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SUMMARY 28 

During the SARS-CoV-2 intracellular life-cycle, two large polyproteins, pp1a and pp1ab, are 29 

produced. Processing of these by viral cysteine proteases, the papain-like protease (PLpro) and 30 

the chymotrypsin-like 3C-like protease (3CL-pro) release non-structural proteins necessary for 31 

the establishment of the viral replication and transcription complex (RTC), crucial for viral 32 

replication. Hence, these proteases are considered prime targets against which anti-COVID-19 33 

drugs could be developed. Here, we describe the expression of a highly soluble and functionally 34 

active recombinant 3CL-pro using Escherichia coli BL21 cells. We show that the enzyme 35 

functions in a dimeric form and exhibits an unexpected inhibitory profile because its activity 36 

is potently blocked by serine rather than cysteine protease inhibitors. In addition, we assessed 37 

the ability of our 3CL-pro to function as a carrier for the Receptor Binding Domain (RBD) of 38 

the Spike protein. The co-expressed chimeric protein, 3CLpro-RBD, did not exhibit 3CL-pro 39 

activity, but its enhanced solubility made purification easier and improved RBD antigenicity 40 

when tested against serum from vaccinated individuals in ELISAs. Chimeric proteins 41 

containing the 3CL-pro could represent an innovative approach to developing new COVID-19 42 

vaccines. 43 

 44 
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INTRODUCTION 57 

The severe acute respiratory syndrome coronavirus (SARS-CoV-2) was first identified in 58 

Wuhan, China, in December 2019 and subsequently reported throughout the world [1-3]. 59 

Person-to-person transmission of the virus resulted in rapid distribution of SARS-CoV-2, 60 

leading to the unprecedented pandemic of coronavirus disease 2019 (COVID-19), which up to 61 

now has claimed >6 million lives [4]. The impact of this pandemic on the global health and 62 

economy prompted the rapid action on the development, testing and approval of prophylactic 63 

COVID-19 vaccines, followed by mass immunization programs [5]. 64 

SARS-CoV-2 is an enveloped virus that contains a single-strand of positive-sense 65 

RNA. Infection begins when the virus attaches to cells via the angiotensin converting enzyme 66 

2 (ACE2) receptor, mediated by the receptor binding domain (RBD) of the major glycoprotein 67 

expressed on the virus surface, the Spike protein [6, 7]. Fusion of the viral membrane with the 68 

lumen of the endosomal membrane leads to endocytosis, facilitating infection via entry of the 69 

viral RNA into the cytosol. Applying new approaches and technologies, a multitude of vaccines 70 

have been developed, four of which were licensed by the regulatory agencies [4] and have been 71 

administrated across the world, representing a relief and a unique opportunity to prevent the 72 

deaths of millions of people and control the pandemic. In general, each of these four vaccines 73 

induce antibodies against the Spike protein and bind to the RBD to block its interaction with 74 

ACE2 [8, 9]. 75 

During the intracellular viral life cycle, two large polyproteins, pp1a and pp1ab, are 76 

translated. Sixteen non-structural proteins (nsp) are co-translationally and post-translationally 77 

released from pp1a and pp1ab upon proteolytic activity of two virus cysteine proteases, the 78 

papain-like protease (PLpro) and the chymotrypsin-like 3C-like protease (3CL-pro), also 79 

known as the main protease. These proteases allow the establishment of the viral replication 80 

and transcription complex (RTC), which is crucial for virus replication inside the cells [10]. 81 

The 3CL-pro plays a prominent role on viral gene expression and replication [11, 12]. 82 

Moreover, recent studies comparing the protease from other coronaviruses, SARS-CoV and 83 

Middle East Respiratory Syndrome CoV (MERS-CoV), or from picornaviruses, show that they 84 

are all highly conserved in terms of proteolytic activity and structure [13-15] and revealed 85 

important immunomodulatory properties for this enzyme. Amongst other mechanisms, during 86 

viral infection 3CL-pro contributes to the delay of host anti-viral innate immune response by 87 

cleaving or inactivating key elements of the Retinoic acid-inducible gene I (RIG-I) like 88 

receptors (RLRs)-mediated Type I interferon (INF-I) signalling pathway, which allows 89 

effective viral infection and contribute for disease progression and severity [15-17]. Thus, the 90 
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3CL-pro could be considered an attractive target for the development of future anti-COVID-91 

19 treatments.  92 

Here we describe the production of a recombinant 3CL-pro in a prokaryotic expression 93 

system and its purification as a highly soluble and functionally active protease. We also 94 

generated a 3C-like protease-RBD gene construct that enabled the production of a chimeric 95 

protein, named 3CLpro-RBD. This strategy proved useful to enhance the solubility and 96 

antigenicity of the RBD, albeit the recombinant chimeric protein did not exhibit proteolytic 97 

activity, understandable since the functional 3CL-pro functions as a dimer. 98 

 99 

 100 

METHODS 101 

Ethical statement  102 

Human experimental work was conducted according to Human Research Ethics Committees. 103 

Sera samples from individuals double-vaccinated with Pfizer/BioNTech (BNT162b2) vaccine 104 

were obtained from healthy volunteers following ethical approval by the National University 105 

of Ireland Galway, Ireland, research ethics committee (R20.Jun.06). The samples were pooled 106 

and immediately stored at -80°C. All participants provided written informed consent prior to 107 

the study. Negative control samples obtained from the Irish Blood Transfusion Service. These 108 

blood samples were previously characterized by De Marco Verissimo et al. [18]. 109 

 110 

Recombinant protein production in Escherichia coli cells and purification 111 

Sequences encoding the 3CL-pro and RBD proteins were codon optimized for expression in 112 

Escherichia coli and cloned into the pET-28a(+) vector (Genscript Biotech). The chimeric 113 

protein 3CLpro-RBD was produced by generating a gene construct that linked the 3CL-pro and 114 

RBD genes by a bridge sequence that encoded for glycine-proline triple repeat (GPGPGP) (see 115 

Figure 1). The recombinantly produced proteins contain a thrombin cleavage site followed by 116 

a C-terminal His-tag. The synthesized vectors were transformed into BL21 competent E. coli 117 

cells (ThermoFisher Scientific) following the manufacturer’s instructions and stored in Luria 118 

Bertani (LB) broth (Sigma-Aldrich) supplemented with 25% glycerol at -80°C. LB broth 119 

supplemented with 50 µg/mL kanamycin was inoculated from the glycerol stock and incubated 120 

shaking (200 rpm) at 37°C overnight. The culture was then diluted in fresh LB broth 121 

supplemented with kanamycin, incubated at 37°C to OD600 0.6 and protein expression induced 122 
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with 1 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG; ThermoFisher Scientific) for 4 hr 123 

at 30°C (3CL-pro and RBD); 18 h at 16°C (3CLpro-RBD chimer). Following centrifugation at 124 

10,000 x g for 10 min at 4°C, the bacterial pellets were re-suspended in 10 mL ST buffer (10 125 

mM Tris, 150 mM NaCl, pH 8.0).  126 

The bacteria pellets were treated with lysozyme (10 µg/mL), sonicated on ice (6 x 10 127 

seconds, 40% amplitude) and centrifuged 15,000 x g at 4°C for 30 min. The soluble 128 

recombinant protein within the supernatant was purified and dialysed using the Profinia 129 

Affinity Chromatography Protein Purification System (Bio-Rad), with the mini profinity 130 

IMAC and mini Bio-Gel P-6 desalting cartridges (Bio-Rad). The protein concentration and 131 

purity were verified by Bradford Protein Assay (Bio-Rad) and by 4-20% SDS-PAGE gels (Bio-132 

Rad) stained with Biosafe Coomassie (Bio-Rad), respectively. The gels were visualised using 133 

a G:BOX Chemi XRQ imager (Syngene).  134 

As RBD protein was found within the inclusion bodies, processing of the pellets, 135 

protein purification and dialysis were performed as described by Schlager et al. [19] and 136 

employed by us previously to extract recombinant SARS-CoV-2 proteins previously [18]. 137 

Briefly, 1% (w/v) SDS buffer (8 mM Na2HPO4, 286 mM NaCl, 1.4 mM KH2PO4, 2.6 mM KCl, 138 

1% (w/v) SDS, pH 7.4) containing 0.1 mM DTT was added to the cell pellet to solubilize the 139 

inclusion bodies. After sonication, the samples were centrifuged 15,000 x g at 4°C for 30 min 140 

and the resulting supernatant containing the target protein was filtered and purified using a pre-141 

equilibrated Ni-NTA beads column (Qiagen). The recombinant protein was eluted using 4 mL 142 

of elution buffer (8 mM Na2HPO4, 286 mM NaCl, 1.4 mM KH2PO4, 2.6 mM KCl, 0.1% 143 

Sarkosyl (w/v), 250 mM imidazole, pH 7.4) and buffer-exchanged into 1x PBS containing 144 

0.05% sarkosyl, pH 7.4. 145 

 146 

Size exclusion chromatography 147 

The purified recombinant 3CL-pro purified was additionally subjected to size-exclusion (gel 148 

filtration) chromatography to resolve its dimerization state. The purification was performed 149 

using a high performance Superdex 75 10/300 GL (Tricorn) column, with a flow rate of 400 150 

µL/min and eluted into 1x PBS. Three known proteins of different molecular sizes were 151 

resolved in the column as standards, namely conalbumin (75 kDa), carbonic anhydrase (29 152 

kDa) and aprotinin (6.5 kDa) (Sup Figure S1). Once the retention parameters were determined, 153 

the r3CL-pro, at 1 mg/mL in PBS, was added to the column for purification. Aliquots of 200 154 
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µL of the sample were collected and stored at 4°C for further analysis using an activity assay 155 

(see below). 156 

 157 

Fluorogenic assay to assess the enzymatic activity of the recombinant 3CL-pro 158 

The enzymatic activity of the recombinant r3CL-pro purified by affinity chromatography and 159 

of the different fractions produced by gel filtration were verified using a fluorogenic assay 160 

using the substrate LGSAVLQ-rhodamine 110-dp (BostonBiochem). Unless highlighted, all 161 

the screening assays were performed at 37°C, in a 100 µL reaction volume Hepes buffer (20 162 

mM Hepes, 2 mM EDTA, pH 7.4). Initially, the reaction buffer was mixed with either of the 163 

recombinant proteins, r3CL-pro (500 nM), rRBD (500 nM) or r3CLpro-RBD chimer (500 nM), 164 

and incubated for 5 min at room temperature. The fluorogenic substrate (20 µM) was added to 165 

the wells and the proteolytic activity was measured at 37°C, over 1 h, as relative fluorescent 166 

units (RFU) in a PolarStar Omega Spectrophotometer (BMG LabTech). All assays were carried 167 

out in triplicate. Commercial broad-spectrum protease inhibitors, namely serine protease 168 

inhibitors AEBSF (5 mM; Sigma-Aldrich) and Futhan-175 (FUT-175, 200 µM; BD-169 

Pharmingen-Bioscience), and the cysteine protease inhibitor E-64 (200 µM; Sigma-Aldrich), 170 

were added to the reaction, individually, for further characterization of the proteolytic activity 171 

of the recombinant r3CL-pro.  172 

 173 

Assessment of the immunogenicity of the r3CL-pro, the rRBD and the chimeric r3CLpro-174 

RBD 175 

Seven weeks-old male and female CD1 outbred mice were used to assess the immunogenicity 176 

of the recombinantly-produced proteins according to the schedule shown in Figure 2. All 177 

animal experimental procedures were carried out by Eurogentec, BE, as follows: Group 1, 178 

adjuvant control group (Montanide ISA 206VG, Seppic) (n= 9); Group 2, r3CLpro-RBD 179 

chimer (15 µg) formulated in the Montanide adjuvant (1:1 v/v) (n=10); Group 3, r3CL-pro (15 180 

µg) formulated in the Montanide adjuvant (1:1 v/v) (n=7); Group 4, rRBD (15 µg) formulated 181 

in the Montanide adjuvant (1:1 v/v) (n=7); Group 5, r3CL-pro + rRBD (7.5 µg of each) 182 

formulated in the Montanide adjuvant (1:1 v/v) (n=7).  183 

 184 

ELISA to assess antibodies against the recombinant SARS-CoV-2 proteins in serum of 185 

vaccinated humans  186 



7 
 

Flat-bottom 96 well microtitre plates (Nunc MaxiSorp, Biolegend) were coated with r3CL-pro, 187 

r3CLpro-RBD chimer, rRBD or cmRBD as described above. After incubation in blocking 188 

buffer (2% BSA in PBS 0.05% Tween-20 (v/v), pH 7.4, PBST) and washing steps, pooled 189 

serum samples from (a) 10 vaccinated individuals (collected at least 10 days after the second 190 

dose Pfizer/BioNTech (BNT162b2) vaccine), or from 10 negative controls individuals 191 

(samples from the Irish Blood Transfusion Service obtained before COVID-19 pandemic) were 192 

diluted 1:100 in blocking buffer and added to the plate. After 1 h incubation at room 193 

temperature (RT), and washing five times with PBST, the secondary antibody HRP anti-194 

Human IgG (Fc specific) (Sigma-Aldrich) was added (1:15,000), and the plates incubated for 195 

1 h at RT. After washing five times, TMB (3,3′,5,5′-Tetramethylbenzidine Liquid Substrate 196 

Supersensitive, Sigma-Aldrich)  substrate was added to each well. Following a three-minute 197 

incubation the reaction was stopped with 2 N sulphuric acid and plates read at 450 nm in a 198 

PolarStar Omega Spectrophotometer. All samples were analysed in triplicate.  199 

 200 

Analysis of the immune response of mice to the recombinant 3CL-pro and r3CLpro-RBD 201 

chimer by ELISA.  202 

The antibody response of individual mouse serum at day 0 and day 35 (Figure 2) was assessed 203 

by ELISA using r3CL-pro and r3CLpro-RBD chimer as antigens. Flat-bottom 96 well 204 

microtitre plates (Nunc MaxiSorp, Biolegend) were coated overnight at 4ºC with either r3CL-205 

pro (2 µg/mL) or r3CLpro-RBD chimer (2 µg/mL) diluted in carbonate buffer (pH 9.6). After 206 

incubation in blocking buffer (2% BSA in PBS-0.05% Tween-20 (v/v), pH 7.4; PBST) and 207 

washing steps, mice serum diluted 1:100 in blocking buffer was added to the antigen-coated 208 

wells and incubated for 1 hr at RT. After washing five times with PBST, the secondary antibody 209 

HRP goat to mouse-anti-IgG (ThermoFisher Scientific) was added (1:10,000), and the plates 210 

incubated for 1 h at RT. After washing five times, TMB substrate was added to each well. 211 

Following a three-minute incubation the reaction was stopped with 2 N sulphuric acid and 212 

plates read at 450 nm in a PolarStar Omega Spectrophotometer. All samples were analysed in 213 

triplicates.  214 

 215 

 216 

RESULTS 217 

Production of SARS-CoV-2 recombinant proteins in E. coli 218 
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The 3C-like protease (r3CL-pro) was readily produced as a recombinant protein in E. coli; 219 

analysis of bacterial lysate showed that it was a prominent protein that separated into the 220 

soluble fraction making it easy to isolate by affinity chromatography. The purified protein 221 

resolved at the expected molecular size of ~34 kDa, as a highly soluble protein, and our 222 

purification yielded 5.3 mg enzyme per litre of bacterial culture (Figure 3A).  223 

By marked contrast, we found that rRBD did not extract with the solubilisation buffers 224 

used but remained in the insoluble pellet, presumably in inclusion bodies. Accordingly, we 225 

employed an alternative means of solubilisation that included the chaotropic detergent sodium 226 

dodecyl sulphate (SDS) in the buffer, which proved successful in extracting the protein from 227 

the pellet [18, 19]. After this extraction procedure, the recombinant RBD could be isolated by 228 

NTA-affinity chromatography (Figure 3B). The purified ~29 kDa protein remained soluble 229 

after dialysis against PBS containing 0,05% sarkosyl to remove the SDS detergent. This yielded 230 

~1.5 mg of protein per litre of bacterial culture. 231 

By expressing the 3CL-pro and RBD proteins as a chimer (Figure 1), 3CLpro-RBD 232 

(~60 kDa), we found that the recombinant protein exhibits intermediate solubility to the protein 233 

expressed alone and, therefore, we were able to purify the chimer using the same automated 234 

protocol adopted with the r3CL-pro. It provided a yield of ~1.2 mg per litre of bacterial culture 235 

(Figure 3B).  236 

Further confirmation that we had purified the targeted proteins was obtained by western 237 

blot analysis, where we probed the purified proteins with antibody to the His-tag present on all 238 

three recombinant proteins (Figure 3C). 239 

 240 

Recombinant 3CL-pro of SARS-CoV-2 is functionally active in dimeric form, while the 241 

chimeric protein does not exhibit activity  242 

Once we successfully produced a soluble recombinant 3CL-pro, we proceeded to check its 243 

proteolytic activity using an appropriate substrate. Since the cleavage site of 3CL-pro is highly 244 

unique the commercially available LGSAVLQ-rhodamine 110-dp substrate could be utilized 245 

to specifically assay the activity of the recombinant enzyme. The assay revealed that our 246 

recombinant enzyme is a functionally active protease at 37°C in neutral pH (Figure 4). 247 

Unexpectedly, however, despite 3CL-pro being described as a cysteine protease, we found that 248 

the enzyme was not inhibited by the cysteine proteases inhibitors such as E-64, but was 249 

susceptible to two broad-spectrum serine protease inhibitors, AEBSF and Futhan-175; the 250 



9 
 

enzyme was completely inhibited by these latter compounds at concentrations of 5 mM and 251 

200 µM, respectively (Figure 4).  252 

Using gel filtration to further purify the functionally active recombinant r3CL-pro we 253 

were able to determine the presence of a mixture of dimers and oligomers within the product 254 

purified by affinity chromatography (Peak 1 and 2, respectively; Figure 5). The importance of 255 

the dimerization for proteolytic activity of the r3CL-pro was determined by assaying the 256 

individual fractions within the two main protein peaks detected during purification. Our data 257 

revealed that the r3CL-pro is only functionally active when in its dimeric form, which 258 

represents the predominant peak in the chromatogram obtained (Figure 5). 259 

In order to examine if the expression of the 3CL-pro in a chimeric format with the RBD, 260 

3CLpro-RBD chimer, had an effect on its proteolytic activity, we also assayed the activity of 261 

the recombinant chimeric protein and rRBD produced. Neither protein exhibited enzymatic 262 

activity when assayed in the same conditions used with the r3CL-pro (Figure 4). 263 

 264 

Antibodies in serum of naturally infected and vaccinated individuals recognize r3CLpro-265 

RBD chimeric protein. 266 

In order to determine if our recombinant SARS-CoV-2 proteins had common epitopes with 267 

those present in the virus or with the viral proteins expressed upon vaccination, we performed 268 

ELISA tests with sera from vaccinated humans using our recombinant proteins r3CL-pro, 269 

r3CLpro-RBD chimer and rRBD as target antigens. In parallel, we used the commercial RBD 270 

recombinantly produced in mammalian cells (cmRBD), which is commonly used in 271 

immunological and functional assays [20]. Our results show that, when compared to negative 272 

control samples, sera from vaccinated individuals contain antibodies that recognise the 273 

r3CLpro-RBD chimer. These individuals also recognized the rRBD, albeit with lower intensity 274 

(Figure 6). Surprisingly, a discrete antibody response against the r3CL-pro was also observed 275 

with the vaccinated group (Figure 6). In addition, comparing the antibody response of 276 

individuals naturally infected using nucleocapsidic (Npro) and S2Frag proteins as target 277 

antigens in parallel, we verified that 50% of the individuals analysed mounted a significant 278 

antibody response to 3CL-pro (Supplementary Fig S2). 279 

 280 

r3CL-pro and r3CLpro-RBD chimer induce antibody response in vaccinated mice. 281 
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In order to assess and compare the immunogenicity of the r3CL-pro and r3CLpro-RBD chimer, 282 

we immunized outbred CD1 mice with each protein in a regime similar to that initially 283 

recommended for the available COVID-19 vaccines (i.e., initially the recommendation for 284 

Pfizer and Oxford vaccines was 2 doses administered 3 weeks a part, Figure 2) [8, 9]. Groups 285 

of CD1 mice were immunized with each of the proteins (15 µg) or with adjuvant Montanide 286 

ISA 206VG alone, as base-line controls, which was used to formulate the preparations with the 287 

recombinant proteins. Pre-immune (Day 0) and immune sera (Day 35) of each animal was 288 

assessed for antibodies using ELISA tests.  289 

Our ELISA results show that those animals immunized with adjuvant alone did not react to any 290 

recombinant protein (Figure 7). Mice immunized with r3CL-pro responded with high levels of 291 

antibodies against the r3CL-pro but their antibodies did not bind well to the r3CLpro-RBD 292 

chimeric (Figure 7A and B). Conversely, mice immunized with the r3CLpro-RBD chimeric 293 

produced with antibodies that bound to the chimeric protein in ELISA, but elicited a low level 294 

response to the r3CL-pro (Figure 7A). 295 

 296 

 297 

DISCUSSION 298 

The 3C-like protease is regarded as a prime target for therapeutic drug treatment of 299 

COVID-19 due to its unique specificity for cleaving peptide bonds that are absent in human 300 

proteins [14, 21, 22]. This protease plays a central role during viral replication, being 301 

responsible for the cleavage of 11 sites within the polyprotein 1ab, ultimately releasing 13 non‐302 

structural proteins involved in SARS-CoV-2 replication inside the host’s cells [23, 24]. Such 303 

activity is associated with the ability of this protease to recognize and cleave the unique peptide 304 

sequence Leu/Phe/Met-Gln ↓ Gly/Ser/Ala (↓ denotes the cleavage site). We were able to 305 

demonstrate that the r3CL-pro produced in the present study using bacterial expression systems 306 

has the same requirement for proteolytic activity, including for a glutamine (Gln) at the P1 307 

position, as the recombinant enzyme was able to cleave specifically the LGSAVLQ-Rh110 308 

substrate. Since 3CL-pro is reported to be functionally active as a dimer [25, 26], we further 309 

investigated its molecular state using size-exclusion chromatography and determined that the 310 

purified product was dominated by r3CL-pro dimers. Together with the results of the activity 311 

assays, our data indicate that the production of this enzyme in the E. coli system employed here 312 

allowed for protein fold and dimerization similar to that of the native form. The unexpected 313 

inhibition of this protease by broad-spectrum serine protease inhibitors, but not by cysteine 314 
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protease inhibitors, does not support the claim that this protease is a cysteine peptidase, but is 315 

more in keeping with the reported chymotrypsin-like protease activity of 3CL-pro [10, 27]. 316 

Perhaps this observation could be exploited in anti-3CL-pro novel drug designing. 317 

In our previous study aimed at improving COVID-19 diagnostics [18] by using the 318 

Npro and S2Frag proteins as parallel target antigens on ELISA tests, we also evaluated the 319 

antibody response of individuals naturally infected with SARS-CoV-2 against the r3CL-pro. 320 

Our data showed that, although higher antibodies titres are generated against Npro and S2frag, 321 

50% of the individuals analysed had significant levels  of antibodies against 3CL-pro, 322 

indicating that this protease is naturally immunogenic during COVID-19 infection 323 

(Supplementary Fig S2). As expected, individuals vaccinated against COVID-19 with the 324 

currently available vaccines do not raise a significant antibody response against 3CLpro 325 

(Figure 6). Nonetheless, in the present study, we demonstrated that the recombinant version of 326 

this protein is immunogenic and induces a strong and specific antibody response in mice. 327 

Together, this data indicates the potential application of the 3CL-pro as a vaccine target against 328 

COVID-19. Inducing antibodies to the 3CL-pro could provide broader antibody and cellular 329 

immunity to individuals and thus induce a stronger protection against SARS-CoV-2 infection 330 

[15, 16].  331 

Given the difficulty in producing recombinant soluble SARS-CoV-2 proteins in 332 

prokaryotic systems [18, 28, 29], we considered that the highly soluble 3CL-pro could serve as 333 

a carrier protein to produce and deliver RBD. Thus, we designed a construct to generate a 334 

recombinant chimeric protein, 3CLpro-RBD. The two proteins were linked using a GP-linker 335 

that allows separation and flexibility between them, so that each molecule is stable and can 336 

function separately. This approach improved the solubility and production of the RBD. 337 

However, we observed that the functional activity of the r3CL-pro chimeric was lost, likely 338 

due to incorrect protease folding or the inability of the 3CL-pro to form dimers when linked to 339 

the RBD.  340 

Surprisingly, our ELISA tests revealed that CD1 mice immunized with the chimeric 341 

protein developed antibodies against the 3CL-pro portion of the antigen, but not to the RBD 342 

part. Nonetheless, antibodies in serum from individuals fully-vaccinated against COVID-19 343 

recognized the chimeric protein more efficiently than the rRBD alone, indicating that the 344 

presentation of the RBD is improved when produced in the chimeric format. Furthermore, the 345 

ability of vaccinated individuals to recognise the commercial RBD produced in mammalian 346 

cells (cmRBD), but not our rRBD produced in E. coli cells, suggests that glycosylated epitopes 347 
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are important in antibody recognition.  Based on current data, antibodies that bind to the RBD 348 

can neutralize the SARS-CoV-2 virus by preventing it binding to ACE2 receptors and 349 

consequent host cells invasion and infection [22, 30-32]. A chimeric protein carrying the RBD 350 

certainly could help to circumvent the low cellular immunogenicity problem faced with 351 

vaccines, and the combination of RBD with more immunogenic molecules has been 352 

demonstrated to be a useful strategy to create alternative vaccine targets to fight COVID-19 353 

[28, 29, 33]. This is the first time that another SARS-CoV-2 molecule, and specifically the 354 

3CL-pro, has been considered as an option to fuse with the antigenic RBD, which could 355 

represent a future strategy to develop COVID-19 vaccine targets, as the 3CL-pro could have a 356 

superior ability to induce long-term neutralizing antibody responses, as well as potent cellular 357 

immunity, and also overcome the problems with the SARS-CoV-2 variants that are mainly 358 

associated high plasticity of the Spike protein [34-36]. The concept of chimerization of SARS-359 

CoV-2 molecules that we introduced in this study might open new avenues on the discovery of 360 

drug and vaccine targets to fight COVID-19.  361 

 362 

 363 

CONCLUSIONS 364 

Here we present a straightforward, efficient and cheap method to express and purify a 365 

highly soluble and functional 3C-like protease, which is regarded as a main drug target at which 366 

to develop therapies against SARS-CoV-2 infection. The enzyme could be useful in the 367 

development of high-throughput assays for the screening and isolation of new anti-COVID-19 368 

compounds. In addition, given its solubility and potential for triggering a cellular immune 369 

response to fight infection, we introduced the idea of using the 3CL-pro as a carrier to other 370 

SARS-CoV-2 proteins, in this case RBD, to improve their expression and delivery as potential 371 

vaccines. Co-expressing 3CL-pro and RBD in a chimeric format resulted in loss of the 3CL-372 

pro activity (likely due to the inability of the enzyme domain to dimerise), but enhanced the 373 

solubility of the RBD expressed alone, and improved its antigenic properties. Chimeric proteins 374 

containing the 3CL-pro could represent a new approach to engender next generation protein-375 

subunit COVID-19 vaccine candidates. 376 

 377 
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 479 

 480 

LEGENDS FOR FIGURES 481 

Figure 1. Primary sequence of the SARS-CoV-2 proteins and schematic representation 482 

of the 3CLpro-RBD chimeric protein structure. A: The amino acid sequence of the SARS-483 

CoV-2 3C-like protease (3CL-pro) used for recombinant expression in Escherichia coli. B: The 484 

amino acid sequence of the receptor binding domain (RBD) (residues 319-542 of the full 485 

SARS-CoV-2 Spike protein). C: Schematic representation of the 3CLpro-RBD chimeric 486 

protein structure showing the unique GP linker. SARS-CoV-2 proteins, 3CL-pro and the RBD 487 

are linked by a GP triplet (Glycine, G, and Proline, P), allowing their expression as a stable 488 

chimeric protein. Thr: Thrombin cleavage site; 6His: Histidine tag added to the protein C-489 

terminal. 490 

 491 

 492 

Figure 2. Graphical schematic showing the schedule for the immunization of CD1 493 

outbred mice using the recombinant SARS-CoV-2 proteins. Red arrows indicate when the 494 

mice were immunized with adjuvant alone or with the recombinant 3CL-pro and 3CLpro-RBD 495 

chimer. Blue arrow indicates the end of the experiment and when the final bleeding was taken. 496 
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 497 

 498 

Figure 3. Recombinant expression of the SARS-CoV-2 proteins, 3C-like protease, 499 

receptor binding domain (RBD), and 3CLpro-RBD chimer. A: Purification of recombinant 500 

3C-like protease. The supernatant after bacterial pellet digestion (1); proteins that did not bind 501 

to the column in the run through (2); proteins in the wash (3); purified and dialysed recombinant 502 

protein (3CL-pro). B: The proteins were recombinantly expressed in the prokaryotic expression 503 

system, E. coli, purified and resolved in SDS-PAGE at the expected respective molecular size: 504 

RBD, ~29 kDa; 3CL-pro, ~34 kDa; 3Cpro-RBD chimer, ~60 kDa. C: Western blot of the 505 

recombinant proteins probed with the monoclonal anti-6Histidine tag antibody. M: Molecular 506 

weight in kilodaltons. 507 

 508 

 509 

Figure 4. Enzymatic activity of the SARS-CoV-2 recombinant proteins. The enzymatic 510 

activity of the r3C-Like protease (r3CL-pro, 500 nM) was tested with or without various broad-511 

spectrum protease inhibitor, namely the serine protease inhibitors AEBSF (5 mM) and Futhan-512 

175 (FUT-175, 200 µM), and the cysteine protease inhibitor E-64 (200 µM). The activity of 513 

the r3CLpro-RBD chimer (500 nM) and of the receptor biding domain (rRBD; 500 µM) was 514 

assessed in parallel using the same substrate, LGSAVLQ-Rh110 (20 µM). Enzymatic activity 515 

presented as relative fluorescence units (RFU) at 485-535 nm. Error bars indicate standard 516 

deviation of three separate experiments. 517 
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 518 

 519 

Figure 5. Gel filtration chromatography of the recombinant 3CL-pro. The chromatogram 520 

of the purification of the r3CL-pro by gel filtration. Peak 1 (light blue), appeared at 11.918 mL 521 

was calculated to represent a protein of ~ 60.9 kDa, while the Peak 2 (light blue), at 12.74 mL, 522 

represents a protein of ~ 42 kDa, which indicates the presence of 3CL-pro as a dimer and a 523 

oligomer, respectively (for the protein standards data see Supplementary Figure S1). The 524 

enzymatic activity of each fraction within the peaks (n = 17, in red) was determined in relation 525 

to the activity detected with the r3CL-pro purified only by affinity chromatography. In yellow, 526 

the three fractions where enzymatic activity was detected. Black arrows indicate the retention 527 

(mL) for the standards conalbumin (11.37) and carbonic anhydrase (13.50). The complete 528 

chromatogram for the standards is presented in the Supplementary Fig S2. 529 

 530 

 531 
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Figure 6. Immune recognition of the recombinant SARS-CoV-2 proteins by antibodies in 532 

sera from COVID-19 fully-vaccinated individuals. ELISA tests were performed to assess 533 

the presence antibodies in serum of negative control individuals (NC) or COVID-19-vaccinated 534 

individuals that bind r3CL-pro, r3CLpro-RBD chimer, rRBD or commercial RBD (cmRBD). 535 

Results presented as the mean and standard deviation of OD 450 nm values of all the 536 

individuals of the group.  537 

 538 

 539 

Figure 7. Evaluation of the antibody response induced by the recombinant 3CL-pro and 540 

3CLpro-RBD chimer proteins in CD1 outbred mice. Groups of CD1 outbred mice were 541 

immunized with either r3CL-pro, r3CLpro-RBD chimer or Adjuvant only and evaluated for 542 

specific antibodies using ELISA tests. A: ELISA using r3CL-pro as target antigen; B: ELISA 543 

using r3CLpro-RBD chimer as target antigen to assess specificity immune response stimulated. 544 

Results presented as the mean and standard deviation of OD 450 nm values of all the animals 545 

of the group. 546 
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SUPPLEMENTARY MATERIAL 549 

 550 

  551 

 552 

Supplementary Figure S1. Protein standards optimization for size exclusion chromatography. 553 

 554 

 555 

 556 

 557 

 558 

 559 

 560 
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 565 

 566 

Supplementary Figure S2. Antibody response of individuals naturally infected with 567 

SARS-CoV-2 to the 3C-like protease. IgG antibodies against the r3C-like protease were 568 

detected in sera from 42 individuals confirmed positive for SARS-CoV-2 infection by RT-569 

PCR. (A) Sera from the RT-PCR positive SARS-CoV-2 patients were tested for antibodies 570 

against 3C-like protease and compared to their antibodies levels against the Nucleoprotein 571 

(Npro). (A) Sera from the RT-PCR positive SARS-CoV-2 patients were tested for antibodies 572 

against 3C-like protease and compared to their antibodies levels against the Subunit 2 of the 573 

Spike protein (S2Frag). ELISA antibody tests developed in our previous study (De Marco 574 

Verissimo et al., 2021).  sera were negative for antibodies against both Npro and S2frag by 575 

ELISA but positive for 3C-like protease; sera were negative for antibodies against any of the 576 

viral antigens tested; ● sera were positive for antibodies against Npro or S2frag by ELISA and 577 

for antibodies against 3C-like protease; sera were positive for antibodies against Npro or 578 

S2frag by ELISA but not for antibodies against 3C-like protease. Individual ELISA results are 579 

presented as Optical density (OD 450 nm) divided by the calculated cut-off (CO) to each 580 

ELISA test developed (considering the negative control group). The cut-off value for each 581 

antigen is indicated by the dotted line. 582 
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