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Abstract 17 

The pandemic of COVID-2019 has urged the development of antiviral agents against its causative pathogen 18 

SARS-CoV-2. The main protease (Mpro), a cysteine protease essential for viral replication, is a promising protein 19 

target. Here we report an irreversible SARS-CoV-2 Mpro inhibitor possessing chlorofluoroacetamide (CFA) as 20 

the warhead for covalent modification of Mpro. Ugi multi-component reaction employing chlorofluoroacetic acid 21 

allowed rapid generation of CFA derivatives, of which diastereomers displayed significantly different inhibitory 22 

activity against Mpro. We established a protocol for the optical resolution of chlorofluoroacetic acid, which 23 

enable the isolation of the stereoisomers of the best CFA compound 18. Kinetic analysis revealed that (R)-CFA 24 

is crucial for both binding affinity and the rate of irreversible inactivation. Our findings highlight the prominent 25 

influence of the CFA chirality on the covalent modification of cysteine, and provide the basis for improving the 26 

potency and selectivity in the development of novel CFA-based covalent inhibitors.  27 
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Introduction 33 

The outbreak of the novel coronavirus disease 2019 (COVID-19), caused by severe acute respiratory 34 

syndrome coronavirus 2 (SARS-CoV-2),1,2 has been posing a serious threat to the global public health and 35 

economy. Although efficacious vaccines are now being administered worldwide, novel SARS-CoV-2 variants 36 

of interest and concern continue to emerge.3 Thus, the development of antiviral agents against SARS-CoV-2 is 37 

urgently needed to put an end to the current pandemic.4,5 SARS-CoV-2 has a positive-sense single-stranded 38 

genomic RNA that encodes polyproteins pp1a and pp1ab. Two cysteine proteases, the main protease (Mpro, also 39 

known as 3C-like protease, 3CLpro) and the papain-like protease (PLpro), are excised from these polyproteins by 40 

autocleavage and further digest polyproteins into nonstructural proteins (nsps), including crucial components of 41 

the viral replication‒translation machinery. While both proteases are essential for viral replication, Mpro has been 42 

extensively studied as an attractive drug target against SARS-CoV-2 owing to the predominant role in 43 

polyprotein processing and the lack of a human homolog.6,7 44 

Mpro recognizes glutamine and a hydrophobic amino acid residue at the S1 and S2 pockets in the active site, 45 

respectively, and cleaves amide bonds mainly within the Leu-Gln↓(Ser, Ala, Gly) sequence (↓: cleavage site).8 46 

This substrate specificity is conserved across other coronaviruses, including the causative pathogens of past 47 

outbreaks, SARS-CoV-1 and Middle-East respiratory syndrome coronavirus (MERS-CoV).9,10 Therefore, 48 

current efforts to develop SARS-CoV-2 Mpro inhibitors are greatly aided by the previous compound designs, 49 

especially ones targeting SARS-CoV-1 Mpro.5,6 The majority of SARS-CoV-2 Mpro inhibitors reported to date 50 

are peptidomimetics based on the Leu-Gln sequence, combined with an electrophilic warhead, such as α-51 

ketoamide,11 aldehyde,12‒15 ketone,16‒19 and vinyl sulfone,8 for the covalent capture of the sulfhydryl group of 52 

catalytic Cys145. PF-00835231, developed by Pfizer, is one of the representative compounds in this category, 53 

of which prodrug is now under clinical trials (Figure 1A).12 The ketone electrophile of this compound allows 54 

reversible covalent engagement with Mpro. Other than peptidomimetics, several dipeptide compounds generated 55 

by Ugi multi-component reaction (MCR), are reported as SARS-CoV-1 and SARS-CoV-2 Mpro inhibitors 56 

(Figure 1B).20‒22 57 

 58 

 59 
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 60 

 61 

Figure 1. Chemical structures of SARS-CoV-2 Mpro inhibitors. A) The structure of a representative 62 

peptidomimetic inhibitor PF-00835231 and its binding mode in the Mpro active site (The conformation was 63 

retrieved from the cocrystal structure, PDB code 6XHM). B) The structures of Mpro inhibitors based on the Ugi 64 

MCR-generated dipeptide scaffold and the binding mode of Jun8-76-3A in the Mpro active site (The 65 

conformation was retrieved from the cocrystal structure, PDB code 7KX5). 66 

 67 

 68 

  Covalent inhibition of proteins has been a powerful strategy for achieving potent and sustained 69 

pharmacological efficacy.23 In particular, a number of acrylamide-based covalent inhibitors targeting the 70 

noncatalytic cysteine of cancer-associated proteins have been clinically approved or under clinical trials for 71 

cancer treatment.24,25 Nonetheless, care should be taken to ensure a high degree of target selectivity for 72 

minimizing the toxicity risk due to nonspecific off-target labeling.26 Because medications for infectious disease 73 

treatment would require a broader margin of safety compared to anticancer agents, this point is crucial for 74 

designing covalent Mpro inhibitors. One strategy for achieving high target selectivity is the use of weakly reactive, 75 

or “latent” electrophiles,27,28 which are stable toward off-target biomolecules but sufficiently reactive under the 76 

microenvironment in the binding pocket of the target. Reversible modification of the targeted amino acid residue 77 

represents another useful strategy to eliminate undesired inhibitor‒protein adducts.29,30 We have recently 78 

introduced α-chloroacetamide (CFA) as a weakly reactive, cysteine-directed warhead useful for covalent 79 

inhibition of tyrosine kinases31,32 and a cysteine protease.33 The CFA group exhibited weaker intrinsic reactivity 80 

toward cysteine thiol than the acrylamides, and the gel-based activity-based protein profiling (ABPP) 81 
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experiments revealed that the CFA-based inhibitors exhibited the higher reaction selectivity toward the targeted 82 

tyrosine kinase compared to the structurally related acrylamide-based inhibitors. We also demonstrated that the 83 

CFA‒thiol adduct was gradually hydrolyzed under neutral aqueous conditions to reversibly generate an 84 

unmodified free thiol, whereas the CFA‒target protein adduct stably existed in the binding pocket sequestered 85 

from aqueous solvents. Given these desirable reaction features, we envisioned that CFA-based compound would 86 

serve as selective covalent SARS-CoV-2 Mpro inhibitors. 87 

   In the present study, we report the development of CFA-based novel covalent inhibitors against SARS-CoV-88 

2 Mpro. Ugi MCR using chlorofluoroacetic acid allowed rapid synthesis of CFA-appended dipeptides and fast 89 

structure‒activity relationship (SAR) study by a fluorescence-based enzymatic assay to provide 18 as the 90 

optimized CFA compound. Interestingly, we found that the absolute configuration of the chiral center of CFA 91 

unit largely affected the inhibitory activity of 18. To gain insight into this phenomenon, we established a simple 92 

synthetic procedure for enantiomerically pure chlorofluoroacetic acid and prepared the set of four stereoisomers 93 

of 18. Among them, (R,R)-18 inhibited Mpro with a dramatically higher potency than the other isomers. The 94 

enzyme kinetics analysis revealed that the R configuration of CFA unit of 18 contributes to increasing both the 95 

binding affinity and the reaction rate with Mpro, suggesting the importance of the chiral design of CFA unit for 96 

enzyme inhibition.  97 

 98 

 99 

Results and Discussion 100 

   We chose the dipeptide scaffold, accessible through Ugi MCR, as the starting point of the study. Ugi MCR, 101 

a representative multi-component reaction, would generate CFA derivatives in one single step from amine, 102 

aldehyde, isocyanide, and chlorofluoroacetic acid. As shown in Figure 1B, several Ugi MCR-generated 103 

dipeptides have been reported as Mpro inhibitors. ML188-(R), a SARS-CoV-1 Mpro inhibitor, was discovered by 104 

a high-throughput screen campaign and subsequent structural optimization.20 Based on this molecular 105 

architecture, the group of Chen and Wang recently reported Jun8-76-3A as a SARS-CoV-2 Mpro inhibitor.21 106 

Cocrystal structures revealed that the 3-pyridyl group of these compounds interacts with the S1 pocket, which 107 

shows a strict selectivity for a glutamine residue of substrates, through hydrogen bonding with His163. 4-tert-108 

Butylphenyl or 4-biphenyl group occupies the S2 pocket that prefers hydrophobic amino acid residues such as 109 

leucine and phenylalanine. In addition, the furan-2-carboxamide moiety forms a bifurcated interaction with the 110 

backbone NH of Gly143 in the S1' pocket. While these compounds reversibly bind to Mpro, London et al. 111 

reported an acrylamide-based covalent inhibitor 1, although the potency did not significantly differ from a 112 

noncovalent furan-2-carboxamide 2.22 113 

As the initial step, we prepared the CFA analog of 1. Ugi MCR using racemic chlorofluoroacetic acid 114 

proceeded smoothly to afford CFA dipeptide 3, of which diastereomers could be separated by silica gel 115 

chromatography (Figure 2A) (Hereafter, the diastereomer that elutes first in normal-phase chromatography is 116 

referred to as A, and the later B). The inhibitory activity of compounds against SARS-CoV-2 Mpro was assessed 117 

by an enzymatic assay using the purified recombinant protein and a fluorogenic substrate Ac-Abu-Tle-Leu-Gln-118 

(4-methylcoumaryl-7-amide) (MCA). This substrate is based on the optimized tetrapeptide sequence reported 119 
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by Drag et al.8 and allows robust fluorescent reading compared to the FRET-based substrate possessing an 120 

Edans/Dabcyl donor‒acceptor pair.34 We found that the diastereomers 3A and 3B displayed significantly 121 

different inhibitory activity against SARS-CoV-2 Mpro (Figure 2B). Whereas 3A was virtually inactive (IC50 > 122 

20 μM), 3B exhibited higher inhibitory activity (IC50 = 1.05 μM) than acrylamide 1 (IC50 = 2.62 μM). This result 123 

was intriguing because it indicated that the Mpro inhibitory activity of 3 is sensitive to the chirality of both CFA 124 

and the new α-amino acid stereocenter formed by Ugi MCR. Previous studies have shown that the R 125 

configuration of the amino acid α-carbon of ML188 and Jun8-76-3A is crucial for Mpro inhibition. We also 126 

assessed the Mpro inhibitory activity of acetamide 4 and difluoroacetamide 5 and found that both compounds 127 

were inactive (IC50 > 20 μM). These data, taken together, strongly suggest that the covalent attachment at CFA 128 

contributes to the Mpro inhibitory activity of 3B in a stereospecific manner. 129 

 130 

 131 

 132 

Figure 2. A) Preparation of the diastereomers of 3 by Ugi MCR. B) Inhibitory activity of Ugi MCR-generated 133 

dipeptides against recombinant SARS-CoV-2 Mpro. The reported IC50 values for Jun8-76-3A, 1, and 2 are 0.31, 134 

2.95, 2.72 μM, respectively. 135 

 136 

 137 

Encouraged by this result, we next conducted SAR study to improve the potency of CFA dipeptides (Figure 138 

3A). We first evaluated the effect of the para-substituent on the aniline-derived benzene ring (R1). As this moiety 139 

is supposed to occupy the S2 pocket that mainly accommodates a leucine residue, we screened several 140 

hydrophobic substituents. The diastereomers of 6‒9 were separable by silica gel column chromatography and 141 

assayed individually. In all cases, the diastereomer A was inactive (IC50 > 20 μM). Both a smaller or a larger 142 

alkyl group compared to tert-butyl at this position reduced the potency (6B and 7B, IC50 = 2.42 and 2.68 μM, 143 

respectively). 8B possessing a trifluoromethyl group was also less active (IC50 = 3.44 μM) than 3B. On the other 144 

hand, the Mpro inhibitory activity of 9B carrying a pentafluorosulfanyl (SF5) group, a thermally and chemically 145 
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stable bioisostere for a tert-butyl group,35 was found slightly higher (IC50 = 0.90 μM) than that of 3B. We next 146 

investigated the effect of the heterocycle derived from the aldehyde building block (R2). When an additional 147 

nitrogen atom was installed to the 3-pyridyl group, we observed increased Mpro inhibitory activity except for 3-148 

pyridazinyl derivative 10 (a distereomixture, IC50 > 20 μM). 4-pyridazine 11 and 2-pyrazine 13 were assayed as 149 

mixtures of diastereomers and showed IC50 values of 0.75 and 0.30 μM, respectively. 5-Pyrimidine 12 was the 150 

only compound of which diastereomers were separable, and 12B exhibited the highest activity in the series (IC50 151 

= 0.25 μM). The effect of the isocyanide-derived substituent R3 was also investigated. A tert-butyl group at this 152 

position, as can be seen in the structure of ML188-(R), reduced the potency (14B, IC50 = 3.44 μM). Replacement 153 

of the 3-fluorophenyl group with a 3-pyridyl group slightly increased activity (16, IC50 = 0.73 μM), although 154 

the diastereomers were inseparable. Introduction of another benzene ring to 16 afforded a separable 155 

diastereomixture of 17, however, with a slight loss of activity (IC50 = 1.43 μM). Finally, considering the Mpro 156 

inhibitory activity and the separability of diastereomers, we synthesized CFA 18 by employing 4-SF5-phenyl 157 

group at R1, 5-pyrimidine at R2, and 2-(3-fluorophenyl)ethyl group at R3 positions, respectively (Figure 3B). 158 

18B exhibited the most potent Mpro inhibitory activity among the tested CFA derivatives with IC50 value of 0.22 159 

μM, although this value was not significantly different from that of 12B. At this point, we determined the relative 160 

configuration of the diastereomers of 18. X-ray crystallography revealed that 18B has a syn-configuration, 161 

where the 5-pyrimidinyl group and the CFA fluorine atom orient toward the same direction in the drawn structure 162 

(Figure S1). Consequently, 18A was determined to be an anti-isomer. 163 

 164 

 165 

 166 
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 167 

Figure 3. Structure‒activity relationship of CFA dipeptides. A) Screening of R1, R2, and R3 substituents for the 168 

improvement of the inhibitory activity against SARS-CoV-2 Mpro. ND, not determined. B) Best CFA dipeptide 169 

18 and the relative configuration of each diastereomer determined by X-ray crystallography of 18B (see Figure 170 

S1). 171 

 172 

 173 

To obtain the four stereoisomers of 18 in pure form, we next focused on the optical resolution of 174 

chlorofluoroacetic acid.36 Wakselman previously reported the preparation of optically active chlorofluoroacetyl 175 

chloride based on the chromatographic separation of the diastereomers of CFA 19 derived from (S)-(−)-1-176 

phenethylamine.37 We sought the optical resolution of chlorofluoroacetic acid by a similar approach, however, 177 

the isolation of diastereomers of 19 was found laborious in our attempts due to poor separation by silica gel 178 

chromatography. Instead, we established a practical procedure to obtain enantiomerically pure 179 

chlorofluoroacetic acid employing (R)-(−)-2-phenylglycinol (20) as the resolving agent (Scheme 1). 20 and 180 

commercially available ethyl chlorofluoroacetate were mixed without solvent to afford a diastereomeric mixture 181 

of CFA 21, which was directly charged on silica gel and subjected to chromatography. The diastereomers 21A 182 

and 21B exhibited much improved separation compared to those of 19, and each diastereomer was isolated in 183 

multigram scale by a single chromatography. The absolute configuration at CFA was determined to be R for 184 

21B by X-ray crystallography (Figure S2). Pure 21A and 21B were subjected to hydrolysis in refluxing 3M 185 

H2SO4/1,4-dioxane to provide (S)- and (R)-chlorofluoroacetic acid, respectively. Finally, Ugi MCR using each 186 

enantiomer of chlorofluoroacetic acid enabled isolation of the four stereoisomers of 18. 187 

 188 

 189 

 190 

 191 

Scheme 1. The optical resolution of chlorofluoroacetic acid using (R)-(−)-2-phenylglycinol (20) as the chiral 192 

resolving agent. See Supporting Information for the detail. 193 

 194 

 195 

Having the isolated stereoisomers of 18 in hand, we evaluated the effect of the chirality of each stereocenter 196 

on the Mpro inhibitory activity (Figure 4). In the fluorescent enzymatic assay, (R,R)-18 (the former R indicates 197 

the absolute configuration at the Ugi MCR-generated stereocenter, and the latter at CFA) displayed dramatically 198 
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higher potency with IC50 value of 0.056 μM compared to the others (Figure 4B and 4D). Among the other three 199 

isomers, (S,R)-18 possessing an (R)-CFA warhead showed low micromolar activity (IC50 = 2.24 μM), whereas 200 

isomers obtained from (S)-chlorofluoroacetic acid were weak inhibitors (IC50 = 10.62 and 14.04 μM for (R,S)- 201 

and (S,S)-18, respectively). To elucidate how the chirality at CFA affected the inhibitory activity, we performed 202 

kinetic analysis of Mpro inhibition by (R,R)-18 and its diastereomers (S,R)- and (R,S)-18.38,39 All three compounds 203 

inhibited the hydrolysis of the fluorogenic substrate by Mpro in a time-dependent manner, indicative of the 204 

irreversible mode of action (Figure 4C and S3‒S6). The kinetic parameters for the irreversible inactivation of 205 

Mpro are summarized in Figure 4D. As expected, (R,R)-18 inactivated Mpro with much faster rate (kinact/KI = 4,167 206 

M−1s−1) than the diastereomers (S,R)- and (R,S)-18 (kinact/KI = 66.0 and 20.0 M−1s−1, respectively). (R,R)- and 207 

(S,R)-18, both possessing an (R)-CFA warhead, showed similar maximal inactivation rate constant kinact (0.0056 208 

and 0.0043 s−1, respectively), whereas the binding constant KI (describing the concentration required to achieve 209 

the half of the inactivation rate of kinact) was significantly different (1.34 and 64.7 μM, respectively). The large 210 

difference in KI value by the absolute configuration at the Ugi MCR-generated stereocenter was consistent to 211 

the previous studies, where the R configuration at this carbon was crucial for the Mpro inhibitory activities of 212 

ML188 and Jun8-76-3A.20,21 Comparing (R,R)- and (R,S)-18, both kinact and KI values were significantly different. 213 

Taken together, these kinetics data demonstrated that the chirality at CFA is important for both in terms of 214 

reversible binding and the rate of covalent modification of Mpro. We also determined the kinetic parameters of 215 

acrylamide 1. Despite the higher intrinsic reactivity of acrylamide toward thiols compared to that of CFA,31 the 216 

kinact value of 1 was significantly smaller than that of (R)-CFA and comparable to (S)-CFA. This may be due to 217 

the acrylamide disposition in 1‒Mpro binding complex is not optimal for Michael addition of Cys145. 218 

 219 

 220 

 221 

 222 

Figure 4. Comparison of the four stereoisomers of 18. A) The absolute configurations of each stereoisomer (R 223 

= (3-fluorophenyl)ethyl). The R and S configurations at CFA were highlighted in green and magenta, 224 



9 

 

respectively. B) Inhibitory activity of each stereoisomer against SARS-CoV-2 Mpro. Each plot represents the 225 

mean of triplicate experiments ± standard deviation. C) Time-course plot of Mpro-catalyzed hydrolysis of the 226 

fluorogenic substrate in the presence of various concentrations of inhibitor (R,R)-18. Data are represented as the 227 

concentration of the product (7-amino-4-methylcoumarin) determined by the fluorescence intensity. Each plot 228 

represents the mean of triplicate experiments ± standard error of the mean. D) Summary of IC50 values and 229 

kinetic parameters. ND, not determined.  230 

 231 

 232 

The selectivity of (R,R)-18 toward SARS-CoV-2 Mpro was evaluated. We first assessed the inhibitory activity 233 

of (R,R)-18 toward other cysteine proteases (Figure 5A). (R,R)-18 potently inhibited SARS-CoV-1 Mpro with 234 

IC50 value of 0.094 μM. This was not surprising because Mpro is highly conserved between SARS-CoV-1 and 235 

SARS-CoV-2 (96% identity of the amino acid sequence). (R,R)-18 did not inhibit SARS-CoV-2 PLpro (<1% 236 

inhibition at 20 μM), indicating its specificity toward Mpro between two proteases required for polyprotein 237 

processing. We also evaluated the inhibition of two human cysteine proteases, cathepsins B and L. Both 238 

proteases were not inhibited by 20 μM of (R,R)-18, whereas Ugi MCR-generated, noncovalent furan-2-239 

carboxamide compound Jun8-76-3A, moderately inhibited cathepsin B (55% inhibition at 20 μM). To assess 240 

the Mpro selectivity of CFA dipeptides among the proteome, we designed a clickable activity-based probe (ABP) 241 

by replacing the F on the (3-fluorophenyl)ethyl group of (R,R)-18 by an alkyne (Figure 5B). To our delight, the 242 

ethynyl moiety was well tolerated and probe 22 exhibited comparable inhibitory activity against SARS-CoV-2 243 

Mpro (IC50 = 0.11 μM) to that of (R,R)-18 (IC50 = 0.056 μM). To test the capability as an ABP, 22 was reacted 244 

with recombinant SARS-CoV-2 Mpro (37 °C, 1 h) and subsequently conjugated to rhodamine-azide by copper-245 

catalyzed azide‒alkyne cycloaddition (CuAAC). The covalent 22‒Mpro adduct was visualized by in-gel 246 

fluorescence analysis after SDS-PAGE (Figure 5B). The gel image showed that Mpro could be detected from as 247 

low as 25 nM by 2.5 μM of 22. Mpro (50 nM) was labeled by 22 in a concentration-dependent manner, and the 248 

fluorescent intensity reached the plateau at 2.5 μM of 22. 22 successfully labeled Mpro spiked into the lysate of 249 

A431 cells (derived from human lung cancer), demonstrating its capability for covalent modification of Mpro in 250 

the complex human proteome (Figure 5C and S7). We also prepared acrylamide probe 23 based on the structure 251 

of 1, and compared the proteome-wide activity of 22 and 23 under live cell conditions (Figure 5D and S8). A431 252 

cells were treated with 22 or 23 (37 °C, 1 h) and subsequently processed for the visualization of the labeled 253 

proteome after cell lysis. Acrylamide 23 exhibited a higher degree of concentration-dependent indiscriminate 254 

protein labeling compared to CFA 22, in concordance to the higher intrinsic reactivity of acrylamide toward 255 

thiols than that of CFA. Overall, these data demonstrated that the CFA-dipeptides displayed good selectivity 256 

toward Mpro and low indiscriminate reactivity in the human cell proteome. 257 

 258 

 259 
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 260 

 261 

Figure 5. Selectivity of CFA-dipeptides toward Mpro. A) Inhibitory activity of (R,R)-18 and Jun8-76-3A toward 262 

other viral and human cysteine proteases. The data are represented as the average of two independent 263 

experiments. B) Fluorescent labeling of recombinant SARS-CoV-2 Mpro by CFA probe 22. Mpro was reacted 264 

with the designated concentration of 22 (37 °C, 1 h) and analyzed by in-gel ABPP after CuAAC with rhodamine 265 

azide. C) Reactivity profile of 22 toward Mpro spiked into A431 cell lysate (37 °C, 1 h). The samples of right 266 

two lanes were preincubated with the designated inhibitor (37 °C, 30 min) before addition of 22. Red arrow 267 

indicates SARS-CoV-2 Mpro. D) Reactivity profiles of 22 and acrylamide probe 23 toward the live cell proteome 268 

of A431 cells (37 °C, 1 h). 269 

 270 

 271 

Conclusion 272 

SARS-CoV-2 Mpro plays a vital role in the process of viral replication and is an attractive protein target for the 273 

development of antiviral agents to treat COVID-19. In this study, we developed a novel irreversible Mpro 274 

inhibitor utilizing CFA as the warhead for the covalent capture of the catalytic cysteine. Ugi MCR afforded CFA 275 

derivatives in one-pot from chlorofluoroacetic acid, aniline, aldehyde, and isocyanide, allowing for rapid 276 

screening of the substituents derived from each building block. The diastereomers of CFA derivatives showed 277 

significantly different inhibitory activity against Mpro, suggesting the importance of the chirality at CFA. We 278 

established a practical protocol for the optical resolution of chlorofluoroacetic acid, which enabled the isolation 279 

of the four stereoisomers of the optimized CFA compound 18 bypassing the use of expensive chiral HPLC. 280 

Among the stereoisomers, (R,R)-18 displayed significantly higher Mpro inhibitory activity (IC50 = 0.056 μM) 281 
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than those of the reported noncovalent and covalent inhibitors based on the same Ugi MCR-generated dipeptide 282 

scaffold. The kinetic analysis of Mpro inhibition revealed that the R configuration of CFA is crucial for the activity 283 

both in terms of binding affinity and the rate of covalent modification of Mpro. These results indicated that the 284 

electrophilic reactivity of CFA could be enhanced under the microenvironment in the active site of Mpro in a 285 

stereospecific manner. (R,R)-18 showed high selectivity toward SARS-CoV-1 and SARS-CoV-2 Mpro among 286 

other cysteine proteases, and ABPP experiments using an alkynylated probe 22 demonstrated the low 287 

indiscriminate reactivity of CFA toward the human cell proteome. Overall, these data suggest the potential of 288 

(R,R)-18 as the lead for further development of CFA-based irreversible SARS-CoV-2 Mpro. More importantly, 289 

our findings highlight the prominent influence of the CFA chirality on the covalent modification of the targeted 290 

cysteine in the enzyme binding pocket. This would provide an extra opportunity for improving the potency and 291 

selectivity in the development of novel CFA-based covalent inhibitors for various cysteine-containing protein 292 

targets.  293 

The high electronegativity of fluorine makes C‒F bonds highly polarized,40 and fluorine atom(s) in small 294 

molecule ligands can participate in noncovalent interactions with the protein in diverse ways.41 Assuming the 295 

same binding mode of CFA dipeptides in Mpro active site to the reported Ugi MCR-based inhibitors, we speculate 296 

that the fluorine atom of CFA makes hydrogen bonding(s) with the backbone NH of Gly143 and/or Cys145, 297 

which are thought to form the oxyanion hole in the S1’ pocket.42 This interaction may determine the orientation 298 

of the C‒Cl bond of CFA in the binding pocket, rendering (R)-CFA more suitable for the SN2 substitution 299 

reaction by the cysteine thiol compared to (S)-CFA. Computational docking studies are ongoing to examine this 300 

possibility in more depth and will be reported in due course. 301 

 302 

 303 

Methods 304 

Enzymatic Assays 305 

All cysteine proteases were purchased from BPS Bioscience (San Diego, CA): SARS-CoV-2 main protease 306 

(Mpro) (100823), SARS-CoV-1 Mpro (100807), SARS-CoV-2 papain-like protease (PLpro) (100735), human 307 

cathepsin B (80001), and human cathepsin L (80005). All enzymatic assays were performed in 96-well micro 308 

plates (PerkinElmer, 6052260). Mpro enzymatic assays were performed in the reaction buffer containing 20 mM 309 

Tris-HCl (pH 7.3), 100 mM NaCl, 1 mM EDTA, and 1 mM DTT. 25 nM SARS-CoV-2 Mpro or 200 nM SARS-310 

CoV-1 Mpro (20 μL) and the testing compound at various concentrations (20 μL) were added to each well and 311 

incubated for 30 min at ambient temperature. The enzymatic reaction was initiated by adding the fluorogenic 312 

substrate (Ac-Abu-Tle-Leu-Gln-MCA, Peptide Institute 3250-v) (50 μM, 10 μL) and allowed to proceed for 6 313 

h at ambient temperature. The fluorescence intensity of each well was measured using PerkinElmer EnSpire 314 

multimode plate reader (PerkinElmer) at an excitation wavelength of 355 nm and an emission wavelength of 315 

460 nm. Percent activity or inhibition was calculated based on control wells containing no inhibitor (100% 316 

activity/0% inhibition) and blank wells containing no Mpro (0% activity/100% inhibition) and plotted versus 317 

inhibitor concentration. IC50 values were generated by curve fitting using KaleidaGraph (Synergy Software). 318 

SARS-CoV-2 PLpro enzymatic assays were performed in the same reaction buffer to Mpro enzymatic assays. 500 319 
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nM PLpro (20 μL) and the testing compound (125 μM, 20 μL) were added to each well and incubated for 30 min 320 

at ambient temperature. The enzymatic reaction was initiated by adding the substrate (Z-Arg-Leu-Arg-Gly-Gly-321 

MCA, Sigma-Aldrich SML2966) (50 μM, 10 μL) and allowed to proceed for 6 h at ambient temperature. Percent 322 

inhibition was calculated as described above. 323 

Cathepsin enzymatic assays were performed in the reaction buffer containing 20 mM sodium acetate (pH 5.5), 324 

1 mM EDTA, and 5 mM DTT. 750 pM cathepsin B or 750 pM cathepsin L (20 μL) and the testing compound 325 

(125 μM, 20 μL) were added to each well and incubated for 30 min at ambient temperature. The enzymatic 326 

reaction was initiated by adding the fluorogenic substrate (Z-Leu-Arg-MCA, Peptide Institute 3210-v) (25 μM, 327 

10 μL) and allowed to proceed for 1 h at ambient temperature. Percent inhibition was calculated as described 328 

above. 329 

 330 

Km determination of Ac-Abu-Tle-Leu-Gln-MCA 331 

Km value of SARS-CoV-2 Mpro for the fluorogenic substrate Ac-Abu-Tle-Leu-Gln-MCA was determined at 12 332 

different substrate concentrations ranging from 156.3 to 2.6 μM. 20 nM Mpro solution (25 μL) was added to each 333 

well of a 96-well plate. The enzymatic reaction was initiated by adding substrate solution (25 μL) and allowed 334 

to proceed for 20 min at 37 °C. The product formation was continuously monitored using PerkinElmer EnSpire 335 

multimode plate reader at an excitation wavelength of 355 nm and an emission wavelength of 460 nm. The rate 336 

of the product formation was plotted versus the substrate concentration, and Km value was obtained by non-337 

linear regression using the Michaelis‒Menten equation (Figure S9). Km value of 126.8 μM was obtained for Ac-338 

Abu-Tle-Leu-Gln-MCA and used to determine the kinetic parameters for the irreversible inactivation of SARS-339 

CoV-2 Mpro. 340 

 341 

Determination of the kinetic parameters for Mpro inactivation 342 

125 μM Ac-Abu-Tle-Leu-Gln-MCA (20 μL) and the inhibitor at various concentrations (20 μL) were added to 343 

each well of 96-well microplates. The enzymatic reaction was initiated by adding 50 nM SARS-CoV-2 Mpro (10 344 

μL) and allowed to proceed for 60 min at 37 °C. The fluorescence intensity was continuously measured using 345 

PerkinElmer EnSpire multimode plate reader at an excitation wavelength of 355 nm and an emission wavelength 346 

of 460 nm. The raw fluorescence data were zero-corrected by subtracting the fluorescence value at 0 sec and 347 

converted to product concentration [P] using a calibration curve obtained by 7-amino-4-methylcoumarin. [P] 348 

was plotted versus time and the initial state velocity vi at each inhibitor concentration was determined by linear 349 

regression of the initial three data points. The observed first-order rate constant kobs at each inhibitor 350 

concentration was determined by non-linear regression using equation (1). The second-order rate constant 351 

kinact/KI was determined by plotting kobs versus [I] and non-linear regression using equation (2). The vi values 352 

were plotted against [I]/(1 + [S]/Km) and non-linear regression using equation (3) afforded KI value, where v0 is 353 

the rate in the absence of the inhibitor. The kinact value was calculated from the kinact/KI and KI values. 354 

 355 

  356 



13 

 

[P] =
𝑣𝑖

𝑘𝑜𝑏𝑠
(1 − e(−𝑘obs𝑡)) + offset 357 

   358 

𝑘obs =
𝑘inact × [I]

[I] + 𝐾I(1 + [S] 𝐾m⁄ )
 360 

    359 

𝑣𝑖 =
𝑣0

1 + [I] 𝐾I⁄
 362 

    361 

 363 

SARS-CoV-2 Mpro labeling and in-gel fluorescence analysis 364 

Recombinant SARS-CoV-2 Mpro was diluted in the buffer containing 50 mM HEPES (pH7.5), 150 mM NaCl, 365 

and 1 mM DTT. DMSO solution of 22 was diluted in the same buffer, and 25 μL each of Mpro and 22 solution 366 

in buffer was combined to initiate the reaction. After incubated for 1 h at 37 °C, to the mixture was added 100 367 

mM N-ethylmaleimide solution (1 μL) and further incubated for 20 min. The reaction mixture was subjected to 368 

copper-catalyzed azide‒alkyne cycloaddition (CuAAC) reaction with 16.5 μM rhodamine azide, 0.8 mM TCEP 369 

(Sigma-Aldrich), 80 μM tris(3-hydroxypropyltriazolylmethyl)amine (THPTA, TCI) and 1.25 mM CuSO4. The 370 

mixture was incubated for 1 h at 37 °C. After addition of 15 μL 5×SDS-PAGE loading buffer, the mixture was 371 

boiled for 5 min at 95 °C and each sample (12 μL) was resolved on 5-15% SDS-PAGE gel (Nacalai tesque). 372 

The in-gel fluorescence was analyzed using LAS-4000 lumino image analyzer (Fujifilm). 373 

 374 

SARS-CoV-2 Mpro labeling in A431 cell lysate 375 

A431 cells were purchased from the American Type Culture Collection (ATCC, VA) and grown at 37 °C under 376 

a humidified 5% CO2 atmosphere in a culture medium containing low-glucose DMEM (Gibco) supplemented 377 

with 10% FBS (HyClone), penicillin (50 IU/mL) and streptomycin (50 μg/mL). The cells were grown to ~90% 378 

confluence in 10 mL of growth medium in 100-mm culture dishes (Corning Primaria). The medium was 379 

aspirated off, and the cells were washed twice with DPBS (10 mL). To culture dishes were added the buffer 380 

containing 50 mM HEPES (pH7.5), 150 mM NaCl, and 1 mM DTT (1 mL), and the cells were harvested using 381 

a plastic scraper in DPBS and collected by centrifugation (4 °C, 200g, 5 min), and the supernatant was removed. 382 

The pellets were resuspended in the ice-cold buffer (200 μL) and lysed using a probe sonicator. The suspension 383 

was centrifuged (4 °C, 17,730g, 10 min) and the supernatant was collected for use as lysate. 384 

Protein concentration of the lysate was determined using DC protein assay kit (BioRad) and normalized to 0.4 385 

mg/mL by dilution with the buffer. Different concentrations of SARS-CoV-2 Mpro was spiked into the lysate and 386 

treated with 22 and processed for in-gel fluorescence analysis as described above. For competition experiments, 387 

the lysate spiked with Mpro was preincubated with the designated inhibitor for 30 min at 37 °C before adding 22. 388 

 389 

  390 

(1) 

(2) 

(3) 
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Protein labeling in live A431 cells 391 

A431 cells were grown to ~80% confluence in 4 mL of growth medium in 60-mm culture dishes (Corning 392 

Primaria). The growth medium was aspirated off, and the cells were washed twice with DPBS (3 mL), followed 393 

by treatment with 22 in culture medium (4 mL, FBS(−)). After incubation at 37 °C in a CO2 incubator for 1 h, 394 

the medium was aspirated off. The cells were washed twice with cold DPBS (3 mL) and lysed with cold RIPA 395 

buffer (50mM Tris-HCl pH 7.6, 150mM NaCl, 1w/v% Nonidet P40 substitute, 0.5w/v% sodium deoxycholate, 396 

0.1w/v% SDS, 50 µL) containing protease inhibitor cocktail (Roche) and N-ethylmaleimide (2 mM). The lysed 397 

cells were collected using a plastic scraper, transferred to a microfuge tube, and centrifuged (4 °C, 17,730g, 10 398 

min). The supernatant was transferred to a microfuge tube and stored at −30 °C. 399 

The cell lysates were thawed on ice. Protein concentrations of each sample were determined using DC protein 400 

assay kit (BioRad) and normalized to 0.5 mg/mL (A431 cells) by dilution with DPBS. The solution (52 μL) was 401 

subjected to CuAAC, SDS-PAGE, and in-gel fluorescence analysis as described for Mpro labeling. 402 

 403 
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