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A B S T R A C T   

The SARS-CoV-2 main protease (Mpro) is responsible for cleaving twelve nonstructural proteins from the viral 
polyprotein. Mpro, a cysteine protease, is characterized by a large number of noncatalytic cysteine (Cys) residues, 
none involved in disulfide bonds. In the absence of a tertiary-structure stabilizing role for these residues, a 
possible alternative is that they are involved in redox processes. We report experimental work in support of a 
proposal that surface cysteines on Mpro can protect the active-site Cys145 from oxidation by reactive oxygen 
species (ROS). In investigations of enzyme kinetics, we found that mutating three surface cysteines to serines did 
not greatly affect activity, which in turn indicates that these cysteines could protect Cys145 from oxidative 
damage.   

1. Introduction 

The polycistronic replicase gene of SARS-CoV-2 encodes a large 
polyprotein that is cleaved into 15 nonstructural proteins by two 
cysteine proteases: a papain-like protease cleaves the first 3 proteins 
from the polypeptide (PLpro); and the remaining 12 proteins are released 
by a 3-chymotrypsin-like protease (3CLpro), often referred to as the main 
protease (Mpro) [1–3]. Owing to its critical role in the production of viral 
proteins, Mpro is a target for antiviral drug therapies [4–6]. Indeed, the 
antiviral drug PAXLOVID, which has received emergency use authori
zation for Covid-19 treatment, is an Mpro inhibitor. The active form of 
Mpro is a homodimer of two 306-residue polypeptides arranged in 
perpendicular orientation (Fig. 1) [7]. 

Mpro is unusually rich in cysteine residues [6,8]. Each monomer 
contains a His41-Cys145 dyad in the active site along with 11 additional 
Cys residues, none of which is involved in a cystine dimer. The Mpro Cys 
content (3.92% of residues) is three times greater than that of the 
average protein in the Uniprot database (1.3%). As of February 2, 2022, 
more than 7.1 million complete Mpro sequences from throughout the 
world had been deposited in the GISAID database. Among this total are 
5884 unique Mpro sequences that include over 11,000 variations from 
the consensus sequence. Mutations in Mpro Cys residues were less com
mon than average, occurring 171 times, with Cys156 (40 mutations) and 
Cys160 (39 mutations) being the most variable sites. Seven of the Cys 

residues are buried inside the protein, but five have moderate sidechain 
solvent accessibilities (>10% side chain exposure to solvent, Table 1). 
Thiols exposed on protein surfaces interact directly with the intracel
lular environment and are important components of the redox proteome 
[9]. As a component of the human innate immune response is the pro
duction of reactive oxygen species (ROS) [10–12], one role for the 
noncatalytic Mpro Cys residues might be to protect the active site Cys145 
by rapidly reducing these potentially disabling oxidants. 

The Mpro surface Cys residues can provide useful protection to 
Cys145 only if their modification does not substantially reduce enzyme 
activity. A prior study demonstrated that Cys300Ser and Asp155Ala| 
Cys156Ser mutations had little impact on Mpro activity [13]. We have 
examined the enzymatic kinetics of wild-type Mpro and that of a triple 
mutant in which three of the most highly solvent-exposed Cys residues 
were replaced by serine (Cys85Ser|Cys156Ser|Cys300Ser). We found 
that the triple mutant maintained the homodimeric structure required 
for protease function and that its activity was only modestly reduced 
from that of the wild-type enzyme. 

2. Results and discussion 

The Mpro gene from SARS-CoV-2 strain was expressed in BL21 
Escherichia coli with a C-terminal (His)6-tag. We employed IAEDANS (5- 
((2-iodoacetyl)-amino)ethyl)amino)naphthalene-1-sulfonic acid) to 
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identify the most reactive Mpro surface Cys residues. UV/vis spectra of 
IAEDANS-labeled Mpro after 1, 2, 4, and 12 h (Fig. S3) confirmed IAE
DANS conjugation to Mpro and the IAEDANS:Mpro ratio increased with 
reaction time. LC-MS measurements indicated that three to four mole
cules of IAEDANS attached to Mpro in 4–12 h (Fig. S4). MS/MS spectra of 
tryptic digests with 64.9% sequence coverage provided strong evidence 
that IAEDANS labeled Cys44 and Cys85 (Fig. S5). MS/MS results from 
chymotrypsin digests revealed C300 IAEDANS-labeling (and possibly 
partial labeling of Cys85, Cys117, and Cys145, Fig. S6). These results, in 
combination with sidechain solvent accessibility estimates from the 
crystal structure, suggested three candidates for mutation: Cys85, 
Cys156, and Cys300 (Table 1). Based on this information, we expressed 
and purified a (His)6-tagged Mpro triple mutant (Cys85Ser|Cys156Ser| 
Cys300Ser) (Fig. S1b). 

Mpro is catalytically active only as a homodimer: the N-terminal 
amine of one monomer hydrogen bonds to Glu166 in the other mono
mer, shaping the pocket of the substrate binding site [14]. We used 
native-gel electrophoresis to confirm that both the Mpro triple mutant 
and wild type are homogenous homodimers (Fig. 2a). We determined 
the oligomeric state of each enzyme in solution using combined size 
exclusion chromatography and multi-angle light scattering (SEC-MALS) 
[15]. Each protein migrated on an SEC column as a single mono
dispersed peak with a derived molar mass in good agreement with that 
expected for a dimer (wild type, 8.60 × 104 ± 3.2%; triple mutant 8.62 
× 104 ± 3.7%) (Fig. 2b). No monomer was detected, indicating that the 
C-terminal (His)6-tag did not interfere with Mpro dimerization. The far- 
UV CD spectra (Fig. 3) of the wild type and mutant enzymes exhibited 
peaks at 222 and 207 nm that are in good agreement with published 
spectra [16], and are consistent with a predominantly β-sheet/short 
α-helical fold, as found in the crystal structure [2]. Near-UV CD spectra 
report on the environments of phenylalanine (255–270 nm), tyrosine 

(275–282 nm), and tryptophan (290–305 nm) residues and provide 
insight to the overall tertiary structure of a protein [17]. Each Mpro 
monomer has 17 Phe, 11 Tyr, and 3 Trp residues. The near-UV CD 
spectra of wild-type and triple mutant Mpro are closely similar in the Phe 
and Tyr regions (250–282 nm), with a minor deviation in the Trp region. 
Thermal denaturation probed by 220 nm CD reveals that the triple 
mutant is only slightly less stable than the wild-type protein (denatur
ation midpoints: wild-type 57 ◦C; triple mutant, 52 ◦C, Fig. S12). Taken 
together, the data indicate that the overall protein structure is not 
substantially perturbed by mutation of the three surface Cys residues to 
Ser. 

To evaluate the activities of wild type and triple mutant enzymes, we 
examined the kinetics of their reactions with a synthetic tetrapeptide 
containing two non-natural amino acids: Ac-Abu-Tle-Leu-Gln-AMC (Abu 
is L-2-aminobutyric acid; Tle is L-tert-leucine). The oligopeptide has a C- 
terminal amide link to a fluorescent dye (7-amino-4-methylcoumarin, 
AMC) [5]. Hydrolysis by SARS-CoV-2 Mpro between Gln and AMC 
released free coumarin and produced a substantial increase in 440-nm 
fluorescence intensity. 

We tested the Mpro proteolytic activity of the wild type and triple 
mutant enzymes at pH 7.8 at substrate concentrations in the range 0–90 
μM. We found that the reaction of substrate with triple mutant Mpro was 
measurably slower than that of the wild-type enzyme at all investigated 
substrate concentrations (Fig. S7, S8). The concentration of hydrolyzed 
product increased linearly with time during the first 20 min of reaction 
at room temperature (Fig. S10). Initial reaction velocities, scaled by 
enzyme concentration, were linear functions of substrate concentration 
(0–90 μM) without apparent saturation (Fig. 4). This observation in
dicates relatively weak binding of the substrate to Mpro, consistent with 
the previously reported Michaelis constant of 207 ± 12 μM [5]. 
Apparent second-order rate constants (kobsd) determined from four 
replicates of the reaction of Mpro with the substrate are 79 ± 16 and 28 
± 8 M− 1 s− 1 (~22 ◦C) for wild type and triple mutant, respectively 
(Fig. 4, Fig. S11). For comparison, wild-type activity at 37 ◦C was re
ported to be 859 ± 57 M− 1 s− 1 [5]. The reduced activity of the triple 
mutant is likely attributable to the Cys85Ser mutation since individual 
replacements of Cys156 and Cys300 had negligible impact on activity 
[13]. Cys85 is positioned in a loop identified as the catalytic acid zone of 
trypsin-like proteases and its replacement with Ser could impart a 
modest perturbation of the catalytic active site [18,19]. 

Our finding that the activity of the triple mutant (Cys85Ser| 
Cys156Ser|Cys300Ser) was only reduced 2.8-fold from that of wild type 
is consistent with the proposal that Mpro surface cysteines could protect 
the active-site Cys145 from ROS-triggered oxidative damage. 

3. Materials and methods 

Detailed descriptions of materials and procedures used for the 
expression, purification, and characterization of wild-type and mutant 
Mpro, as well as measurements of reaction kinetics, are provided in 
Supplementary Data. 
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Fig. 1. Ribbon diagram based on the X-ray structure of the SARS-CoV-2 Mpro 

(PDB code 6Y2E) [2]. The Cα and Cβ atoms of the 11 noncatalytic cysteine 
residues are shown as green and blue sticks in each monomer; the Sγ atoms 
rendered in yellow. The Cα, Cβ, and Sγ atoms of the catalytic cysteine are shown 
as spheres in each monomer. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Percent solvent accessible surface areas of Mpro Cys residue sidechains.a  

Cys16 Cys22 Cys38 Cys44 Cys85 Cys117 Cys128 Cys145 Cys156 Cys160 Cys265 Cys300 

2.6 3.4 5.2 0.7 26.0 2.3 15.4 40.3 39.7 3.3 6.0 29.8  

a Solvent accessible surface areas determined on the Mpro (PDB ID 6Y2E) structure using the Biovia Discovery Studio Visualizer package with a 1-Å probe radius and 
960 grid points per atom. 
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Fig. 2. a) Native gel electrophoresis shows only pure homodimers of wild type (left) and triple mutant Mpro (right). b) SEC-MALS analysis of wild type (black) and 
triple mutant (red) Mpro; the left ordinate (blue) indicates the differential refractive index from SEC; and the right ordinate (orange) shows the molar mass extracted 
from MALS. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. (upper) Structural model of SARS-Cov-2 Mpro highlighting the mutation sites (Cys85, Cys156, and Cys300: Cα and Cβ atoms in red). The Cys145 residues are 
shown as spheres in each monomer. (lower) Far-UV (left) and near-UV (right) CD spectra of wild type (black) and triple mutant (red) Mpro. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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