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Abstract 

 

 

The Coronavirus S protein induces neutralizing antibodies, specific receptor binding, and membrane fusion 
between the virus and host cells. These changes are crucial to understanding the mechanism, genetic correlates, and 
prophylactic treatment of viral infection. In this study, the spike (S) protein structure and phylogenetic association of 
CCoV and FcoV were analyzed using bioinformatics. The results showed that the S proteins of CCoV and FCoV 
contained transmembrane regions and signal peptides. The S proteins of these coronaviruses were soluble. The S 
proteins of these strains also contained two functional domains and two motifs, i.e., corona_S1 and corona_S2. 
Phylogenetic analysis showed that CCoV-I and FCoV-I were included in the same clade, while CCoV-IIb, FCoV-II, and 
TGEV formed another clade. Our findings can provide a theoretical basis for further understanding the function of 
coronavirus S proteins and the design of antiviral drugs and vaccines. 
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Introduction 

Canine enteric coronavirus (CCoV) belongs to the 
alphacoronavirus family, along with human 
coronavirus (229E and NL63), feline coronavirus 
(FCoV), porcine transmissible gastroenteritis virus 
(TGEV), and porcine epidemic diarrhea virus (PEDV) 
(Adams et al. 2016). The main symptoms of CCoV 

infection are mild and include those typical of 
gastroenteritis, e.g., diarrhea (Pratelli 2008). However, 
coinfection of dogs with canine parvovirus (CPV) 
causes intense symptoms and is associated with high 
mortality risk (Pratelli et al. 1999). CCoV was initially 
thought to cause only self-limiting enteritis and mild 
diarrhea (Keenan et al. 1976). However, several strains 

of CCoV with enhanced virulence have been reported, 
which are associated with symptoms including 
lethargy, anorexia, vomiting, bloody diarrhea, ataxia, 
and epilepsy (Alfano et al. 2020,Evermann et al. 2005). 

CCoV mainly infects dogs, wolves, foxes, and other 
canine species but can also infect other animals, such 
as cats, pigs, and pandas (Gao et al. 2009).  

The expansion of these hosts is related to the spike (S) 
protein, which binds the host cell receptor and triggers 
the fusion of the virus with the cell membrane, mainly 
determining the host species, tissue and cell tropism, 
pathogenicity, and spread (Regan et al. 2012).  

The recombination or mutation of the S protein may 
result in cross-species virulence. A novel canine-feline 
recombinant alphacoronavirus has been isolated from 
a human patient with pneumonia (Vlasova et al. 2022). 

If confirmed as pathogenic, it may become the eighth 
unique coronavirus to cause disease in humans, 
potentially posing a threat to public health. 

CCoV possesses two different serotypes: type I and 
type II (Le Poder 2011). Although CCoV-I and CCoV-II 
are closely related, their S proteins differ (Pratelli et al. 

2003). CCoV-I and feline coronavirus type I (FCoV-I) 
originated from a common ancestor, whereas CCoV-II 
arose from multiple recombination events of unknown 
genetic origin (Lorusso et al. 2008). Based on the amino 

acid sequence of the N-terminal domain (NTD) of the 
S protein, CCoV-II can be divided into two sub-
genotypes: CCoV-IIa and CCoV-IIb. CCoV-IIa has an 
NTD consistent with the prototype CCoV, but CCoV-
IIb is genetically distinct from CCoV-IIa, and the  
S protein of CCoV-IIb has an NTD similar to that of 
TGEV (Regan et al. 2012). The emergence of TGEV 

appears to be based on the recombination of serotype 
CCoV with other coronaviruses (Decaro et al. 2007). 
FCoV-II also occurs because of an independent 
recombination event between FCoV-I and CCoV-II, 
thus allowing FCoV-II to acquire the CCoV-II S protein 
(Herrewegh et al. 1998).  

The coronavirus S protein is a major antigenic 

determinant responsible for host cell receptor binding 
and viral entry. Aminopeptidase N (APN) is a common 
receptor for FCoV and TGEV (Wentworth and Holmes 
2001). Although each virus is thought to utilize the 
species-specific homolog of its respective host during 
infection, the feline homolog is a common receptor for 
type II FCoV, type II CCoV, and TGEV (Tresnan et al. 
1996).  

In this study, we used bioinformatics software to 
analyze and compare the biological functions of the  
S proteins of CCoV and FCoV. The physical and 
chemical properties, transmembrane region, signal 
peptides, functional domains, protein modifications, 
and antigenic epitopes of the S proteins of several 
viruses were analyzed using bioinformatics software. 
This study will help to elucidate the biological 
characteristics of several coronaviruses and provide 
data for designing targeted vaccines and antiviral 
drugs based on the S protein. 

Materials and Methods 

Virus information: The nucleotide and amino acid 
sequences of CCoV-I Elmo/02 (GenBank ID: 
AY307020), CCoV-IIa A76 (GenBank ID: JN856008), 
CCoV-IIb 1-71 (GenBank ID: JQ404409), FCoV-I Black 
(GenBank ID: EU186072) and FCoV-II 79-1146 
(GenBank ID: DQ010921) S genes were downloaded 
from the National Center for Biotechnology 
Information (Table 1). 
 
Software: The physical and general biological 
characteristics of the CCoV and FCoV S proteins were 
calculated using ProtPsram and ProtScale tools on the 
ExPASy server. The transmembrane region 
(transmembrane helix (TMH)), signal peptide, 
phosphorylation site, and glycosylation site of the  
S protein was predicted using TMHMM Server v.2.0, 
SignalP 4.0, NetPhos 3.1 Server, and NetNGlyc 
4.0Server software. The amino acid sequences of the  
S protein was submitted to Predicting Antigenic 
Peptides, SMART, and PROSITE, which were used to 
predict the epitopes and functional domains of each  
S protein sequence. Multiple Sequence Alignment and 
sequence analysis were performed using the Multiple 
Sequence Alignment tool of DNAMAN 6.0 software 
(Lynnon BioSoft, Point-Claire, Quebec, Canada). 
Sequences across different viral strains were compared 
using pairwise distances using the untitled ClustalW 
(weighted) method. Phylogenetic trees derived from 
the nucleotide sequences were constructed using 
MEGA version 5.2 using the neighbor-joining method 
with the p-distance model and 1,000 bootstrap 
replicates.

 
Table 1 S-gene sequences of coronaviruses. 
 

Strain name Genome source Genome accession Position in genome Protein 
accession 

CCoV-I 
CCoV-IIa 

Elmo/02 AY307020 - AAP72149 
A76 JN856008 20324-24745 AEQ61968 

CCoV-IIb 
FCoV-I 

1-71 JQ404409 20364-24725 AFG19726 
Black EU186072 20404-24798 ABX60145 

FCoV-II 79-1146 DQ010921 20206-24564 AAY32596 



Dong B. et al. / Thai J Vet Med. 2023. 53(3): 371-382.              373 

 

Results 

Physical and Chemical Properties: The amino acid 
sequences of CCoV-I, CCoV-IIa, and CCoV-IIb spike 
proteins were loaded into ProtParam online software. 
The results of this analysis are presented in Table 2. The 
CCoV-I S protein encoded 1,480 amino acids, and its 
molecular weight and isoelectric point were 166076.85 
and 4.93, respectively. The protein contained 150 
negatively and 104 positively charged residues. The 
instability index of the CCoV-I S protein was 30.94, the 
aliphatic index was 83.44, and the total average 
hydrophilicity was -0.109. Moreover, CCoV-IIa and 
CCoV-IIb S proteins encoded 1,473 and 1,453 amino 
acids, respectively, with a molecular weight of 
163099.13 and 160643.62, respectively, and an 
isoelectric point of 4.95 and 5.02 respectively. The 
CCoV-IIa protein contained 127 negatively and 88 
positively charged residues. The instability index of the 
S protein was 28.77, the aliphatic index was 90.21, and 
the total average hydrophilicity was 0.006. In addition, 
the CCoV-IIb protein contained 130 negatively charged 
residues and 90 positively charged residues. The 
instability index of the S protein was 29.80, the 
aliphatic index was 91.00, and the total average 
hydrophilicity was 0.026. 

The FCoV-I and FCoV-II S proteins contained 1,464 
and 1,452 amino acids, respectively. Their molecular 
weights were 164320.18 and 160471.3, respectively. The 
isoelectric points were 5.41 and 5.03, respectively. The 
FCoV-I S protein contained 129 negatively and 97 
positively charged residues. FCoV-II had 126 and 86 
cells. The instability indices of the FCoV-I and FCoV-II 
S proteins were 32.67 and 28.18, respectively. The 
aliphatic indices were 88.31 and 89.92, respectively. In 
addition, the grand averages of hydropathicity were -
0.043 and 0.033, respectively. 
 
Hydrophilicity and Hydrophobicity: The hydrophilic 
and hydrophobic amino acid sequences of the S protein 
were analyzed using ExPASy-ProtScale software. 
CCoV-I had the strongest hydrophilic asparagine at 
120aa and the most hydrophobic leucine (Leu) at 
1430aa. The asparagine at 976aa of CCoV-IIa was the 
most hydrophilic, while Leu at 1423aa was the most 
hydrophobic. The Lys at 958aa and Arg at 959aa of 
CCoV-IIb were the most hydrophilic, while Leu at 6aa 
was the most hydrophobic. Additionally, asparagine at 

792aa of the S protein of FCoV-I was the most 
hydrophilic, and Leu at 1414aa was the most 
hydrophobic. The predicted results of FCoV-II showed 
that the 956aa serine (Ser) of S protein was the most 
hydrophilic, and 1402aa (Leu) was the most 
hydrophobic (Fig. 1). Together, these results indicated 
that the S proteins of these coronaviruses were soluble. 
 
Transmembrane Region of S Proteins: The amino acid 
sequences of CCoV and FCoV S proteins were 
predicted using TMHMM Server v2.0. The results 
showed that all CCoV and FCoV strains of coronavirus 
S proteins had transmembrane regions. Slight 
differences were observed between CCoV-I and CCoV-
IIa. In CCoV-I, 1-1419aa are outside the membrane, 
1420-1442 sites can form a typical transmembrane helix 
region, and 1443-1480aa are inside the membrane. In 
CCoV-IIa, 1-1412aa are outside the membrane, and 
1413-1435aa could form a typical transmembrane helix 
region, and 1436-1473aa were inside the membrane. In 
CCoV-IIb, the 1393-1415aa of S protein could form a 
typical transmembrane helix region, and 1-1392aa 
were outside the membrane, and 1416-1453aa were in 
the membrane. In FCoV-I, the 1406-1428aa aa S protein 
could form a typical transmembrane helix region, and 
1-1405aa were outside the membrane, and 1429-1464aa 
were in the membrane. In FCoV-II, 1-1393aa are 
outside the membrane, and 1394-1416aa could form a 
typical transmembrane helix region, and 1417-1452aa 
were inside the membrane (Fig. 2). The prediction 
results showed that the distribution of the S protein 
was similar to that of other coronaviruses, and most of 
the S proteins of these viruses were outside the virus 
envelope. 
 
Signal Peptide of S Proteins: SignalP 4.1 was used to 
predict the signal peptide in the amino acid sequence 
of the S protein of CCoV-I, CCoV-IIa, CCoV-IIb, FCoV-
I, and FCoV-II strains using the Neural Network (NN) 
model. The results showed that there may be a signal 
peptide in residues 1-16 of the N-terminus of the S 
protein of CCoV-I. The signal peptide sequence used 
was MKIFLLSALLAIANCKDEAGP. In addition, the 
predicted signal peptides of the other strains were 
CCoV-IIa, 1-16aa, MKVLLFLALFSIARCD; CCoV-IIb, 
1-19aa, MIVLILCLLLFSYNSVICT; FCoV-I, 1-15aa, 
MIVLIFALLSTARSE; FCoV-II, 1-20aa, 
MIVLVTCLLLLCSYHTVLST (Fig. 3).

 
Table 2 Physical and chemical properties of coronavirus spike proteins. 
 

Characteristic CCoV-I CCoV-IIa CCoV-IIb FCoV-I 

Number of amino acids 1480 1473 1453 1464 
Molecular weight 166076.85 163099.13 160643.62 164320.18 

Theoretical (PI) 4.93 4.95 5.02 5.41 
Number of negatively charged residues 150 127 130 129 
Number of positively charged residues 104 88 90 96 

Instability index (II) 30.94 28.77 29.80 32.67 
Aliphatic index 83.44 90.21 91.00 88.31 

Grand average of hydropathicity -0.109 0.006 0.026 -0.043 
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Figure 1 Hydrophilic and hydrophobic of spike proteins. (a-e): CCoV-I, CCoV-IIa, CCoV-IIb, FCoV-I and FCoV-II. The abscissa 
represents the amino acid position, and the ordinate represents the amino acid value. >0 is hydrophobic; <0 is hydrophilic. 

 

 
 

Figure 2 TMHMM was used to predict the transmembrane domain of coronavirus spike protein sequences. (a-e): CCoV-I, CCoV-
IIa, CCoV-IIb, FCoV-I and FCoV-II. 

 

 
 

Figure 3 Prediction of coronavirus spike protein signal peptide. (a-e): CCoV-I, CCoV-IIa, CCoV-IIb, FCoV-I and FCoV-II. 

 
Phosphorylation Sites of Spike Proteins: Protein 
phosphorylation occurs mainly at the tyrosine (Tyr), 
Ser, and threonine (Thr) residues in the peptide chain. 
NetPhos 3.1 Server online software was used to predict 
the phosphorylation modification sites of CCoV-I, 
CCoV-IIa, CCoV-IIb, FCoV-I, and FCoV-II. The results 
showed that the CCoV-I S protein had 67 Ser, 48 Thr, 
and 24 Tyr modification sites. CCov-IIa contained 71 
Ser, 42 Thr, and 31 Tyr modification sites. CCoV-IIb 

contained 62 Ser, 44 Thr, and 32 Tyr modification sites. 
FCoV-I contained 71 Ser, 45 Thr, and 29 Tyr-modified 
cation sites. FCoV-II had 62 Ser, 52 Thr, and 29 Tyr 
modification sites (Fig. 4). 
 
Glycosylation Sites of S Proteins: Glycosylation can 
regulate protein functions, including N-linked and O-
linked sugar chains. NetNGlyc4.0 Serve software was 
used to predict the glycosylation modification sites of 
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the amino acid sequences of the CCoV and FCoV S 
proteins. The results showed that none of these viral  
S proteins had O-glycosylation modification sites. 
CCoV-I contained 27 N-glycosylation sites. Twenty-
one and 31 sites were identified on CCoV-IIa and 
CCoV-IIb, respectively. In addition, FCoV-I and FCoV-
II had 24 and 33 sites, respectively (Table 3 and Fig. 5).  
 

Predicted Epitopes of S Proteins: The amino acid 
epitopes of CCoV and FCoV S proteins were predicted 
using Predicting Antigenic Peptides online software. 
There were 63 CCoV-I, 61 CCoV-IIa, 64 CCoV-IIb, 64 
FCoV-I, and 63 FCoV-II epitopes, respectively (Fig. 6). 
 
 

 

 
 

Figure 4 Prediction of coronavirus spike protein phosphorylation sites. (a-e): CCoV-I, CCoV-IIa, CCoV-IIb, FCoV-I and FCoV-II. 

 

 
 

Figure 5 Prediction of coronavirus spike protein glycosylation sites. (a-e): CCoV-I, CCoV-IIa, CCoV-IIb, FCoV-I and FCoV-II. 
 

 
 

Figure 6 Prediction of coronavirus spike protein epitopes. (a-e): CCoV-I, CCoV-IIa, CCoV-IIb, FCoV-I and FCoV-II. 
 

Structure Domain of S Proteins: SMART software was 
used to predict the amino acid sequence domains of the 
CCoV and FCoV S proteins. The results showed that 
CCoV-I contained two domains: corona_S1 (283aa to 
803aa) and corona_S2 (835aa to 1479aa). Corona _S1 
was the spike_rec_binding domain, and corona_S2 was 
the highly conserved functional domain. CCoV-IIa 
contained two domains, corona_S1 (284aa to 803aa) 
and corona_S2 (821aa to 1472aa). CCoV-IIb contained 
two domains: corona_S1 (259aa to 779aa) and 
corona_S2 (802aa to 1452aa). FCoV-I has two domains: 
corona S1 (272aa–790aa) and corona_S2 (820aa–
1463aa). FCoV-II has two domains: corona S1 (258aa–
778aa) and corona_S2 (801aa–1451aa) (Fig. 7). 
 
Prediction of Functional Motif of Coronavirus Spike 
Protein: Motifs reflect various biological functions of 
proteins. According to PROSITE database analysis, the 

functional motifs of the CCoV-I S protein included the 
COV_S2_HR1 region profile of 1070-1189 amino acids 
and the COV_S2_HR2 region profile of 1334-1433 
amino acids. The functional motifs of the CCoV-IIa S 
protein included the COV_S2_HR1 region profile of 
1061-1180 amino acids and the COV_S2_HR2 region 
profile of 1329-1426 amino acids. The functional motif 
of the CCoV-IIb S protein included the COV_S2_HR1 
region profile of 1041-1160 amino acids and the 
COV_S2_HR2 region profile of 1309-1406 amino acids. 
The functional motifs of the FCoV-I S protein included 
the COV_S2_HR1 region profile of 1054-1173 amino 
acids and the COV_S2_HR2 region profile of 1318-1417 
amino acids. The functional motifs of the FCoV-II S 
protein included the COV_S2_HR1 region profile of 
1040-1159 amino acids and the COV_S2_HR2 region 
profile of 1308-1405 amino acids (Fig. 8). 
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Table 3 N-glycosylation sites of coronavirus spike protein sequences. 
 

CCoV-I CCoV-IIa CCoV-IIb  FCoV-I  FCoV-II  

Position Seq Position Seq Position Seq Position Seq Position Seq 

167-170 NDTK 29-32 NTSF 28-31 NVTQ  27-30 NTSS 29-32 NVTQ 

255-258 NRTT 80-83 NKSS 66-69 NCSR 161-164 NTSS 67-70 NCSR 

263-266 NNTG 165-168 NNTV 94-97 NSTG 244-247 NRTT 95-98 NSTG 

340-343 NNSA 261-264 NNTA 175-178 NGTK 258-261 NYTH 155-158 NSTC 

366-369 NFSG 314-317 NKSS 209-212 NVTI 329-332 NNSA 174-177 NGTK 

375-378 NATA 360-363 NDSV 235-238 NFTY 355-358 NFSD 208-211 NVTL 

389-392 NSTA 371-374 NFTE 242-245 NNTN 378-381 NTTA 234-237 NFTY 

401-404 NVTD 433-436 NNTA 289-292 NSST 390-393 NVTD 241-244 NNTN 

410-413 NTTS 558-561 NVSV 338-341 NNTV 398-401 NSSV 288-291 NSST 

502-505 NGTS 590-593 NETE 349-352 NFTT 464-467 NFSI 337-340 NNTV 

558-561 NVTL 753-756 NVST 366-369 NTTG 482-485 NYTD 348-351 NFTA 

566-569 NDTE 842-845 NITH 379-382 NDTV 491-494 NGTG 365-368 NTTG 

602-605 NVTN 857-860 NVTI 409-412 NGTA 585-588 NGSV 408-411 NGTA 

795-798 NHTH 863-866 NFTI 453-456 NLTT 590-593 NVTS 452-455 NLTT 

829-832 NDTS 1098-1101 NITQ 520-523 NKSV 814-817 NDTS 483-486 NVTY 

834-837 NCTS 1224-1227 NGTH 536-539 NITI 841-844 NVTH 519-522 NKSV 

856-859 NVTK 1318-1321 NATV 558-561 NITL 867-870 NFTV 535-538 NITI 

877-880 NITI 1335-1338 NQTV 566-569 NNTD 1091-1094 NITL 557-560 NITL 

883-886 NFTV 1348-1351 NWTV 729-732 NVSD 1217-1220 NGTH 565-568 NNTD 

1107-1110 NITL 1365-1368 NLTG 784-787 NYTN 1256-1259 NHTY 707-710 NSTL 

1233-1236 NGTH 1382-1385 NTTV 823-826 NVTH 1324-1327 NKTI 728-731 NVSD 

1272-1275 NDTY   838-841 NVTI 1337-1340 NYTT 783-786 NYTS 

1290-1293 NGTY   844-847 NFTI 1370-1373 NLTT 822-825 NVTH 

1340-1343 NKTI   925-928 NSTE 1386-1389 NKTL 837-840 NVTI 

1372-1375 NLTA   1078-1081 NITQ   843-846 NFTI 

1386-1389 NLTV   1204-1207 NGTH   924-927 NSTE 

1402-1405 NKTL   1298-1301 NATV   1077-1080 NITQ 

    1315-1318 NQTV   1203-1206 NGTH 

    1328-1331 NWTV   1297-1300 NATV 

    1345-1348 NLTG   1314-1317 NQTV 

    1362-1365 NTTV   1327-1330 NWTV 

        1344-1347 NLTG 

        1361-1364 NTTV 
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Figure 7 Structure domain of coronavirus spike proteins. (a-e): CCoV-I, CCoV-IIa, CCoV-IIb, FCoV-I and FCoV-II. 

 

 
 

Figure 8 Prediction of coronavirus spike protein functional motif. (a-e): CCoV-I, CCoV-IIa, CCoV-IIb, FCoV-I and FCoV-II. 

 

 
Figure 9 Phylogenetic analysis. The phylogenetic tree was generated using the neighbor‐joining method and supported by 1,000 

bootstraps. 

 
Identity and Phylogenetic Analyses: S-gene nucleotide 
multi-sequence alignment analysis identified 60.8%, 
56.5%, 73.2%, and 55.6%, as CCoV-I and CCoV-IIa, 
CCoV-IIb, FCoV-I and FCoV-II, respectively. In 
addition, the nucleotide identities of CCoV-IIb and 
FCoV-II were the highest (90.6%). The identity between 
FCoV-I and CCoV-I was higher than that between 
FCoV-II and CCoV-I (73.3% vs. 55.0%). The identity 
between CCoV-IIa and CCoV-IIb was 71.4%, which 
was lower than that between FCoV-II (90.6%). 

Phylogenetic analysis of the S genes showed that 
CCoV-I and FCoV-I were included in the same clade, 
while CCoV-IIb and FCoV-II formed another clade. 
Our results also indicated that the CCoV-IIa A76 S gene 
was in an intermediate position between the two 
serotypes (Fig. 9). 
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Discussion 

All Alphacoronavirus are similar in genomic 

compositions and protein structures, including four 
structural proteins, i.e., N, S, E, and M, located at the 3' 
end (Lin et al. 2022). The S protein is divided into S1 

and S2 subunits. The receptor-binding domain (RBD) 
in the S1 subunit can bind to receptors on the host cell 
membrane, and the S2 subunit enables the virus to 
carry out membrane fusion with the host cell (Licitra et 
al. 2014). The S protein can also induce a host immune 

response and is a key protein in vaccine development 
(Patel et al. 2022). Additionally, changes in the structure 
of the S protein directly affect the virulence of the virus 
(Guo et al. 2019,Vennema et al. 1998). Therefore, 

bioinformatics predictive analysis of coronavirus S 
protein can lay a foundation for further study of 
proteins. The comparative analysis of several proteins 
can also be helpful in exploring the fundamental 
differences between different viruses of the same 
genus or different genotypes of the same virus. The 
overall goal is to help clarify the causes of different 
infection mechanisms and host ranges. 

The structure of a protein determines its biological 
functions. Changes in the structure of proteins or 
chemical modifications can affect their properties and 
functions. Bioinformatics software was used to predict 
the physicochemical properties, structure, and 
antigenic epitopes of the S proteins, which helped us to 
understand the mechanism of action of these proteins. 
Physicochemical property prediction showed that the 
PI of FCoV-I S protein was the highest (5.41), and that 
of CCoV-I protein was the lowest (4.93). The 
coronavirus S proteins selected in this study were thus 
identified as acidic proteins with better solubility than 
alkaline proteins (Scheller et al. 2020). Moreover, 

hydrophilic analysis using ExPASy-ProtScale software 
revealed that the surface of the S proteins of these 
viruses was rich in hydrophilic amino acids. Our 
observations further suggested that these proteins 
were soluble.  

TMHMM is a program used to predict 
transmembrane helices based on the Markov model, 
combining the hydrophobicity of the transmembrane 
region, length of the helices, charge bias, and 
topological constraints of the membrane proteins. 
TMHMM Server v.2.0, online software was used to 
predict the transmembrane area of the CCoV and FCoV 
coronavirus S proteins. The predicted results indicated 
that the S proteins of these viruses existed outside the 
viral capsule, some existed in the viral capsule, and 
some resided inside the viral capsule. These parts of 
the amino acid sequence outside the viral capsule may 
contain an RBD binds to host cell receptors. Some 
coronavirus RBDs have been screened and verified, 
and these RBDs are located in the S1 subunit of the S 
protein (Ma et al. 2014,Tai et al. 2020,Tai et al. 2016). 

According to the SMART and PROSITE databases, the 
S proteins of the viruses selected in this study have two 
functional domains, spike_rec_binding and corona_S2. 
spike_rec_binding functional domain and corona_S2 
functional domain. For most coronaviruses, one 
characteristic of the S protein is that it has a proteolytic 
site that distinguishes the S1 RBD from the S2 fusion 
domain (Dong et al. 2022,Follis et al. 2006,Whittaker et 

al. 2018). Compared to the published S1 subunit at the 

S protein position, the CCoV and FCoV viruses 
predicted in this study all contained their own S1 
subunit in the extracapsular region. In addition, the S1 
and S2 subunits were not significantly different from 
the predicted results of SMART and PROSITE. As each 
software uses different software and parameters, the 
predicted results may be different. 

Signal peptides mainly exist in secreted proteins, 
transmembrane proteins, and eukaryotic organelles 
and promote the secretion of extracellular proteins 
(Bos et al. 2020). The prediction results of SignalP4.0 

showed that the signal peptides of the CCoV and FCoV 
coronavirus S proteins in this study were all located in 
the top 20 amino acids of the N-terminal. This was the 
first hydrophobic peptide synthesized during mRNA 
translation, which could be ignored when choosing to 
express the S protein in vitro. Phosphorylation can 
regulate protein activity and enhance protein 
interaction (Lu et al. 2021). In this study, we predicted 

that the S proteins of the CCoV and FCoV viruses 
would be phosphorylated. Specific glycosylation has 
an important effect on the physicochemical properties 
and physiological functions of proteins (Watanabe et al. 

2020). Glycosylation is the process of a non-enzymatic 
reaction with glucose after protein translation to 
produce glucose, glucose chains, and protein sites 
through covalent bonds to form a glycosylation site 
(Eichler 2019). Glycosylation can alter the 
conformation of peptides in the S protein, rendering 
amino acids disabled and epitopes unrecognized by 
cells and antibodies, thus enabling the coronavirus to 
escape innate and adaptive immune responses (Walls 
et al. 2019). The predicted results of this study revealed 

that none of the CCoV or FCoV viruses contained O-
glycosylation modification sites, and all of them 
contained more N-glycosylation modification sites. 

Antigenic epitopes are chemical groups that 
stimulate the production of antibodies or sensitized 
lymphocytes and can aid in the development of 
diagnostic methods and novel vaccines as well as the 
design of antiviral immunization strategies 
(Chernyavtseva et al. 2019,Gong et al. 2019,Li et al. 

2017). They are crucial in determining the structure 
and function of antigen molecules and the mechanism 
of antigen-antibody reactions and can be used in the 
research and development of polypeptide vaccines and 
novel anti-coronavirus drugs. The software-predicted 
epitope is suitable for software analysis of known 
proteins or peptides to predict potential epitope 
regions. The basis of the software prediction method is 
that epitopes are related to the amino acid sequences 
or higher structural features of proteins. In this study, 
online antigen-peptide prediction software based on 
the Kolas-kar and Tongaonkar methods was used to 
predict the epitopes of CCoV and FCoV coronavirus S 
proteins. The results revealed 63 epitopes for CCoV-I, 
61 epitopes for CCoV-IIa, 64 epitopes for CCoV-IIb, 64 
epitopes for FCoV-I, and 63 epitopes for FCoV-II. Some 
of the possible antigenic epitopes predicted by 
software have been validated by synthesizing peptides 
containing these epitopes, reacting with antibodies in 
vitro, and measuring the immunogenicity of these 
peptides in vivo (Pan et al. 2017,Sun et al. 2022,Zheng et 
al. 2021). Therefore, the accuracy of the epitopes 
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predicted in this study needs to be verified by 
subsequent in vitro experiments. 

According to identity and phylogenetic analyses, 
we found a higher identity between CCoV-IIb and 
FCoV-II S proteins. FCoV-II viruses may be generated 
by dual recombination of FCoV-I and CCoV (Jaimes 
and Whittaker 2018). Although there is some debate as 
to where the recombination event occurs in the viral 
genome, similar S proteins provide further evidence 
supporting this hypothesis. In addition, we found that 
the identity between FCoV-I and CCoV-I was 
significantly higher than that between FCoV-I and 
FCoV-II S proteins or CCoV-I and CCoV-II S proteins. 
This is also consistent with the proposed novel 
classification of two clades within the 
Alphacoronavirus 1 species: clade A viruses 
encompassing FCoV-I and CCoV-I, and clade B viruses 
including CCoV-IIa, CCoV-IIb, FCoV-II, and TGEV 
viruses (Whittaker et al. 2018).  

Recombination plays a crucial role in the genetic 
evolution of coronaviruses, and novel variants arising 
from recombination can pose a potential epidemic 
threat (Wesley 1999). CCoV-II is a novel recombinant 
variant derived from an unknown coronavirus, and 
CCoV-I is closely related to TGEV and FCoV-II 
(Duijvestijn et al. 2016). This hypothesis was indirectly 

validated in the present study, where phylogenetic 
analysis showed that CCoV-II, TGEV, and FCoV-II 
strains were in closer developmental clusters. In 
addition, CCoV-I and FCoV-I were also in the same 
developmental cluster, which was consistent with 

previous reports that they both originated from a 
common ancestor (Jaimes et al. 2020). Moreover, it has 

been reported that CCoV-IIa viruses have an NTD 
consistent with the prototype CCoV, but CCoV-IIb is 
genetically distinct from CCoV-IIa, with the CCoV-IIb 
spike gene having a TGEV-like NTD (Regan et al. 2012). 

The phylogenetic analysis of S proteins in this study 
indicated that CCoV-IIb was located in an intermediate 
position between clades A and B, which may also 
support this concept. 

For nearly 20 years, the coronaviruses circulating in 
some animals have posed a threat to humans (Azhar et 
al. 2014,Bolles et al. 2011). Recently, a novel canine-

feline recombinant alphacoronavirus was isolated 
from a human patient with pneumonia (Vlasova et al. 

2022). Therefore, the genetic characteristics of 
coronaviruses currently circulating in companion 
animals must be identified. The standards and 
parameters used by different software programs are 
often different, and the predicted results may also 
differ. To obtain reliable prediction results, multiple 
types of software must be used simultaneously for the 
analysis. In this study, the biological functions and 
structures of the CCoV and FCoV S proteins were 
analyzed, providing a reference for the subsequent 
study of these coronaviruses and their potential 
functions (Fig 10 and 11). Furthermore, research on the 
biological and immune properties of the S protein is 
conducive to the application of the S protein as a target 
in vaccine design. 
 

 

 
Figure 10 Structure of CCoV and FCoV S proteins. Both CCoV and FCoV S proteins contain a signal peptide, a transmembrane 

domain, two domains (S1 and S2), and functional motifs located in S2. (a-e): CCoV-I, CCoV-IIa, CCoV-IIb, FCoV-I and 
FCoV-II 
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Figure 11 Amino acid sequence alignment of the S proteins from CCoV-I, CCoV-II, FeCoV-I, and FeCoV-II 
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