-19/

Japan/TKYS02037/2022 (SARS-CoV-202037)]

clinically isolated, Tokyo Metropolitan

Institute of public Health

GISAID Accession ID; EPI_ISL_9397331

Biological samples

BL21-CodonPlus(DE3)-RIL strain Agilent Cat#230245

Chemicals, peptides, and recombinant proteins

SARS-CoV-2 Mpro/3CLpro Hattori et al.19 Accession #: MN908947

Nirmatrelvir MedChemExpress HY-138687

Remdesivir Selleck S8932

Critical commercial assays

3CL Protease, Untagged

(SARS-CoV-2) Assay Kit

BPS Bioscience Cat#78042-1

QIAamp Viral RNA Mini QIAcube Kit Qiagen Cat#52926

One Step PrimeScript III RT-qPCR mix TaKaRa Bio Cat# RR600B

Cell Counting Kit-8 Dojindo Cat# 341-08001

Deposited data

SARS-CoV-2 Mpro-compound

3 co-crystal structure

This paper PDB: 8DOY

Experimental models: Cell lines

VeroE6 cell ATCC https://www.atcc.org/

products/crl-1586

Cat# ATCC CRL-1586

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Jcl:ICR (ICR) female mice CLEA Japan Cat# Jcl:ICR https://www.clea-japan.

com/products/outbred/item_a0340

Oligonucleotides

50-AAATTTTGGGGACCAGGAAC-30 (forward) SARS-CoV-2 nucleocapsid Shirato et al.52

50- TGGCAGCTGTGTAGGTCAAC-30 (reverse) SARS-CoV-2 nucleocapsid Shirato et al.52

50-FAM-ATGTCGCGCATTGGCATGGA-black

hole quencher 1 (BHQ1)-30
SARS-CoV-2 nucleocapsid Shirato et al.52

Recombinant DNA

pGEX-4T1 vector (cloned into SARS-CoV2

Mpro-encoding sequence)

https://www.genscript.com/ The sequence of SARS-CoV 3CL Protease

was optimized and synthesized at GensSript

and cloned into PGEX-4T1 vectors for

E. Coli expression

Software and algorithms

QuantAnalysis Ver2.2.1 Bruker Daltonics Cat#1836735

R software (version 4.0.5) R Foundation for

Statistical Computing

https://www.r-project.org/

MolRep Vagin and Teplyakov56 https://www.ccp4.ac.uk/html/molrep.html

REFMAC5 Murshudov et al.57 https://www2.mrc-lmb.cam.ac.

uk/groups/murshudov/

Dundee PRODRG2 server Schüttelkopf and van Aalten58 http://davapc1.bioch.dundee.

ac.uk/cgi-bin/prodrg

ChemDraw Professional 18.0 PerkinElmer https://www.perkinelmer.com/

category/chemdraw

GraphPad Prism 9 GraphPad https://www.graphpad.com/

scientific-software/prism/

Other

preparative HPLC: JASCO PU-2086 plus/UV-

2075 plus

JASCO Corporation https://www.jasco.co.jp/jpn/

product/index.html#LC

preparative HPLC: JASCO PU-2087 plus/UV-

2075 plus

JASCO Corporation https://www.jasco.co.jp/jpn/

product/index.html#LC

preparative HPLC: JASCO PU-4086-Binary/

UV-4075

JASCO Corporation https://www.jasco.co.jp/jpn/

product/index.html#LC

analytical HPLC: JASCO PU-2089 plus/UV-

2075 plus

JASCO Corporation https://www.jasco.co.jp/jpn/

product/index.html#LC

automatic silica gel flash column

chromatography system (Isolera One)

Biotage https://www.biotage.com/isolera-1-flash-

chromatography-instrument

Pure C-815 Buchi https://www.buchi.com/en/products/

instruments/pure-chromatography-systems

NMR: Bruker AVANCE III 400 spectrometer Bruker Daltonics https://www.bruker.com/en/products-

and-solutions/mr/nmr.html

NMR: Bruker AVANCE 500 Bruker Daltonics https://www.bruker.com/en/products-

and-solutions/mr/nmr.html

NMR: JNM-ECA500 JEOL https://www.jeol.co.jp/en/products/

category_nmr.html

SPring-8 BL41XU SPring-8 http://www.spring8.or.jp/wkg/BL41XU/

instrument/lang-en/INS-0000000328?

set_language=en&cl=en

(Continued on next page)
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MS: micrOTOF focus Bruker Daltonics https://www.bruker.com/en/products-

and-solutions/mass-spectrometry.html

LC-MS/MS: impact II Bruker Daltonics https://www.bruker.com/en/products-

and-solutions/mass-spectrometry.html
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by Hirokazu Tam-

amura (tamamura.mr@tmd.ac.jp).

Materials availability

This study did not generate new materials or reagents.

Data and code availability

Data reported in this article will be shared by the lead contact on request. The data of the X-ray crystallo-

graphic analysis of the co-crystal structure of SARS-CoV-2 Mpro and compound 3 were deposited into the

PDB under the ID: 8DOY. Any additional information required to reanalyze the data reported in this article

is available from the lead contact on request. Structural representation of X-ray co-crystal structures of

SARS-CoV-2 Mpro and 5h/3, immunostaining experimental data, PK data, X-ray data set and synthetic pro-

cedures were provided as Figures S1–S3, Tables S1 and S2 and Data S1 (PDF).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells, viruses and test compounds

VeroE6 cells were obtained from the ATCC (Manassas, VA, USA) and were maintained in Dulbecco’s modified

Eagle’s medium (D-MEM) supplemented with 10% fetal bovine serum (FBS), 100 mg/mL of penicillin, and

100 mg/mL of streptomycin. SARS-CoV-2 strain JPN/TY/WK-521 (SARS-CoV-2WK-521) was obtained from the

National Institute of Infectious Diseases (Tokyo, Japan). Five clinically isolated SARS-CoV-2 mutant strains

were used in the current study: a B.1.1.7 (alpha) strain [hCoV-19/Japan/QHN001/2020 (SARS-CoV-2QHN001,

GISAID Accession ID; EPI_ISL_804007)], a B.1.351 (beta) strain [hCoV-19/Japan/TY8-612-P0/2021 (SARS-

CoV-2TY8-612)] and a P.1 (gamma) strain [hCoV-19/Japan/TY7-501-P0/2021 (SARS-CoV-2TY7-501)] were obtained

from National Institute of Infectious Diseases, Tokyo, Japan. A B.1.617.2 (delta) strain [hCoV-19/Japan/

TKYK01734/2021 (SARS-CoV-2K1734, GISAID Accession ID; EPI_ISL_2080609)], a B.1.617.1 (kappa) strain

[TKYTK5356_2021 (SARS-CoV-25356, DDBJ Accession ID; LC633761)], a BA.1.1.529 (omicron BA.1) strain

[hCoV-19/Japan/TKYX00012/2021 (SARS-CoV-200012, GISAID Accession ID; EPI_ISL_8559478)] and a

BA.1.1.529 (omicron BA.2) strain [hCoV-19/Japan/TKYS02037/2022 (SARS-CoV-202037, GISAID Accession ID;

EPI_ISL_9397331)] were provided from Tokyo Metropolitan Institute of public Health, Tokyo, Japan. Each

variant was shown to contain each VOC-specific amino acid substitutions before the assays conducted in

the present study (vide infra). An antiviral agent Nirmatrelvir (1) (PF-07321332)12 was purchased from

MedChemExpress (Monmouth Junction, NJ). 5h (2) was synthesized by Arun K. Ghosh (Purdue University,

USA).21 Remdesivir7,8 was purchased from Selleck (Sylvanfield Drive, Houston). Each compound was dissolved

in DMSO at 20 mM as stock solutions.

METHOD DETAILS

Compound synthesis

The synthetic methods for representative compounds 3 and 4 are described in Figures 2 and 3. The purity

of all of the final compounds, measured by analytical HPLC or NMR is >95%. Experimental procedures

including characterization data are provided in Data S1.

Anti-SARS-CoV-2 assay and cytotoxicity assay

For antiviral assay, cells were seeded in a 96-well plate (23 104 cells/well) and incubated. After 1 day, virus was

inoculated into cells at eachmultiplicity of infection (MOI): SARS-CoV-2WK-521, 0.33; SARS-CoV-2QHN001(alpha),
22 iScience 25, 105365, November 18, 2022
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25; SARS-CoV-2TY8-612(beta), 25; SARS-CoV-2TY7-501 (gamma), 20; SARS-CoV-2K1734 (delta), 20; SARS-CoV-

2K5356 (kappa), 20; SARS-CoV-200012 (omicron BA.1), 32; SARS-CoV-202037 (omicron BA.2), 33. After additional

3 days, cell culture supernatants were harvested and viral RNAwas extracted using aQIAamp viral RNAminikit

(Qiagen, Hilden, Germany), and quantitative RT-PCR (RT-qPCR) was then performed using One Step

PrimeScript III RT-qPCR mix (TaKaRa Bio, Shiga, Japan) following the instructions of the manufacturers. The

primers and probe used for detecting SARS-CoV-2 nucleocapsid52 were 50-AAATTTTGGGGACCAGGAAC-

30 (forward), 50- TGGCAGCTGTGTAGGTCAAC-30 (reverse), and 50-FAM-ATGTCGCGCATTGGCATGGA-

black hole quencher 1 (BHQ1)-3’ (probe). To determine the cytotoxicity of each compound, cells were seeded

in a 96-well plate (23 104 cells/well). Oneday later, various concentrations of each compoundwere added, and

cells were then incubated for additional 3 days. The 50% cytotoxic concentrations (CC50) values were deter-

mined using the WST-8 assay and Cell Counting Kit-8 (Dojindo, Kumamoto, Japan).
SARS-CoV-2 Mpro inhibition assays

The inhibitory activity (IC50) of each compound against Mpro was determined using 3CL Protease, Untag-

ged (SARS-CoV-2) Assay Kit (BPS Bioscience: Catalog#: 78042-1). SARS-CoV-2 Mpro/3CLpro (Accession #:

MN908947) with the authentic N- and C-terminal residues that are released after cleavage from the poly-

protein was used for all assays. The details for expression and purification of this fully active Mpro construct

was described.53 In general, inhibition of Mpro by a test compound was assessed using a continuous fluo-

rescence assay and the FRET-based substrate UIVT3 (HiLyte Fluor488 TM–ESATLQSGLRKAK-QXL520 TM-

NH2) (Anaspec, Fremont, CA). The assay buffer consisted of 50 mM HEPES pH 7.50, 0.1 mg/mL BSA, 0.01%

Triton X-100, 2 mMDTT, 1%DMSO and a final enzyme concentration of 200 nM. The assays were performed

in Costar 3694 EIA/RIA 96-well half-area, flat bottom, black polystyrene plates (Corning, Corning, NY) at 25
�C. The increase in fluorescence intensity of Mpro catalyzed reactions was measured at a wavelength of

528 nm (20 nm bandwidth) using an excitation wavelength of 485 nm (bandwidth 20 nm) using either a

CLARIOstar Plate Reader (BMG Labtech, Cary, NC) or a Synergy H1 hybrid multi-mode plate reader

(BioTek, Winooski, VT). The Relative Fluorescence Units (RFU) was measured and plotted to calculate

IC50 values.
19
Crystallization of Mpro and compound 3

The Mpro solution was concentrated to 3 mg/mL and incubated with 300 mM of 3 for 1 h before crystalliza-

tion. Crystals were grown using a hanging drop vapour diffusion method at 20 �C. The reservoir solution

contained 0.1 M MES pH 6.0, 15% polyethyene glycol (PEG) 6000 and 3% DMSO. Crystals were soaked

briefly in a cryoprotection solution containing 0.1 M MES pH 6.0, 35% PEG 400 and 5% DMSO. X-ray

data were collected at SPring-8 BL41XU (Hyogo, Japan) using the automatic data collection system

ZOO54 and processed by DIALS using xia2 incorporated in ccp4i2.55 The source wavelength for the data

collection was 1.0 Å. Data collection statistics are shown in SI, Table S1. The phase problem was solved

by molecular replacement using MolRep56 using the 2.16 Å structure of Mpro (PDB: 6LU7 or 7JKV) as a

model. All water molecules and ligand atoms were omitted from the starting model. Subsequent cycles

of refinement to 1.25 Å resolution were performed in REFMAC5.57 Structure file of compound 3 was gener-

ated using the Dundee PRODRG2 server58 and manually fitted to the electron density. All structural figures

were produced with MOE (ver. 2020.0901). The data were deposited into the PDB under the PDB: 8DOY.
Pharmokinetics investigations

Animal experiments59

Jcl:ICR (ICR) female mice were purchased from CLEA Japan (Tokyo, Japan). A test compound was admin-

istrated by intravenous (2 mg/kg), intraperitoneal (20 mg/kg) or oral (20 mg/kg) injection to ICR mice with

body weights ranging from 20 to 30 g (n = 2 or 3). At various time points after administration (i.v.: 15, 30, 60,

120 and 240 min; i.p., p.o.: 0.25, 0.5, 1, 2, 4, 8 and 24 h), blood samples were collected from the retro-orbital

venous plexus under sevoflurane anesthesia and centrifuged at 3,000 rpm for 15 min to obtain plasma.

All mice were housed in an air-conditioned animal room at 23 G 2 �C with a relative humidity of 40–60%

under specific pathogen-free conditions, with a 12 h light/dark cycle (08:00�20:00/20:00�08:00). All

mice were fed a standard rodent CE-2 diet (CLEA Japan) and had ad libitum access to water. All animal

experiments were approved by the President of the National Center for Global Health and Medicine

(NCGM) following consideration by the Institutional Animal Care and Use Committee of the NCGM
iScience 25, 105365, November 18, 2022 23
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(approval ID no. 21057) and were carried out in accordance with institutional procedures, national guide-

lines, and the relevant national laws on the protection of animals.

Sample preparation for LC-MS/MS

5 mL of plasma samples was added to 20 mL of MeCN and kept at 4 �C for 15 min for protein precipitation.

After centrifugation, the obtained supernatant was added to TFA to give a final concentration of 0.05% for

LC-MS/MS analysis.

LC-MS/MS analysis

To quantify the compounds in prepared samples for LC-MS/MS, analysis was done using a quadrupole-

time-of-flight (QTOF) mass spectrometer equipped with a Captive Spray electrospray ionization platform

in the positive mode (impact II, Bruker Daltonics, Bremen, Germany) with liquid chromatography (Ultimate

3000 HPLC, Thermo Fisher Scientific, MA). An injected sample was concentrated on an Acclaim PepMap100

C18 trap column (Thermo Fisher Scientific) at flow rate of 20 mL/min. For sample separation, reverse-phase

chromatography was conducted using an Acclaim PepMap100 C18 LC column (0.075 mm3 150 mm, 2 mm

particle) (Thermo Fisher Scientific) in conditions of isocratic mode of 95% MeCN and 0.1% formic acid for

7 min, a flow rate of 300 nL/min and a temperature of 35 �C. Multiple reaction monitoring mode was used in

LC-MS/MS analysis and quantitative analysis was performed by using QuantAnalysis Ver2.2.1 (Bruker Dal-

tonics). A non-compartment model was used for the pharmacokinetic analysis. Each parameter was calcu-

lated using the R software (version 4.0.5, R Foundation for Statistical Computing, Vienna, Austria) with the

‘‘PK’’ package.60
QUANTIFICATION AND STATISTICAL ANALYSIS

Numbers represent the average IC50 value G SD (mM), EC50 value G SD (mM), and CC50 value G SD (mM)

from two independent experiments. A non-compartmentmodel was used for the pharmacokinetic analysis,

and each parameter was calculated using the R software (version 4.0.5, R Foundation for Statistical

Computing, Vienna, Austria) with the ‘‘PK’’ package.60
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