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ABSTRACT 22 

Coronaviruses are a class of single-stranded, positive-sense RNA viruses that have caused three 23 

notable outbreaks over the past two decades: Middle East respiratory syndrome–related 24 

coronavirus (MERS-CoV), severe acute respiratory syndrome coronavirus (SARS-CoV), and 25 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). All outbreaks have been 26 

associated with significant morbidity and mortality. In this study, we hypothesized that conserved 27 

binding sites in the key coronavirus proteins can be explored for the development of broad-28 

spectrum direct acting anti-coronaviral compounds, identified such conserved binding site residues 29 

across coronaviruses, and validated our hypotheses with existing experimental data. We have 30 

identified four coronaviral proteins with highly conserved binding site sequence and 3D structure 31 

similarity: PLpro, Mpro, nsp10-nsp16 complex(methyltransferase), and nsp15 endoribonuclease. We 32 

have compiled all available experimental data for known antiviral medications inhibiting these 33 

targets and identified compounds active against multiple coronaviruses. The identified compounds 34 

representing potential broad-spectrum antivirals include: GC376, which is active against six viral 35 

Mpro (out of six tested, as described in research literature); mycophenolic acid, which is active 36 

against four viral PLpro (out of four); and emetine, which is active against four viral RdRp (out of 37 

four). The approach described in this study for coronaviruses, which combines the assessment of 38 

sequence and structure conservation across a viral family with the analysis of accessible chemical 39 

structure – antiviral activity data, can be explored for the development of broad-spectrum drugs 40 

for multiple viral families.  41 

  42 
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INTRODUCTION 43 

Coronaviruses are a class of single stranded, positive-sense RNA viruses that have caused 44 

significant morbidity and mortality in recent years. Coronaviruses of the genus 45 

Alphacoronaviridae, which contains some of the common cold coronaviruses, and 46 

Betacoronaviridae, which contains the three well-known coronaviruses MERS-CoV, SARS-CoV, 47 

and SARS-CoV-2, have been isolated from wildlife such as bats, palm civets, and camels.1,2 The 48 

alphacoronaviruses HCoV-NL63 and HCoV-229E and the betacoronaviruses HCoV-OC43 and 49 

HCoV-HKU1 are the endemic human coronaviruses that typically result in the common cold.2 50 

These viruses usually cause only mild respiratory illness, but can result in more severe disease in 51 

immunocompromised individuals, the elderly, and infants.2 A third genus, including porcine delta-52 

coronavirus holds zoonotic potential, as strains have recently been identified in plasma samples of 53 

three Haitian children.3  54 

The noted potential for zoonotic transmission and the emergence of novel coronaviruses 55 

creates an urgent need to rapidly develop new broad-spectrum antiviral therapies in addition to 56 

those that currently circulate, e.g., SARS-CoV-2.4,5 In the previous MERS-CoV and SARS-CoV 57 

outbreaks, the fatality rates were 35% and 10%, respectively, but the number of infected 58 

individuals was relatively low with 2,574 and 8,422 cases, respectively.6,7 A striking deviation 59 

from this pattern has been observed for SARS-CoV-2, which, since December 2019 and as of 60 

March, 2022, has infected over 450 million people and killed over 6 million people globally.8–10 61 

As the pandemic continues ravaging the world, its effects on society, poverty, the environment, 62 

and the economy grow.11,12 Despite the desperate need for therapies, there are currently no 63 

approved drugs to treat any of these coronaviruses, though several including tocilizumab, 64 

sotrovimab, bamlanivimab, etesevimab, casirivimab, imdevimab, and baricitinib have been 65 
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approved through Emergency Use Authorization (EUA) by the FDA during the COVID-19 66 

pandemic.13 67 

Through extensive research into the mechanisms of coronavirus replication and function, 68 

scientists have begun to discern important nuances concerning coronaviruses. One such variation 69 

is that the host receptors for coronaviruses can differ even between genera. For instance, in the 70 

genus Betacoronavirus, MERS-CoV uses dipeptidyl peptidase-4 (DPP4) for host cell entry 71 

whereas SARS-CoV and SARS-CoV-2 use the angiotensin-converting enzyme 2 (ACE2) as their 72 

host receptor.14 After binding, the spike (S) protein on the outside of the coronavirus virion must 73 

be primed by host cell proteases to catalyze a conformational change that will enable its fusogenic 74 

activity, thus permitting the virus to enter the host cell cytosol. This priming is typically 75 

accomplished by transmembrane serine protease 2 (TMPRSS2), cathepsin L, or some other 76 

cellular protease.14,15 Next, the two polyproteins, pp1a and pp1ab, must be translated from the 77 

virion genomic RNA. These two polyproteins are cleaved by viral proteases to produce the 16 non-78 

structural proteins (nsps) essential for the replication of the coronavirus.16 This complex shares a 79 

conserved S-adenosyl methionine (SAM)-binding pocket between SARS-CoV, MERS-CoV, and 80 

SARS-CoV-2.17 The replicase-transcriptase complex (RTC) is composed of many of these nsps. 81 

Mature virions can be formed after the viral genomic RNA buds into membranes of the 82 

endoplasmic reticulum–Golgi intermediate compartment containing the viral structural proteins, 83 

S, E, and M.16,18 84 

The nsps that constitute the RTC are tractable drug targets for coronaviruses, e.g., nsp12, 85 

which encodes the RNA-dependent RNA polymerase (RdRp) domain responsible for replicating 86 

viral RNA. Remdesivir, a nucleoside analog that has been approved by the FDA through an EUA, 87 

has a mechanism of action that works through the inhibition of RdRp.19 Encoded by nsp15, the 88 
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RNA endonuclease (NendoU) is conserved among Nidovirales, the virus order containing 89 

coronaviruses. The nsp10-nsp16 complex (ribose-2’-O-methyltransferase) has been implicated in 90 

modulating the actions of NendoU, though much is still unknown about how coronaviruses 91 

regulate the RNA cleavage activity of this protein.20 Due to its unique conservation among 92 

coronaviruses, NendoU is a unique target for broad-spectrum, coronavirus-specific antiviral drug 93 

development. The drug Tipiracil, which is used to treat colorectal cancer, was recently shown to 94 

bind within the NendoU active site and modestly inhibit SARS-CoV-2 replication in whole cell 95 

assays.21 Tipiracil was not tested against other viruses, so it remains unknown whether it has broad-96 

spectrum activity. The nsp10-nsp16 complex principally functions to cap viral mRNAs, thereby 97 

protecting them from host innate immune responses. Though it has been noted that, most likely, 98 

the interface could not be targeted by small-molecule drugs due to its large area and complex 99 

network of molecular interactions, in 2020 the SARS-CoV-2 nsp10-nsp16 complex bound to a 100 

pan-methyltransferase inhibitor sinefungin was crystallized.22   Other viral nsps that show promise 101 

as antiviral drug targets are the two proteases of coronaviruses, the papain-like protease (PLpro) 102 

and the main protease (Mpro), which work to cleave transcribed polyproteins into 16 nsps with 103 

distinct functions.16,23  104 

Given the high potential of recurrent coronavirus outbreaks, the development of broad-105 

spectrum antivirals is crucial to control both the present and future coronavirus epidemics.24 A 106 

database containing all known broad-spectrum antiviral compounds has been compiled at 107 

https://drugvirus.info/.25  Several compounds have demonstrated broad-spectrum antiviral activity 108 

against Human Immunodeficiency Virus (HIV), Hepatitis C virus (HCV), and influenza viruses.26 109 

Compounds such as umifenovir, a viral fusion inhibitor, and nitazoxanide, a pyruvate ferredoxin 110 

oxidoreductase enzyme inhibitor, have been and continue to be used against influenza viruses as 111 

https://drugvirus.info/
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well as other viral respiratory illness.27,28 Other compounds are in development and trials, such as 112 

GS-5734 (also known as remdesivir), a non-toxic and potent broad-spectrum antiviral against 113 

endemic and zoonotic coronaviruses. This compound was found effective against SARS-CoV and 114 

MERS-CoV in vitro as well as against bat CoVs, pre-pandemic bat CoVs, and circulating 115 

contemporary human CoVs in primary human lung cells.2 7  116 

 Amino acid residues constituting active sites of enzymes, especially crucial catalytic 117 

residues, have a tendency to be highly conserved over evolutionary time.30 A radical change in 118 

those sites would likely confer a change in functionality, reducing the fitness of the virus. Thus, 119 

the analysis of specific binding sites with a more focused consideration of individual proteins 120 

conserved in (beta)coronaviruses may help guiding broad-spectrum antiviral discovery.31,32  121 

 In this study, we have investigated whether homologous coronavirus proteins could be 122 

exploited as targets for the development of broad-spectrum anti-coronaviral compounds. To this 123 

end, we have analyzed the sequence similarity for all available coronavirus proteins. In addition, 124 

we also analyzed binding site similarities for four homologous coronavirus proteins with known 125 

3D structures deposited in the Protein Data Bank (PDB) including Papain-Like Protease (PLpro), 126 

Main Protease (Mpro), Methyltransferase (nsp10-nsp16), and Endoribonuclease (NendoU). Below 127 

we review the current data about the sequence and structure conservation of these proteins across 128 

coronaviruses as well as about molecules that have been tested for the activity against these 129 

proteins. We provide a perspective on how the conservation analysis of viral proteins’ sequence 130 

and structure could support the discovery of broad-spectrum antivirals in response to future 131 

coronavirus epidemics.  132 

 133 

 134 
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METHODS  135 

Comparison of homologous coronavirus protein ligand binding sites 136 

We analyzed the similarity between SARS-CoV-2 proteins and their related counterparts 137 

from other coronaviruses, focusing specially on the comparison of ligand binding sites. SARS-138 

CoV-2 proteins were chosen as the reference and query sequences for each search. The general 139 

binding site comparison workflow is presented in Figure 1. The details of the analysis are 140 

described in the following sections. 141 

 142 

Figure 1. General workflow of the protein binding sites comparison. The ENDscript server 143 

(https://endscript.ibcp.fr/ESPript/ENDscript/) was employed; it is publicly accessible tool for 144 

multiple sequence alignment of proteins homologous to the query, alignment of their 145 

corresponding crystal structures, and coloring the query structure according to residue 146 

conservation.33. 147 

 148 

Protein selection and collection 149 

Coronavirus proteins were selected based on the availability of their crystal structures in 150 

Protein Data Bank (PDB, http://www.rcsb.org/).34 The primary sequence of each protein was 151 

obtained from UniProt.35 Furthermore, since we focused on binding site comparisons, proteins 152 

with co-crystallized ligands were prioritized, namely, papain-like protease (PLpro), main protease 153 

https://endscript.ibcp.fr/ESPript/ENDscript/
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(Mpro), nsp10-nsp16 (methyltransferase), endoribonuclease (NendoU), and RNA-dependent RNA 154 

polymerase (RdRP).  The list of all selected proteins including their UniProt IDs and PDB codes 155 

can be found in Supplemental Tables S2-S3. 156 

 157 

Homolog search and structural alignment  158 

To speed up the analysis and visualization of the primary sequence alignments, homology 159 

searches, and 3D binding site alignments we used the ENDscript server.33 This publicly accessible 160 

server (https://endscript.ibcp.fr/ESPript/ENDscript/) was used to execute the following steps. 1) 161 

Primary sequence alignment, using the Basic Local Alignment Search Tool (BLAST)36 of a given 162 

SARS-CoV-2 protein against the PDBAA database37 containing all primary sequences 163 

corresponding to all entries in PDB. It is important to highlight that all homologous proteins 164 

identified at this stage would not necessarily cover all possible existing homologs because the 165 

search was limited to the set of primary sequences with available structures in PDB (PDBAA). 2) 166 

The structures of all homologs identified in the previous step were then extracted from PDB and 167 

subsequently aligned both to each other and with the respective query SARS-CoV-2 protein. To 168 

avoid overestimation of residue conservation due to replicate entries of the same protein from the 169 

same viral species, only one representative crystal structure was considered for each protein. We 170 

prioritized the structure with a co-crystallized inhibitor for comparison of the protein’s ligand 171 

binding sites in an inactive conformation. In the absence of a co-crystallized ligand, we chose the 172 

one with the  resolution. 3) A 3D structure of the query SARS-CoV-2 protein with a heat-map 173 

color-coded representation of residue conservation across homologous proteins was generated. In 174 

this study, the measure of conservation was based on the frequency of co-occurrence of residues 175 

across homologous proteins.  176 

https://endscript.ibcp.fr/ESPript/ENDscript/
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Binding site similarity  177 

We focused on the conservation of experimentally defined orthosteric ligand binding sites 178 

as having potential for antiviral drug development, although conservation of potential allosteric 179 

binding sites could also be analyzed in a similar manner in the future. For consistency, a binding 180 

site was defined as a collection of residues with at least one atom within 5Å distance from any 181 

atom of the co-crystallized inhibitor. 182 

 183 

Primary sequence comparison of remaining proteins 184 

Primary sequences of all 26 SARS-CoV-2 proteins, including 21 proteins with no co-185 

crystallized ligands, i.e., without experimentally defined binding sites and not included in the 186 

previous analysis, were used as queries for primary sequence comparisons against the “UniProtKB 187 

reference proteomes plus Swiss-Prot” using BLAST36 service available at Uniprot 188 

(https://www.uniprot.org/blast/). After the search, only homologous proteins flagged as “Swiss-189 

Prot reviewed”, i.e., those that passed through a quality inspection in Swiss-Prot, were selected. 190 

The resulting list of homologous proteins for each target was aligned in Clustal Omega 1.2.438 191 

available at (https://www.uniprot.org/align/). 192 

 193 

RESULTS AND DISCUSSION 194 

Binding site similarity 195 

Except for RdRp, all proteins with crystal structures containing co-crystallized inhibitors 196 

returned results after submission to the ENDscript server. Despite the detection of homologs of 197 

RdRp at the primary sequence level, the server did not achieve any acceptable (by internal metrics 198 

that are not visible to the user) 3D alignment. Thus, two limitations are prevalent: (i) the number 199 
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of existing homologous proteins and their level of binding site similarity presented in this section 200 

may not entirely reflect the real number of coronavirus homologous proteins because there are 201 

limited PDB structures available and (ii) many mutant proteins exist, and because one 202 

representative structure was chosen, this work does not reflect conservation amongst each possible 203 

mutant protein for these coronaviruses. The results of this analysis are discussed below for each 204 

query protein separately. 205 

 206 

Papain-Like Protease (PLpro) 207 

Eight homologous proteins of SARS-CoV-2 papain-like protease (PLpro) were identified (Table 208 

1). These proteins were found in coronaviruses from three different genera (Betacoronavirus, 209 

Gammacoronavirus, and Alphacoronavirus) associated with diverse hosts (human, mice, pigs, and 210 

birds). Based on primary sequence alignment, two homologous PLpro with the greatest sequence 211 

identity to the SARS-CoV-2 counterpart were derived from different strains of SARS-CoV and 212 

presented identities of 82.54 % and 82.22% (Table 1; Figure S1, Supporting Information). After 213 

alignment of their 3D structures, regions of high conservation (i.e., the same residue is present, in 214 

the same position, in all nine homologs) were identified in the binding site defined around the co-215 

crystallized peptide-like inhibitor VIR251(Figure 2A).39 In total, four residues in the binding site 216 

of PLpro from SARS-CoV-2, representing 19% of all residues in the binding site, were conserved 217 

in all homologous proteins (Table 1; Figure 2B). 218 

 219 

 220 

 221 

 222 
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Table 1. SARS-CoV-2 PLpro primary sequence identity and binding site residues conservation 223 

against all nine corresponding homologous proteins identified through ENDscript.33 224 

 225 

PDB 

ID 
Virus Genus Host 

Global primary 

sequence 

identity to 

SARS-CoV-2 

PLpro 

(%) 

SARS-CoV-2 

PLpro binding 

site residues 

conserved in all 

species 

6WX4  SARS-CoV-2 Betacoronavirus Human Used as query 

Asn110 

 Asp164 

 Tyr273 

Asp286 

(19% of all binding site 

residues) 

 

 

 

3E9S SARS-CoV Betacoronavirus Human 82.54 

4OVZ 
SARS-CoV  

(Urbani) 
Betacoronavirus Human 82.22 

4P16 
MERS-CoV  

(2c EMC/2012) 
Betacoronavirus Human 29.91 

4R3D 
MERS-CoV 

(England 1) 
Betacoronavirus Human 29.57 

4REZ 

MERS-CoV  

(2c Jordan-

N3/2012) 

Betacoronavirus Human 30.03 

4X2Z 

Avian 

Infectious 

Bronchitis 

Virus  

(Strain 

Beaudette) 

Gammacoronavirus Chicken 21.47 

4YPT 

Murine 

Hepatitis Virus  

(strain A59) 

Betacoronavirus Mouse 30.00 

6L5T 

Swine Acute 

Diarrhea 

Syndrome 

Coronavirus 

Alphacoronavirus Pig 20.77 

 226 
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 227 

Figure 2. (A) Color-coded depiction of residue conservation at the binding site of all identified 228 

SARS-CoV-2 PLpro homologous proteins. Regions in dark red represent residues with high co-229 

occurrence among homologous proteins (i.e., nine out of nine proteins share the same residue). 230 

Regions in light red represent residues with moderate co-occurrence (i.e., between 2-8 out of nine 231 

proteins share the same residue). Regions in white represent residues with no co-occurrence (i.e., 232 

the residue is present only in SARS-CoV-2). The protein structure used as template is the PLpro 233 

from SARS-CoV-2 (PDB ID: 6WX4) co-crystallized with the peptide-like inhibitor VIR251 (in 234 

green); (B) Binding site residues of SARS-CoV-2 PLpro conserved in all homologous proteins 235 

listed in Table 1. 236 

 237 

Main Protease (Mpro) 238 

We identified eleven homologous proteins of SARS-CoV-2 main protease (Mpro) (Table 239 

2). These proteins were derived from the same genera of coronavirus previously identified in the 240 

PLpro analysis, namely, Betacoronavirus, Gammacoronavirus, and Alphacoronavirus. The list of 241 

coronavirus species and associated hosts was also similar except for the Tylonycteris Bat 242 

Coronavirus HKU4, which is related to MERS-CoV.40 Regarding primary sequence comparison, 243 

the SARS-CoV Mpro presented the highest identity to the SARS-CoV-2 counterpart (96.1%) 244 

followed by MERS-CoV (50.7%) (Table 2; Figure S2, Supporting Information). Subsequently, 245 

the 3D structural alignment of all homologs revealed regions of high conservation in the binding 246 

site defined around the co-crystallized peptide-like inhibitor N3 (Figure 3A).41 In total, eight 247 
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residues in the binding site of Mpro from SARS-CoV-2, which correspond to 37.5% of all residues 248 

forming the binding site, were conserved in all homologous proteins (Table 2; Figure 3B). 249 

 250 

Table 2. SARS-CoV-2 Mpro primary sequence identity and binding site residues conservation 251 

against all twelve corresponding homologous proteins identified through ENDscript.33 252 

PDB 

ID 
Virus Genus Host 

Global primary 

sequence 

identity to 

SARS-CoV-2 

Mpro 

(%) 

SARS-CoV-2 

Mpro binding 

site residues 

conserved in all 

species 

6LU7  SARS-CoV-2 Betacoronavirus Human Used as query 

 

 

His41 

Arg40  

Leu27 

 Asp187 

 Cys145 

 Gln192 

 Leu167 

Glu166  

His163 

(37.5% of all 

binding site 

residues) 

 

 

 

1WOF SARS-CoV Betacoronavirus Human 96.08 

4RSP  MERS-CoV Betacoronavirus Human 50.65 

3D23 
HKU1  

(isolate N1) 
Betacoronavirus Human 49.17 

1P9S 229E Alphacoronavirus Human 39.47 

3TLO NL63 Alphacoronavirus Human 44.30 

2AMP 

Transmissible 

Gastroenteritis 

Virus 

Alphacoronavirus Pig 44.44 

4XFQ 

Porcine 

Epidemic 

diarrhea virus 

Alphacoronavirus Pig 44.77 

2YNA 

Tylonycteris 

Bat Coronavirus 

HKU4 

Betacoronavirus Bat 49.68 

2Q6D 

Avian 

Infectious 

Bronchitis 

Virus 

Gammacoronavirus Chicken 40.82 

4ZRO 

Feline 

Infectious 

Peritonitis Virus 

(strain 79-1146) 

Alphacoronavirus Cat 44.22 

6JIJ 

Murine 

Hepatitis Virus 

(strain A59) 

Betacoronavirus Mouse 50.33 

 253 
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 254 

Figure 3. (A) Color-coded depiction of residue conservation at the binding site of all identified 255 

SARS-CoV-2 Mpro homologous proteins. Regions in dark red represent residues with high co-256 

occurrence among homologous proteins (i.e., 12 out of 12 proteins share the same residue). 257 

Regions in light red represent residues with moderate co-occurrence (i.e., between 2-11 out of 12 258 

proteins share the same residue). Regions in white represent residues with no co-occurrence (i.e., 259 

the residue is present only in SARS-CoV-2). The protein structure used as template is the Mpro 260 

from SARS-CoV-2 (PDB ID: 6LU7) co-crystallized with the peptide-like inhibitor N3 (in green); 261 

(B) Binding site residues of SARS-CoV-2 Mpro conserved in all homologous proteins. 262 

 263 

nsp10-nsp16 (Methyltransferase) 264 

Only two homologous proteins of SARS-CoV-2 methyltransferase were identified in this 265 

study. These proteins correspond to the closely related SARS-CoV and MERS-CoV (strain 2c 266 

EMC/2012), both members of the Betacoronavirus genus that are known to infect humans and 267 

cause severe respiratory disease. The primary sequence alignment showed that SARS-CoV 268 

methyltransferase shares a high identity with its SARS-CoV-2 homolog (93.8%). The MERS-CoV 269 

homolog also shares a notable primary sequence identity with SARS-CoV-2 (66.3%) (Table 3; 270 

Figure S3, Supporting Information). Afterwards, the 3D structural alignment revealed a 271 

remarkable conservation in the binding site defined around the co-crystallized inhibitor sinefungin 272 
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(Figure 4A).42 Although the high conservation could possibly be attributed to the reduced number 273 

of proteins compared in this case, it is notable how those three betacoronaviruses have important 274 

matches in binding site compositions. In total, 17 residues in the binding site of methyltransferase 275 

from SARS-CoV-2, which correspond to 77.3 % of binding site composition, were conserved in 276 

all three homologous proteins (Table 3; Figure 4B). Lin et al., also compared their crystal structure 277 

of the SARS-CoV-2 nsp10/nsp16 2’-O-methylase structure (PDB: 7C2I, 7C2J) to both SARS-278 

CoV (PDB: 3R24) and MERS-CoV (PDB: 5YNM). While their analysis showed highly similar 279 

structures for SARS-CoV-2 and MERS-CoV, there were some differences observed in the RNA-280 

binding groove of SARS-CoV which the authors attribute to a possible artifact in the structure for 281 

this region. Although the crystal structure provided by Lin et al. was not used in this study, this 282 

comparison highlights the observed conservation of both the primary sequence and secondary 283 

structure between the coronaviruses nsp10-nsp16 proteins.17  284 

 285 

Table 3. SARS-CoV-2 methyltransferase primary sequence identity and binding site residues 286 

conservation against all corresponding homologous proteins identified through ENDscript.33 287 

 288 

PDB 

ID 
Virus Genus Host 

Global primary 

sequence 

identity to 

SARS-CoV-2 

methyltransfera

se 

(%) 

SARS-CoV-2 

Methyltransfer

ase binding site 

residues 

conserved in 

all species 

6WKQ  SARS-CoV-2 Betacoronavirus Human Used as query 
 

Lys844, Asn841, 

Asp873, Lys968, 

Asp928, Tyr845, 

His867, Asn899, 

Asp897, Ile926, 

Pro932, Leu898, 

Phe868, Met929, 

Phe947, Cys913, 

Asp912 

(77.3 % of all binding 

site residues) 

 

2XYR SARS-CoV Betacoronavirus Human 93.81 

5YN5 
MERS-CoV  

(2c EMC/2012) 
Betacoronavirus Human 66.33 
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 289 

 290 

Figure 4. (A) Color-coded depiction of residue conservation at the binding site of all identified 291 

SARS-CoV-2 methyltransferase homologous proteins. Regions in dark red represent residues with 292 

high co-occurrence among homologous proteins (i.e., three out of three proteins share the same 293 

residue). Regions in light red represent residues with moderate co-occurrence (i.e., two out of three 294 

proteins share the same residue). Regions in white represent residues with no co-occurrence (i.e., 295 

the residue is present only in SARS-CoV-2). The protein structure used as template is the nsp10-296 

nsp16 methyltransferase from SARS-CoV-2 (PDB ID: 6WKQ) co-crystallized with the inhibitor 297 

sinefungin (in green); (B) Binding site residues of SARS-CoV-2 methyltransferase conserved in 298 

all homologous proteins. 299 

 300 

Endoribonuclease (NendoU) 301 

Four homologs of the SARS-CoV-2 endoribonuclease (NendoU) were identified: three 302 

betacoronaviruses (SARS-CoV, MERS-CoV, and Murine Hepatitis Virus) and one human 303 

alphacoronavirus (hCoV-229E). The results of primary sequence alignment showed that SARS-304 

CoV NendoU shares a high identity (87.9%) with its SARS-CoV-2 homolog (Table 4; Figure S4, 305 

Supporting Information). After 3D structural alignment, a moderate conservation in the binding 306 

site, defined around the co-crystallized inhibitor tipiracil, was observed (Figure 5A).43 In total, 307 

three residues in the binding site of NendoU from SARS-CoV-2, namely His250, Lys290, and 308 
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Cys293, representing 37.5 % of all residues in the binding site, were conserved in all five 309 

homologous proteins (Table 4; Figure 5B). 310 

 311 

Table 4. SARS-CoV-2 Endoribonuclease primary sequence identity and binding site residues 312 

conservation against all corresponding homologous proteins identified through ENDscript.33 313 

 314 

PDB 

ID 
Virus Genus Host 

Global 

primary 

sequence 

identity to 

SARS-CoV-2 

NendoU 

(%) 

SARS-CoV-2 

NendoU binding 

site residues 

conserved in all 

species 

6WX

C 
 SARS-CoV-2 Betacoronavirus Human Used as query 

His250 

Lys290 

Cys293 

 

(37.5 % of all binding 

site residues) 

 

 

2H85 SARS-CoV Betacoronavirus Human 87.86 

5YVD MERS-CoV Betacoronavirus Human 50.72 

4S1T 229E 
Alphacoronaviru

s 
Human 42.30 

2GTH 

Murine 

Hepatitis Virus 

(strain A59) 

Betacoronavirus Mouse 43.88 

 315 

 316 

 317 
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 318 

Figure 5. (A) Color-coded depiction of residue conservation at the binding site of all identified 319 

SARS-CoV-2 NendoU homologous proteins. Regions in dark red represent residues with high co-320 

occurrence among homologous proteins (i.e., five out of five proteins share the same residue). 321 

Regions in light red represent residues with moderate co-occurrence (i.e., between 2-4 out of five 322 

proteins share the same residue). Regions in white represent residues with no co-occurrence (i.e., 323 

the residue is present only in SARS-CoV-2). The protein structure used as template is the NendoU 324 

from SARS-CoV-2 (PDB ID: 6WXC) co-crystallized with the inhibitor tipiracil (in green); (B) 325 

Binding site residues of SARS-CoV-2 NendoU conserved in all homologous proteins. 326 

 327 

Primary sequence comparison of remaining targets 328 

A total of 21 additional SARS-CoV-2 proteins, not included in the three-dimensional 329 

binding site comparisons, due to the lack of co-crystallized inhibitors, were used to search for 330 

homologs based only on their primary sequences. The results of primary sequence analysis, for 24 331 

SARS-CoV-2 proteins, are summarized in Figure 6 and Table S1 (Supporting Information). Two 332 

proteins did not return any results after BLAST36 search (nsp11 and orf10). Protein orf10 has not 333 

yet been confirmed at the experimental level and has the lowest annotation score in the Swiss-Prot 334 

database.44 335 

Although sequence similarity is not analogous to homology, it does provide valuable 336 

insight into the possible functions of specific sequences in under-researched coronaviruses in 337 
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animals such as bats, rats, cows, pigs, turkeys, and others. Higher percent sequence identities are 338 

more likely to result in shared Gene Ontology (GO) annotations such as Molecular Function, which 339 

may indicate homology between proteins.45 The high sequence identity demonstrated between 340 

some of the under-researched coronavirus sequences and that of specific proteins in SARS-CoV-341 

2 indicates that these might also be tractable protein targets for antiviral therapies (Figure 6). 342 

 343 

Figure 6. Primary sequence identity between homologs, from various coronaviral species, and 344 

their counterparts in SARS-CoV-2 identified by BLAST.36 HKU3: Bat coronavirus HKU3; 345 

BtCoV: Bat coronavirus; HCoV: Human coronavirus; MHV: Murine Hepatitis Virus; BCoV: 346 

Bovine coronavirus; TGEV: Porcine transmissible gastroenteritis coronavirus; IBV: Avian 347 

infectious bronchitis virus; RCV: Rat coronavirus; CCoV: Canine coronavirus; PRCoV: Porcine 348 

respiratory coronavirus; HEV: Porcine hemagglutinating encephalomyelitis virus;  TCoV: Turkey 349 

enteric coronavirus. 350 

 351 
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The SARS-CoV-2 pandemic has served as a reminder of the threat posed by highly 352 

contagious, emerging viruses. Lack of consistent investment and research into the development of 353 

antiviral agents is disappointingly common, often leaving the scientific community struggling to 354 

discover therapies and create vaccines in time to treat patients and protect others once an outbreak 355 

occurs (e.g., Ebola virus, Zika virus).46 Despite this, the antiviral research prior to the COVID-19 356 

pandemic enabled the scientific community to develop highly effective vaccines in record time as 357 

well as quickly place remdesivir into clinical trials and receive emergency use authorization. In many 358 

ways the scientific community’s response to the pandemic is a success story. Establishing a similar 359 

basis for successful treatments of previous and potentially similar newly emerging viruses is crucial 360 

to rapidly develop both specific and broad-spectrum antivirals. In this study, we demonstrate an 361 

approach to identifying conserved binding site residues across homologous viral proteins as potential 362 

target sites for the discovery of broad-spectrum coronavirus antiviral drugs. The rationale for this 363 

approach is illustrated by Merck’s RDRP inhibitor molnupiravir that successfully passed Phase 3 of 364 

clinical trials and recently gained positive FDA advisory committee vote for treatment of mild to 365 

moderate COVID-19 in high risk adults. Molnupiravir case follows the same approach as discussed 366 

in this study, i.e., identify conserved target (RDRP in this case), test drugs, find the one that works, 367 

ensure it works across multiple strains, subject to in vivo experiments and clinical trials.47–49 368 

As detailed above, the conservation at the levels of sequence, structure, and binding sites 369 

among betacoronavirus proteins was especially high for SARS-CoV-2, SARS-CoV, and MERS-370 

CoV. While perhaps not as strong, the additional binding site similarities for other coronaviruses 371 

should not be disregarded. Exploring the homologs with the highest sequence and, especially, 372 

binding site similarity could provide crucial insight for the development of broad-spectrum 373 

antivirals, including viral outbreaks yet to come. The pairwise whole genome and Mpro sequence 374 
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similarity between the coronaviruses with available crystal structures, that we used for binding site 375 

comparison, are represented in Figures 7 and 8. Similar analysis for PLpro, nsp10-nsp16, and 376 

NendoU proteins is depicted in Figures S5-S7.  377 

 378 

Figure 7. Identity between all coronaviruses considered in our study based on whole genome 379 

sequence comparison. 380 
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 381 

Figure 8. Primary sequence comparison of Mpro from different coronaviruses. 382 

 383 

Identifying conserved viral proteins can help both find similar proteins that would respond 384 

to the same (or similar) treatments as well as shed light on the key differences that might affect 385 

treatment efficacy. However, because our data compared the residue homology against the binding 386 
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sites of proteins in SARS-CoV-2, our set is limited in that there could be homology with other 387 

coronaviruses that do not have proteins with existing crystal structures. This potential pitfall is 388 

represented in our study by comparing percent sequence identity of understudied coronaviruses in 389 

animals, revealing possible homologous proteins in these coronaviruses and pointing to the need 390 

for the elucidation of additional viral protein crystal structures. This elucidation could be assisted 391 

by the prediction of respective protein structures using recently developed computational tools 392 

such as AlphaFold 250 that showed high accuracy in the most recent CASP competition.51  393 

Analogous efforts have been made with respect to specific proteases or proteins. Prior to the 394 

SARS-CoV-2 outbreak, Kim et al. concluded that the homologous Mpro orthosteric residues of 395 

various positive-sense RNA viruses were viable candidate drug target sites for potential wide 396 

spectrum treatments.52 In 2004, Hillisch et al., attempted homology modeling of the relatively novel 397 

SARS-CoV Mpro but at this point they were unsuccessful and deemed the modeling insufficient.53 398 

Yet, in 2003, Anand et al., were able to identify considerable conservation of the SARS-CoV Mpro 399 

binding site with that of the transmissible gastroenteritis virus, a porcine coronavirus.54 Interestingly, 400 

Yang et al. reviewed drugs that were developed for SARS-CoV and referenced the potential for Mpro 401 

inhibitors as wide-spectrum antivirals in 2006.55 402 

The response of scientists to the SARS-CoV-2 outbreak stands as a testament to the 403 

exponential advances in scientific knowledge in short periods of time. A great example of this is 404 

Pfizer’s development of a (relatively) selective Mpro inhibitor that is active against multiple 405 

coronaviruses. Their compound, identified as PF-07304814, is metabolized in the body into a 406 

potent Mpro inhibitor that has gone into Phase 1b clinical trials56 (albeit recently Pfizer stopped 407 

developing this drug for the lack of efficacy in patients).57 To this point, many such examples of 408 

Mpro inhibitors targeting multiple coronaviruses from our study exist (Figure 9) including protease 409 
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inhibitors of hepatitis C (boceprevir), and feline infectious peritonitis virus (GC376). Similarly, 410 

inhibitors of the RNA-dependent RNA polymerase (RdRp) have shown activity against multiple 411 

coronaviruses (Figure 9) including the approved broad-spectrum antiviral remdesivir, a nucleotide 412 

analog prodrug that incorporates into the growing RNA and induces a translocation barrier to stall 413 

RdRp.58,59 Other nucleoside analogs including molnupiravir and galidesivir have also shown to be 414 

effective inhibitors of RdRp. Molnupiravir has recently successfully passed Phase 3 of clinical 415 

trials and recently gained positive FDA advisory committee vote for treatment of mild to moderate 416 

COVID-19 in high risk adults.47–49 Thus, further exploring nucleoside analogs that exploit 417 

remdesivir’s mechanism of action for multiple coronaviruses could provide additional treatment 418 

options, lowering the high demand for remdesivir, therefore making treatment more affordable for 419 

patients. 420 

As mentioned above, PLpro or nsp10-16 displayed homology at levels equal to or above that 421 

of Mpro. This bodes well for the possibility of finding other drugs that will act similarly against PLpro 422 

or nsp10-16. While less explored than Mpro and RdRp, a few compounds targeting the PLpro, or the 423 

nsp10-16 complex of multiple coronaviruses have been identified (Figure 9). One interesting 424 

example of a PLpro inhibitor effective against SARS-CoV, MERS-CoV, and SARS-CoV-2 is 425 

alcohol-aversive medication disulfiram, which is currently in Phase 2 clinical trials for the treatment 426 

of SARS-CoV-2. Thiopurine analogues, like 6-mercaptopurine and 6-thioguanine also inhibit PLpro 427 

in SARS-CoV and MERS-CoV but have not yet been tested against PLpro in SARS-CoV-2 to the 428 

best of our knowledge. As for nsp10-16, the nucleoside sinefungin is effective against SARS-CoV, 429 

MERS-CoV, and SARS-CoV-2. Sinefungin acts as a methyltransferase inhibitor and is effective 430 

against coronaviruses due to its relation to S-adenosylmethionine (SAM), the methyl-donor required 431 

for the RNA capping process which is essential for viral replication and allows coronaviruses to 432 
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evade the human immune system.17 Thus, although heretofore understudied as broad-spectrum 433 

coronavirus inhibitor targets, the high level of homology of both PLpro and nsp10-16 as well as the 434 

proof of concept displayed by the few known inhibitors to date suggest PLpro and nsp10-16 could be 435 

promising targets for future development of broad-spectrum coronavirus inhibitors. Sinefungin, for 436 

example, is a well-known inhibitor of nsp10-nsp16 protein in SARS-CoV, SARS-CoV-2, and 437 

MERS-CoV. As observed in Figure 10, based on available crystal structures deposited in PDB, 438 

sinefungin interacts with the same nine binding site residues in all three coronaviruses.  439 

 440 

Figure 9. Examples of inhibitors of homologous proteins (RdRP,60,61,70–74,62–69 PLpro,60,75–82 441 

Mpro,41,60,87–92,62,65,69,79,83–86, and nsp10-nsp1693–97) targeting multiple coronaviruses. The table 442 

contains all available experimental data for drugs and compounds known to target the respective 443 

proteins and tested against different coronaviruses. TGE: Porcine transmissible gastroenteritis 444 

coronavirus; FIPV: Feline Infectious Peritonitis Virus; PEDV: Porcine Epidemic Diarrhea Virus; 445 

SADS: Swine Acute Diarrhea Syndrome Coronavirus; HKU4: Bat Coronavirus HKU4; IBV: 446 

Avian Infectious Bronchitis Virus; MHV: Murine Hepatitis Virus; HKU1: Human HKU1 447 

Coronavirus. 448 
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 449 

 450 

Figure 10. Interactions between sinefungin and binding site residues of nsp1-nsp16 preserved in 451 

all three homologous proteins from SARS-CoV, SARS-CoV-2, and MERS-CoV. PDB IDs: 452 

2XYR, 5YNB, 6YZ1.  453 

 454 

Unfortunately, there are no compounds tested against all or even the majority of the viruses 455 

of interest. As represented in the Figure 9, each compound was tested on average against 3-4 456 

coronaviruses out of 13, ranging from 2-7 viruses per compound. SARS-CoV-2, SARS-CoV, and 457 

MERS-CoV were the most frequently tested viruses. On the other hand, no information was 458 

available on the binding of any of the 13 compounds to the viral targets for 2 of the 13 viruses. 459 

The compilation of all the available data results in a matrix with the sparsity degree of 72% which 460 

drives forth the question as to how many coronaviruses these compounds could actually work 461 

against. There were other drugs that have either been tested only in SARS-CoV-2 or negative 462 
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results have not been published. These drugs were not reported in this study. Table 5 contains data 463 

on compounds (including molnupiravir) that inhibited at least one of the coronavirus’ homologous 464 

proteins discussed above. These compounds could potentially be tested against homologs from 465 

different coronavirus species. Moreover, combinations of the compounds from Table 5 that bind 466 

to protein targets responsible for different stages of viral lifecycle may be helpful in creating 467 

synergistic drug combinations preserving their broad-spectrum activity.98  468 

Recently, several studies similar to ours have been published. Also exploring the 469 

conservation of coronaviruses, Schapira et al.,99 aimed to identify drug binding sites within the 470 

SARS-CoV-2 proteome. Druggable binding pockets were mapped onto experimental structures of 471 

SARS-CoV-2 proteins and analyzed for their conservation across all available PDB structures of 472 

α- and β-coronaviruses, as well as samples from patients with SARS-CoV-2. The present study 473 

complements that of Schapira et al, whereby it further explores the idea that similarities between 474 

homologous coronavirus proteins could be exploited for target prioritization and the development 475 

of broad-spectrum anti-coronaviral compounds, while also putting this into the context of potential 476 

broad-spectrum inhibitors of conserved targets from literature. Despite the findings of both 477 

Schapira et al., and this work, a recent molecular dynamics simulation study was published 478 

comparing ligand-binding sites available for SARS-CoV2, SARS-CoV, and MERS-CoV Mpro.100 479 

From their simulations, the authors concluded that developing a pan-inhibitor of Mpro based on 480 

protein conservation could be extremely challenging due to differences in the dynamics of the 481 

binding sites. While this study depicts an interesting consideration in the design of future antiviral 482 

medications, it is not supported by any experimental results. In contrast, we identified drugs 483 

inhibiting the targets discussed in this study, carefully collected, and analyzed all known 484 

experimental data on their antiviral activity and estimated their potential as broad-spectrum drugs.  485 
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Table 5. Examples of a SAR-CoV-2 EUA candidate, molnupiravir, and in vitro inhibitors, 486 

reported in ChEMBL database, targeting proteins analyzed in our study. 487 
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 488 

Compound Structure Target Virus References 

Molnupiravir 

 

RdRP SARS-CoV-2 47–49 

CHEMBL4522602 

 

RdRP MERS-CoV 101 

CHEMBL4544781 

 

RdRP MERS-CoV 101 

CHEMBL2115462 

 

RdRP MERS-CoV 101 

CHEMBL421 

(Sulfasalazine) 

 

PLpro MERS-CoV 102 

CHEMBL1368663 

 

PLpro MERS-CoV 102 

CHEMBL1595473 

 

PLpro MERS-CoV 102 

CHEMBL480 

(Lansoprazole) 

 

Mpro SARS-CoV-2 103 

CHEMBL297453 

 

Mpro SARS-CoV-2 103 

CHEMBL1271993 

 

Mpro SARS-CoV-2 103 
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Unfortunately, targeting highly conserved targets does not always translate into broad-489 

spectrum antiviral activity. While conservation does give a good idea of the breadth of the potential 490 

spectrum of activity, there are numerous factors that create anomalies and discrepancies. As 491 

described by Prichard,104 there are nuances within selected molecules that could alter their activity 492 

in a broad-spectrum application. Some of these include but are not limited to spectrum specificity, 493 

ligand activity, binding regions of similar viruses, and post-translational modifications of proteins 494 

(e.g., different phosphorylation patterns). These differences are generally enough to explain the 495 

exceptions and compounds that do not work as expected.104 While understanding the impact of 496 

each of these nuances will be crucial to interpreting any further results derived from conservation 497 

studies, it should not discourage the creation of a base of knowledge so that researchers do not 498 

have to start from scratch with every new viral epidemic.105 499 

Collecting data as we encounter new viral threats can help in future efforts. The recent 500 

emergence and spread of SARS-CoV-2 reminded the public of the momentous threat held by 501 

zoonotic viruses.46 However, SARS-CoV-2 is just one of over 250 viruses to have jumped from 502 

animal to humans and caused disease.106 Once a zoonotic virus jumps to humans, the threat to 503 

global public health is immense. To understand these spillover events, research has been performed 504 

worldwide to understand the risk of each known zoonotic virus and to predict how likely these 505 

viruses are to jump to humans. One such tool called SpillOver106,107 was developed to identify host, 506 

viral, and environmental risk factors contributing to zoonoses. SpillOver uses these risk factors to 507 

provide a risk assessment score to 887 known viruses for their potential to jump to humans; the 508 

first 12 of which were known to have already made the jump. Knowledge collections like these, 509 

in combination with our work, are invaluable in our preparation for the next, inevitable virus to 510 

jump to humans. 511 
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CONCLUSIONS AND PERSPECTIVES  512 

 513 

Exploring the conservation between homologous coronavirus proteins is a valuable 514 

strategy for drug target selection that could assist the development of broad-spectrum 515 

anti(corona)viral compounds. We analyzed the primary sequence similarity between all known 516 

SARS-CoV-2 proteins and their homologs from several human and animal coronaviruses. 517 

Furthermore, we investigated 3D binding site similarities, using the ENDscript server, between 518 

four SARS-CoV-2 proteins and their several homologs with three-dimensional structures available 519 

in the PDB: Papain-Like Protease (PLpro), Main Protease (Mpro), Methyltransferase (nsp10-nsp16), 520 

and Endoribonuclease (NendoU). All the aforementioned proteins presented important binding site 521 

conservation between SARS-CoV-2 and different human and animal coronaviruses. It is important 522 

to highlight that all results of the binding site conservation analysis are limited by the availability 523 

of the corresponding homologous protein structures in PDB. To demonstrate the potential of 524 

exploring conserved homologous proteins for the development of broad-spectrum antivirals, we 525 

found several examples of bioactive compounds and approved drugs, known to inhibit those 526 

proteins, with reported activity against different animal and human coronaviruses. Some examples 527 

include the RdRp inhibitor remdesivir, the PLpro inhibitor disulfiram, and the nsp10-nsp16 528 

inhibitor sinefungin. 529 

 Examining the homology of ligand binding sites in coronavirus proteins could provide an 530 

immense support in searching for broad spectrum direct antiviral agents as novel viruses continue 531 

to emerge. With this goal in mind, initiatives such as NIH’s Antiviral Program for Pandemics108 532 

and READDI (Rapidly Emerging Antiviral Drug Development Initiative) at UNC Chapel Hill 109 533 

are working to develop broad-spectrum antivirals and bring them to phase I/II clinical trials so they 534 
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are readily available for future viral outbreaks.110 This way, the scientific community does not 535 

have to start ex nihilo in regard to antiviral drug development and may already have a head start 536 

on managing outbreaks before they reach pandemic levels.110 537 

One major advantage of surveying conservation is the ability to consider individual protein 538 

targets. In doing so, the common proteins responsible for different viral functions, such as 539 

replication, can be targeted and applied across a greater number of viruses. As opposed to targeting 540 

viral structural proteins (which may be more important targets for vaccine development), targeting 541 

replication proteins for small molecule therapies in homologous binding sites should be evaluated 542 

in a more nuanced study to determine if they may be pertinent in the search for both selective and 543 

broad-spectrum inhibitors. 544 

Moving forward, the next step would be to attempt to compare more homologs within the 545 

Coronaviridae as well as potentially moving outside this family. While we did this on a small 546 

scale, more expansive research should be done. Targeting common host proteins and pathways 547 

involved in viral entry and replication is another potential strategy for broad-spectrum antivirals 548 

design (including the combination therapy), e.g., exploring the link between both T-cell immunity 549 

in SARS-CoV and SARS-CoV-2 patients as well as the shared binding to the ACE2 receptor that 550 

could provide a potential therapeutic overlap.111–113   551 

In summary, we note that finding chemicals active against highly conserved targets in 552 

laboratory tests does not always translate into new broad-spectrum antivirals. However, our studies 553 

suggest that this strategy could result in new treatments both for current and future viral epidemics 554 

and therefore the protein targets that contain conserved sequence and at least partially conserved 555 

binding sites should continue to be explored for the discovery of broad-spectrum direct antivirals.  556 

 557 
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Associated Content 558 

Supporting information includes figures of the primary sequence alignment of Mpro, PLpro, 559 

nsp10-nsp16 (methyltransferase), and NendoU. A table with primary sequence comparison results 560 

for all 26 SARS-CoV-2 proteins against their homologs is also provided.  561 
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