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A B S T R A C T   

The main protease (Mpro) of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) plays a vital role in 
viral replication. To study the function of Mpro and screen inhibitors targeting Mpro, it is necessary to prepare 
high-purity and high-activity Mpro. In this study, four types of SARS-CoV-2 Mpros containing different termini 
were prepared, and their activities were determined successfully. The results showed that the activity of wild- 
type (WT) Mpro was the highest, and the additional residues at the N-terminus but not at the C-terminus had 
a major effect on the enzyme activity. To explain this, the alignment of structures of different forms of Mpro was 
determined, and the additional residues at the N-terminus were found to interfere with the formation of the 
substrate binding pocket. This study confirms the importance of the natural N-terminus to the activity of Mpro 

and suggests that WT-GPH6 (Mpro with eight additional residues at the C-terminus) can be used as a substitute for 
authentic Mpro to screen inhibitors. In short, this study provides a reference for the expression and purification of 
new coronaviruses confronted in the future.   

1. Introduction 

In 2019, coronavirus disease 2019 (COVID-19) caused by severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) appeared in 
Wuhan, China [1,2]. The main clinical manifestations of mild patients 
were fever, cough, and dyspnea. A few patients had diarrhea, nausea and 
other gastrointestinal symptoms [3,4]. Severe patients presented with 
acute respiratory dysfunction syndrome, multiple organ failure, and 
even death [5]. The worldwide prevalence of SARS-CoV-2 poses a 
serious threat to human health and life because of its strong infectivity. 

Similar to the two coronaviruses that caused severe acute respiratory 
syndrome (SARS) in 2003 [6] and Middle East respiratory syndrome 
(MERS) in 2012 [7], SARS-CoV-2 causing COVID-19 belongs to the 
genus Betacoronavirus, including SARS-CoV and MERS-CoV [1,8]. 
Furthermore, SARS-CoV-2 has 79.6% genome sequence identity with 
SARS-CoV [9] and nearly 50% genome sequence identity with 
MERS-CoV [10]. 

SARS-CoV-2 is a single-stranded RNA virus. Its genome is composed 
of 14 functional open reading frames (ORFs), which can encode at least 
29 kinds of proteins. Four structural proteins are included: spike protein, 
nucleocapsid protein, membrane glycoprotein, and envelope protein 
[11,12]. SARS-CoV-2 ORF1a and ORF1b encode two different poly-
proteins, pp1a and pp1ab. These polyproteins are cleaved to generate 

the nonstructural protein nsp1-16 by pivotal enzymes, including 
papain-like protease (PLpro) and main protease (Mpro) [13]. Mpro can 
cleave polyproteins at 11 sites and initially release itself by autocleavage 
[14,15]. Mpro can recognize substrates as long as 10 residues but 
generally have specific selectivity for four subsites. Interestingly, sub-
strate recognition pockets of Mpro from different coronaviruses are 
highly conserved due to sequence homology [16,17]. There is up to a 
remarkable 96% sequence identity of Mpro derived from SARS-CoV-2 
and SARS-CoV [18]. In summary, highly conserved Mpro plays a 
pivotal role in virus life and has no homologous enzyme in humans, so it 
can be regarded as a key target for screening inhibitors [19–21]. 

Mpro, with an approximate molecular weight of 33 kDa, is demon-
strated to have a dimeric structure, and each protomer has three do-
mains. The catalytic active sites and active pockets are situated in 
domain I and domain II, and domain III mainly participates in the for-
mation of dimer structures. The catalytic activity center is a catalytic 
dimer composed of cysteine (Cys145) and histidine (His41) [17,22–25]. 

Although SARS-CoV-2 Mpro has been characterized sufficiently, one 
particular aspect draws our attention. The kinetic parameters of SARS- 
CoV-2 Mpro were obviously inconsistent from different studies, in 
which kcat/Km ranged from 370.4 to 28500 M− 1 s− 1. This is difficult to 
explain by the differences in experimental procedures and reagents [20, 
23,26–28]. However, studies on SARS-CoV Mpro showed that additional 
residues at the terminus could lead to the depression of enzyme activity 
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to varying degrees [29]. Considering the high homology of Mpro from 
SARS-CoV and SARS-CoV-2, we speculated that additional amino acids 
would affect the activity of SARS-CoV-2 Mpro analogously. 

In this study, we expressed four types of SARS-CoV-2 Mpros with 
different termini and measured their activity. Similar to previous studies 
on SARS-CoV Mpro, additional residues at the N-terminus significantly 
reduced the activity, but additional residues at the C-terminus had little 
effect on the activity. These results indicated that Mpro in the WT-GPH6 
form can be used as a substitute for authentic Mpro and provided refer-
ences for the expression and purification of coronavirus Mpro in the 
future. 

2. Materials and methods 

2.1. Construction of recombinant plasmids 

The full-length Mpro gene 10055–10972 of SARS-CoV-2 (GenBank 
accession no. NC_045512.2) was optimized and synthesized for 
Escherichia coli (E. coli) expression. Then, the synthesized gene was 
cloned into the pGEX-6p-1 vector via the restriction sites BamHI and 
XhoI to obtain the recombinant plasmid, which was designated pGEX- 
Mpro (Genewiz). To obtain the authentic N-terminus, 12 nucleotides and 
24 nucleotides corresponding to AVLQ and GPHHHHHH at N- and C- 
termini, respectively, were added to the Mpro gene, which was per-
formed by PCR via primers P1–P2 (Table 1). Subsequently, the amplified 
gene product was ligated into the pGEX-6p-1 vector via the restriction 
sites BamHI and XhoI, and the constructed plasmid was designated 
pGEX-Mpro-GPH6. Similarly, to obtain the authentic C-terminus, the 
Mpro gene was amplified with primers P3–P4 (Table 1) and ligated into 
the modified pET21a vector, which was digested with the restriction 
enzymes BamHI and XhoI. The modified vector contained the His tag and 
tobacco etch virus (TEV) protease cleavage site upstream of restriction 
site BamHI [30]. The constructed recombinant plasmid containing the 

pET21a and Mpro genes was designated pET-H6-Mpro. The gene se-
quences of the constructed plasmids were verified by sequencing 
(Genewiz). 

2.2. Expression and purification of four types of SARS-CoV-2 Mpros 

The plasmid pGEX-Mpro-GPH6 was expressed to obtain Mpro with 
eight additional residues (GPHHHHHH) at the C-terminus, and the 
generated Mpro was designated WT-GPH6. Purified WT-GPH6 was 
cleaved with PreScission Protease (PSP) to produce authentic Mpro, 
which was named WT. Similarly, plasmid pET-H6-Mpro was expressed to 
generate Mpro with twenty-one additional residues 
(MGSSHHHHHHSSGRENLYFQG) at the N-terminus, and the resulting 

Abbreviations 

Mpro main protease 
SARS-CoV-2 severe acute respiratory syndrome coronavirus 2 
COVID-19 coronavirus disease 2019 
SARS severe acute respiratory syndrome 
MERS Middle East respiratory syndrome 
ORFs open reading frames 
PLpro papain-like protease 
WT-GPH6 SARS-CoV-2 Mpro with eight additional residues 

(GPHHHHHH) at the C-terminus 
WT wild-type SARS-CoV-2 Mpro with authentic termini 
H6-WT SARS-CoV-2 Mpro with twenty-one additional residues 

(MGSSHHHHHHSSGRENLYFQG) at the N-terminus 
G-WT SARS-CoV-2 Mpro with one additional residue (G) at the 

N-terminus 
PSP PreScission protease 
TEV tobacco etch virus  

Table 1 
Primers used in this study.  

Primer Sequence 

P1 TTCCAGGGGCCCCTGGGATCCGCGGTACTGCAGAGCGGCTTTCG 
P2 GTCACGATGCGGCCGCTCGAGTTAGTGGTGGTGGTGGTGGTGGGGTCCCTGAAAGGTCA 
P3 GAAAACTTGTATTTCCAGGGCAGCGGCTTTCGCAAAATGG 
P4 GTGGTGGTGGTGGTGCTCGAGTTACTGAAAGGTCACGCCGC  

Fig. 1. Schematic diagram of four types of SARS-CoV-2 Mpros. The additional residues are shown in blue. The colored arrows represent the protease cleavage site. 
Red, Mpro; green, PSP; yellow, TEV protease. 
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Mpro was designated H6-WT. Subsequently, extra residues of H6-WT 
were removed by using TEV protease to obtain Mpro designated G-WT, 
which included an extra glycine residue at the N-terminus. The 
expression and purification of four types of SARS-CoV-2 Mpros (WT- 
GPH6, WT, H6-WT, G-WT) are described in detail below. 

For the expression and purification of WT-GPH6, the plasmid pGEX- 
Mpro-GPH6 was transformed into E. coli BL21 (DE3). Positive clones 
harboring the recombinant plasmid were cultured in LB medium con-
taining 100 μg/mL ampicillin at 37 ◦C. When the OD600 reached 0.6–0.8, 
0.5 mM isopropyl-D-thiogalactoside (IPTG) was added, and Mpro was 
overexpressed at 16 ◦C for 14–16 h. The cells were harvested by 
centrifugation at 6000 rpm for 5 min, and then pellets were resuspended 
in buffer A (20 mM Tris-HCl, 150 mM NaCl, pH 7.5) and lysed by son-
ication on ice. The lysate was centrifuged at 10000 rpm for 60 min, and 
the precipitate was discarded. The supernatant was loaded onto a 
HisTrap column, which was subsequently successively washed with 
buffer A containing imidazole at different concentrations (20 mM, 50 
mM, 100 mM, 300 mM, 500 mM, and 1000 mM). The fractions 

containing proteins of interest were concentrated and then dialyzed in 
buffer B (50 mM Tris-HCl, 1 mM EDTA, pH 7.3). The purified WT-GPH6 
was analyzed by SDS‒PAGE. 

For the purification of WT, PSP was added to purified WT-GPH6 to 
cleave additional residues at a mass ratio of 1:30, resulting in the target 
protein WT with an authentic C-terminus. The digestion mixture was 
loaded onto a GSTtrap column, and the fraction that did not bind to the 
column was collected to remove PSP. The protein obtained in the pre-
vious step was subjected to a HisTrap column, and then the target pro-
tein WT was collected by eluting with buffer A to remove WT-GPH6, 
which had not been digested with PSP. The purified WT was analyzed by 
SDS‒PAGE. 

For the expression and purification of H6-WT, the plasmid pET-H6- 
Mpro was transformed into E. coli BL21 (DE3). The following procedure 
was similar to that used for the expression and purification of WT-GPH6. 
The purified H6-WT was analyzed by SDS‒PAGE. 

For the purification of G-WT, TEV protease was added to purified H6- 
WT remove the His tag at a mass ratio of 1:30, resulting in the target 
protein G-WT. A mixture of digestion was applied to a HisTrap column, 
and then the target protein G-WT was fragmented by washing with 
buffer A to exclude TEV protease and H6-WT, which had not been 
digested with TEV protease. The purified G-WT was analyzed by SDS‒ 
PAGE. 

2.3. Activity detection of four types of SARS-CoV-2 Mpros 

Enzyme activity assays of four types of Mpros (WT-GPH6, WT, H6-WT, 
and G-WT) were performed based on fluorescence resonance energy 
transfer, and the substrate was MCA-AVLQSGFR-Lys(Dnp)-Lys-NH2 
(P9731-5 mg, Beyotime Biotechnology, China) according to previous 
research [20]. The fluorescence was measured at excitation and emis-
sion wavelengths of 320 nm and 395 nm, respectively, and the reaction 
was carried out in buffer B with a total volume of 500 μL. Initially, 440 
μL buffer B and 50 μL Mpro (final concentration of 0.2 μM for WT-GPH6 
and WT, 5 μM for H6-WT, and 2.5 μM for G-WT) were added to the re-
action system. As soon as 10 μL of substrate (final concentrations of 2.5 
μM, 3.3 μM, 5 μM, 10 μM, 20 μM, and 40 μM) was added to the reaction 
system, the relative fluorescence unit (RFU) value was immediately 
monitored for 1200 s (F2700, Hitachi, Japan). Similarly, the RFU values 
of a series of different concentrations of MCA (0.625 μM, 1.25 μM, 2.5 
μM, 5 μM, 10 μM, and 20 μM, M185662-1 g, Aladdin, China) were 
measured in the absence of Mpro to calculate the amount of the cleaved 
substrate. The initial rate depended on the change in RFUs in the first 90 
s. The kinetic constants Km and kcat were obtained from a double 
reciprocal plot, which was drawn by GraphPad Prism 8.0 software. 
Experiments were performed in triplicate, and the values were presented 
as the mean ± standard deviation (SD). 

3. Results and discussion 

3.1. Construction of the recombinant plasmids 

To shed light on the effect of additional residues on the activity of 
SARS-CoV-2 Mpro, two recombinant plasmids were constructed to pro-
duce four types of Mpros with different termini, which included WT- 
GPH6, WT, H6-WT, and G-WT (Fig. 1). Two types of Mpros can be ob-
tained when one recombinant plasmid is expressed based on the hy-
drolysis strategy of protease by introducing a cleavage site. According to 
a previous study of SARS-CoV Mpro [29], the plasmid pGEX-Mpro-GPH6 
was constructed to produce WT-GPH6 (with eight additional residues at 
the C-terminus) and WT (with authentic termini). When constructing 
pGEX-Mpro-GPH6, 12 nucleotides encoding AVLQ were added upstream 
of the Mpro gene to generate the cleavage site of Mpro, which led to the 
self-cleavage of the recombinant protein GST-WT-GPH6 to produce 
WT-GPH6. Meanwhile, 24 nucleotides encoding GPHHHHHH were 
added downstream of the Mpro gene to create the cleavage site of PSP, 

Fig. 2. Expression and purification of Mpro. Lane M, protein molecular mass 
marker; Lane 1, WT-GPH6; Lane 2, WT; Lane 3, H6-WT; Lane 4, G- WT. 

Y. Rong et al.                                                                                                                                                                                                                                    



Protein Expression and Purification 203 (2023) 106208

4

which digested WT-GPH6 to WT. To obtain H6-WT and G-WT, we con-
structed the recombinant plasmid pET-H6-Mpro, which contained a His 
tag sequence and a TEV protease cleavage site upstream of the Mpro 

gene. 

3.2. Preparations of WT-GPH6 and WT 

When the plasmid pGEX-Mpro-GPH6 was expressed in E. coli, the GST 
tag-fused protein GST-WT-GPH6 was initially generated. Since four 
residues (AVLQ) were introduced into the N-terminus of the first residue 
serine of Mpro, the recognition site of Mpro was formed. In this case, GST- 

WT-GPH6 was cleaved by itself to produce WT-GPH6. This phenomenon 
was probably similar to the idea that Mpro released itself from poly-
proteins in viruses [14]. After purification of the expression product by 
Ni-affinity chromatography, purified protein was analyzed by SDS‒ 
PAGE, which showed that a single band (Fig. 2, Lane 1) appeared near 
33 kDa. This result was in accord with the predicted molecular mass of 
34.77366 kDa, which revealed that SARS-CoV-2 Mpro in the WT-GPH6 
form was obtained. 

It was necessary to obtain authentic Mpro to clarify the influence of 
additional residues. To remove the redundant residues, the cleavage site 
of PSP was generated by adding two residues, glycine and proline, at the 
C-terminus of Mpro. In this case, the six amino acids (SGVTFQ) at the C- 
terminus of Mpro and the two added amino acids (GP) corresponded to 
the recognition sites P6–P1 and P1′-P2′ of PSP, respectively. When the 
mixture of WT-GPH6 processed by PSP was purified by affinity chro-
matography, a slightly lower band appeared in Lane 2 than in Lane 1 
(Fig. 2). The slight difference between Lane 1 and Lane 2 can be 
explained by the difference in molecular mass between WT-GPH6 
(34.77366 kDa) and WT (33.79664 kDa), which indicated that the 
excess eight amino acids at the C-terminus were successfully removed 

Fig. 3. The activities of four types of Mpros. A, WT-GPH6; B, WT; C, H6-WT; D, G-WT.  

Table 2 
Comparison of enzyme activities of four types of SARS-CoV-2 Mpros.  

SARS-CoV-2 Mpro Km (μM) kcat (s− 1) kcat/Km (M− 1s− 1) 

H6-WT 41.81 ± 9.79 0.0058 ± 0.0013 139 
G-WT 28.01 ± 4.77 0.0110 ± 0.0016 393 
WT-GPH6 26.48 ± 5.67 0.4167 ± 0.0807 15736 
WT 13.31 ± 1.33 0.3259 ± 0.0277 24485  

Fig. 4. Superposition of WT and G-WT. A, The overall superposition of WT and G-WT; B, the zoom-in view of the termini. Protomer A and B in the WT form are 
colored green and yellow, respectively. Protomer A and B in the G-WT are colored cyan and magenta, respectively. The key amino acids are presented by stick and 
labeled in black. “N” and “C” represent the N-terminus and C-terminus, respectively. 
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and Mpro in the WT form was obtained. 
Although two types of Mpros (WT-GPH6 and WT) were obtained in 

our study, a special circumstance attracted our attention. In recent 
research, a series of structures of complexes of Mpro binding with natural 
substrates were resolved. In the structure of the Mpro H41A mutant 
containing the nsp5|6 substrate (PDB ID: 7VAH), the side chain of 
alanine at P2’ was exposed to solvent, which indicated that the P2’ site 
had less specificity for substrate recognition [14]. To isolate natural 
Mpro, a His tag and two excess residues of GP were added. After affinity 
chromatography, WT-GPH6 was successfully obtained, which indicated 
that the His tag was rarely removed. Interestingly, the His tag was 
cleaved by PSP, which revealed that the C-terminal residues 
(SGVTFQGP) of WT-GPH6 could be recognized by PSP but not by Mpro. 
Comparing the sequence (SGVTFQGP) with that of the natural nsp5|6 
substrate (SGVTFQSAV), it was found that Ser at the P1’ site and Ala at 
the P2’ site were replaced by Gly and Pro, respectively. The S1’ subsite 
was a shallow pocket and could accommodate small residues. Therefore, 
the reason that the sequence (SGVTFQGP) was not identified by Mpro 

was because Pro was at the P2’ site, not Gly at the P1’ site, which was 
consistent with profiling of the substrate specificity of SARS-CoV Mpro 

[31]. This might be due to the change in peptide chain structure caused 
by the special structure of proline, which resulted in the inactivation of 
the substrate. 

3.3. Preparations of H6-WT and G-WT 

In a previous study, when there were two or five residues in the N- 
terminus of SARS-CoV Mpro, the activity was only 4% or 1% of that of 
authentic Mpro, respectively [29]. Considering that the sequences of Mpro 

from SARS-CoV-2 and SARS-CoV are highly homologous and that their 
structures are highly similar [20], we speculated that the excess residues 
at the N-terminus would also significantly affect the activity of Mpro 

derived from SARS-CoV-2. Therefore, Mpro in the H6-WT form with 21 
additional residues (MGSSHHHHHHSSGRENLYFQG) at the N-terminus 
was generated when the plasmid pET-H6-Mpro was expressed in E. coli. 
Similarly, the expression product was purified by Ni-affinity chroma-
tography, and purified protein was detected by SDS‒PAGE. The result 
showed that there was a single band (Fig. 2, Lane 3) at the upper position 
of the band at Lane 2, which was in accord with the theoretical molec-
ular mass of H6-Mpro (36.22120 kDa). 

H6-Mpro is a fusion protein composed of Mpro, the N-terminal His tag 
and the TEV protease cleavage site. TEV protease can recognize the 
sequence ENLYFQG and cleave between glutamine and glycine. There-
fore, when H6-Mpro was digested by TEV protease, one glycine was left 
on Mpro. As expected, after purification by affinity chromatography, it 
was observed that the band at Lane 4 was slightly lower than that at Lane 
3 (Fig. 2). The small gap of the bands may exactly correspond to the 
molecular mass (2.36751 kDa) of the cleaved residues, which demon-
strated that the His tag at the N-terminus was successfully released and 
Mpro in the G-WT form was obtained. 

3.4. Activity determination of four types of Mpros 

To ascertain whether the additional residues would affect the cata-
lytic activity of SARS-CoV-2 Mpro, the activities of four types of Mpros 
(WT-GPH6, WT, H6-WT, G-WT) were determined by measuring the ki-
netic parameters. When four types of Mpros reacted with substrates of 
different concentrations, the changes in RFUs over 1200 s were 
continuously monitored (Fig. 3). The data showed that the RFU value 
increased rapidly and that the reaction conformed to the first-order re-
action in the first 90 s. This phenomenon indicated that Mpro could 
recognize and cleave the fluorescent substrates, which suggested that 
the four types of Mpros were indeed active. 

To calculate the kinetic parameters of Mpros, double reciprocal plots 
were performed according to the initial rate and substrate concentration 
of the reaction (Table 2, Fig. S1, S2). The catalytic efficiency of an 

enzyme is best defined by kcat/Km [32]. Obviously, WT with a kcat/Km of 
24485 M− 1s− 1 had the highest catalytic efficiency, while H6-WT with a 
kcat/Km of 139 M− 1s− 1 had the lowest catalytic efficiency. The activity of 
WT was more than 170 times greater than that of H6-WT and 60 times 
greater than that of G-WT. The results showed that additional residues at 
the N-terminus significantly led to a decrease in Mpro activity. Moreover, 
the greater the number of additional residues at the N-terminus, the 
greater the decrease in Mpro activity. Fortunately, the activity of 
WT-GPH6 (kcat/Km = 15736 M− 1s− 1) was approximately two-thirds of 
that of WT, which suggested that additional residues at the C-terminus 
had little effect on Mpro activity. 

In a previous study, SARS-CoV Mpro in the WT form had the highest 
cleavage efficiency compared to that in other forms, and additional 
residues at the N-terminus, but not at the C-terminus, were detrimental 
to enzyme activity [29]. This was consistent with our results, likely 
because the Mpros from the two viruses were not only highly homologous 
in sequence but also highly consistent in structure. This confirmed that 
Mpro could be used as a screening target for broad-spectrum inhibitors. 

To date, a series of structures of SARS-CoV-2 Mpro in different forms 
have been resolved. To determine how the additional residues affected 
the activity of Mpro, we compared the structures of Mpro in the WT form 
(PDB ID: 6M03) and G-WT form (PDB ID: 7BRO) (Fig. 4). In the WT 
structure, the first residue serine interacted with Glu166, stabilizing the 
conformation of the substrate binding pocket. In contrast, the N-termi-
nus of G-WT slightly deviated from the orientation to the active site due 
to excess glycine [33]. Similarly, the N-terminus could not participate in 
the formation of a substrate binding pocket for SARS-CoV Mpro in the 
GPGLS-WT form with five additional residues at the N-terminus, which 
likely resulted in a reduction in enzyme activity [29]. The structural 
difference would account for the higher activity of the WT protease 
compared with other proteases. Furthermore, our results also showed 
that the activity of H6-WT was lower than that of G-WT. This might be 
due to the additional residues at the N-terminus, which were adjacent to 
the substrate binding pocket and would interfere with substrate recog-
nition. In summary, our study once again emphasized the importance of 
authentic N-terminus for the activity of Mpro. 

In contrast to the N-terminus, the C-terminus of Mpro in the WT form 
was oriented away from the substrate binding pocket. Therefore, the C- 
terminal extra residues had less effect on enzyme activity, which indi-
cated that WT-GPH6 can be used as a substitute for authentic Mpro to 
screen inhibitors targeting the active site. 

4. Conclusions 

In this study, we described an ingenious strategy for producing four 
types of SARS-CoV-2 Mpros by expressing the two types of recombinant 
plasmids in E. coli. Activity assays showed that the WT had the highest 
cleavage efficiency, and the effect of the additional residues at the N- 
terminus on the enzyme activity was much greater than that at the C- 
terminus. This study confirms the importance of the natural N-terminus 
of Mpro and provides a reference for the expression of Mpro of the new 
coronavirus in the future. 

Data availability 

Data will be made available on request. 
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