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The entire nucleotide sequences of the spike glycoprotein (S) genes of the highly virulent bovine coronavirus (BCV) 
strain BCV-LY 138, the avirulent BCV-L9 and related Norden Vaccine ( BCV-Vaccine) strains were determined using the 
polymerase chain reaction (PCR) to amplify cDNAs obtained by reverse transcription of viral RNA, and to produce 
single strand cDNAs for DNA sequencing. The S gene sequences of these viral strains were compared with those of 
recently published strains BCV-Mebus, BCV-Quebec, and BCV-F15. An open reading frame of 4092 nucleotides, 
encoding a protein of 1363 amino acid residues, was found in all six strains. Frameshifts and insertions or deletions 
were not observed except for the BCV-F15. The S gene sequences were more than 98% conserved overall inspite of 
different origins of the six viruses. There were 45 to 56 nt differences between the virulent and avirulent groups while 
there were 6 to 14 nt differences among four avirulent strains. Comparison of the deduced amino acid sequences 
indicated that the S proteins had typical properties of membrane glycoproteins. Nineteen N-linked glycosylation sites 
were predicted in five strains, and 18 of them were conserved in the avirulent strain BCV-L9. The sequence KRRSRR at 
the predicted proteolytic cleavage site was identified in five strains while the sequence KRRSVR was found in BCV-F15. 
Substitutions of few amino acids in the putative fusogenic domains and two prolines at 507 and 567 in the antigenic 
domains may cause altered immunogenic and other functional properties of the S proteins specified by the virulent and 
avirulent BCV strains. Nine amino acid substitutions between the virulent and avirulent groups may correlate with BCV 
VirUkflCe. 0 1991 Academic Press. Inc. 

Bovine coronavirus (BCV) is a member of coronaviri- 
dae, causing severe diarrhea in newborn calves and 
winter dysentery in adult cattle ( 1, 2). It possesses a 
single-stranded, nonsegmented RNA genome with 
positive polarity (3). The virion contains four major 
structural proteins: the nucleocapsid protein (N), the 
transmembrane protein (M), the hemagglutinin/ 
esterase protein (HE) and the spike protein (S) (4). 
The S glycoprotein is a predominant peplomeric struc- 
ture forming the typical coronavirus morphology. It is 
synthesized as a high molecular weight (mol. wt.) pre- 
cursor (gpl90) which is cleaved to yield two comigrat- 
ing subunit polypeptides: the N-terminal half (Sl ) and 
the C-terminal half (S2) with an approximate mol. wt. of 
100 kDa (3, 5). The S glycoprotein functions in virus 
attachment to permissive cells, virus-induced cell fu- 
sion, elicitation of neutralizing antibodies and cell-me- 
diated immunity (6). Two antigenic domains responsi- 
ble for neutralization of BCV-Quebec and BCV-L9 have 
been identified on the S protein (Ref. (7); Hussain et 
a/., submitted). However, the location of the neutraliz- 
ing epitopes on the BCV S protein has not yet been 
determined. Comparison of the S proteins with S-spe- 
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cific monoclonal antibodies (MAbs) revealed that dif- 
ferent neutralizing and non-neutralizing epitopes as 
well as conformational epitopes were present in the S 
glycoproteins specified by the virulent and avirulent 
strains (Hussain et al., submitted). In order to under- 
stand the molecular basis of the observed antigenic 
diversity of the S glycoproteins we successfully ampli- 
fied, directly sequenced, and cloned the entire S genes 
of different BCV strains using the polymerase chain 
reaction (PCR). We report here the sequence charac- 
teristics of one virulent and two avirulent BCV strains 
and their comparison with the recently published se- 
quences of three other BCV strains. 

The strain BCV-L9 was derived from BCV-Mebus 
and passaged through different nonpolarized and 
highly polarized cells over 80 passages (8). The Nor- 
den Vaccine strain (BCV-Vaccine) was also derived 
from BCV-Mebus and used asvaccine by Norden Labo- 
ratories (Omaha, NE) ( 1, 9). The highly virulent wild- 
type strain BCV-LY 138 was isolated from diarrhea1 fluid 
of a diseased calf in 1965 in Utah/USA ( IO), and main- 
tained in calves through oral inoculation since then (8, 
11). This strain replicates only in HRT-18 cells but not 
in numerous bovine cells (8). All strains were propa- 
gated in HRT-18 cells as described previously (8). 
After 24 h.p.i., cells were washed twice with phos- 
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phate buffered saline (PBS), and RNA was isolated us- 
ing isothiocyanate/cesium chloride gradients accord- 
ing to the method described previously ( 12). As con- 
trol, RNA was isolated from uninfected cells. 

The first-strand cDNA synthesis was carried out in a 
volume of 25 ~1 containing 50 mh/l Tris-HCI (pH 8.3), 
50mILIKCI,3mMMgCI,, lOmMDlT, 1 mMeachof 
the four dNTPs, 25 U RNAsin (Bethesda Research Lab- 
oratories (BRL)), 2’pM 3’ primer, 1 pg total RNA, 200 U 
Moloney murine leukemia virus reverse transcriptase 
(M-MLV RT) (BRL) for 1 hr at 42”, and the reaction was 
stopped by heating samples to 95” for 10 min and then 
cooled on ice. The RNA was denatured after adding 20 
m 11/1 methylmercuric hydroxide ( MeHgOH) and 70 m M 
2-mercaptoethanol for 7 and 5 min at room tempera- 
ture, respectively, incubated with oligonucleotide 
primer at 65” for 2 min, and then chilled on ice before 
adding other reagents. Two S gene specific primers 
were designed both for cDNA synthesis and PCR am- 
plification according to the published sequence ( 13). 
The A3’ primer is antisense representing the sequence 
at the positions 2 165-2 187 (5’-7TTGGATCCAGG- 
TTGCAGCTGTCGTGAAAGA-3’). The B3’ primer 
corresponds to the sequence downstream of the S 
gene (5’-AACGGATCCAATATATCGTCAGGAGCC- 
AATA-3’). Both primers contain an extra BarnHI linker 
in the 5’ end for cloning purposes. The primers were 
synthesized in the Gene Assembler (Pharmacia-LKB, 
Piscataway, NJ) in our laboratory according to the man- 
ufacturer’s instructions, and purified using Poly-PAK 
(Glen Research, Herndon, VA) or Oligo-PAK column 
(Millipore, Burlington, MA). 

The reaction of second strand cDNA synthesis and 
amplification was carried out in PCR (MicroCycler, Ep- 
peridot-f Inc., Fremont, CA) with 5 ~1 of the reverse tran- 
scription reaction in a total volume of 100 ~1 containing 
20mMTris-HCl(pH8.3),25mMKCI, 1.5mMMgCI,, 
0.1% Tween 20, 10 pg of bovine serum albumin (BSA), 
2.5 U of Taq DNA polymerase (BRL), 200 &l each of 
the four dNTPs, and 20 pmol each of the primers. The 
sense A5’ primer corresponds to the sequence up- 
stream of the S gene (5’-GCTGAAnCGATAATGGT- 
ACTAGGCTGCATGAT-3’), and the B5’ primer repre- 
sents the sequence at the positions 2 165-2 187 (5’- 
GCTGAA TTCTCTTTCACGACAGCTGCAACCT-3 ‘). 
These primers contain an extra EcoRl linker on the 5’ 
end as indicated. Each cycle consisted of a 1 -set dena- 
turation at 96”, followed by 30-set annealing (at 59”) 
and 2-min extention (at 72“) steps. After 30 to 35 cy- 
cles, the final products were extended for 7 min at 72”. 
Single-strand cDNA fragments were generated in a 
second PCR for sequencing. Briefly, one-tenth of the 
double stranded PCR product and a single primer with 
40 pmol were used. Other reagents were the same as 

in the previous PCR. The cycle profile of 20 to 25 cy- 
cles was: 1-set at 96”, 30-set at 50”, 1-set at 60”, 
2-min at 72” (Fig. 1). 

We sequenced the entire S genes of one virulent and 
two avirulent BCV strains which display distinct biologi- 
cal properties and epitopes as defined by MAbs to the 
reference strain BCV-L9. With the exception of 40 nt on 
the 5’-end and 50 nt on the 3’-end, the S gene se- 
quences were determined in both directions at least 
once, as illustrated in Fig. 1. These sequences were 
compared with the recently published sequences for 
the strains BCV-Mebus ( 14), BCV-Quebec ( /5), and 
BCV-F15 ( 13), and their alignment is presented in Fig. 
2 (origins of these strains are described in the legend). 
All of the S genes contained an ORF of 4092 nucleo- 
tides. The only variations among these sequences 
consisted of nucleotide substitutions. Frameshift, de- 
letion, or insertion, and nonsense mutations were not 
observed except for BCV-F15. The few nucleotide sub- 
stitutions (91 nt) represented approximately 2% of the 
sequence, and they seemed to be distributed ran- 
domly. By comparison with other strains, the following 
differences were detected in two regions in BCV-F15: 
The deletion of a base (T) at nucleotide 2316 resulted 
in a frameshift for 2 aa followed by the insertion of an A 
at nucleotide 2320 which returned the amino acid se- 
quence to a homologous alignment (at aa position 772 
within the cleavage site; also see Fig. 3); at the posi- 
tions 3271-3272, the sequence GC was converted to 
CG. The intergenic and internal consensus sequence 
CYAAAC was conserved in all BCV strains. The two 
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FIG. 1. Strategies of cDNA synthesis and DNA sequencing. The 
relative locations of S, M and N genes in the BCV genome (a); primer 
design and first-strand cDNA synthesis by reverse transcription (b); 
second-strand, PCR-mediated DNA synthesis (c); double-stranded 
DNA amplification by PCR (d); single-stranded DNA synthesis by 
PCR using an excess of 5’ primer (e) and 3’ primer (f); DNA se- 
quencing strategies(g). A5’and 85’ indicate two 5’primers contain- 
ing an extra EcoRl linker; A3’ and B3’ indicate two 3’ primers con- 
taining an extra BarnHI linker. 
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BCV-L9 amTMATA CTllTAATlT CCXTACCMT GGClTITG Cp GlTATAGGAG ATTPAAAO’PG TAOACGGTl’ TCCATTAATG 

gfg&gj’ 

lTAGACCATA ATtXAACA~ l 

;?g- F”” -2 
BN-F15 g 

BCV-LS 
;g:zBC 

A'PZl'GACAC CGGTGCTCCT TCl!AlTAGCA Cl'GATAyT CGATGlTACT AATGGTlTAG GTAClTmA TGTTITAGAT CGTGTGTATT TMATACTAC 

;g- F"" -2 
C 

T G 
BCV-F15 T 2 

BCV-L9 GTXlTGClT AATGGTl!A'X ACCClACTX AoGTpCl'ACA TATCGTMTA TGGCACTGM GGGAAC'I-ITA CTATEAGCA GACl’ATGGTT TAMCCACCP 

fl?Ei!z' 
BCV-UEB 

-I? Bcv- Y 
XV-F15 C 5 

BCV-L9 Tl'TClTl'Cl'G ATlTTATl%A P2GTATlTl-l’ GCTAAGGTCA AMATACCAA GG’lTATl’AM AAGGGTGTAA TGTATAGW G'ITTCCTGCT ATAACTATAG 
BCV-VACC 
BCV-MEB 
;gz 9" e 
BCV-F15 c: 

BCV-L9 GTAGTAtTlT TGTMATACA TCCl'ATAGTG TGGTAGTACA ACCACATACP ACCAATITGG ATAATAAATT ACMGGTCTC 'ITAGAGATCT CPGTlTGCC?+ 
BCV-VACC 
BCV-MEB 
gq- yr"" -2 
BCV-F15 1 

BCV-L9 GTATA'XATG TGCGMTACC CACATACGAT TTGTCATCCT MT-TA ATZ$aACGCGT AGAACTATGG CA TTGGGATA CAGGTGmT TTCCl'GTTl'A 
BCV-VACC 
BCV-MEB 
#$- y"" -2 

G 

BCV-F15 A T E: 
A 

BCV-LS TATAAGCGTA ATITCACATA TGATGTGAAT G'3GATlW.X TGTA’XTI’CCA TcclTATCM OAAcfimGTA CI’TFITATGC ATATITTACA GACA-TG 
BCV-VACC 
BCV-KEB 
I%:- $" -2 
BCV-F15 C I T 

BCV-LS Tl-GTTACl'M GTlTcI"oTfi AATGTFTAlT TAGGCACGGT GCl’lTCACAT TATTATGTCC TGCClTTGA 
BCV-VACC 

C Tl'GT$ATAGT GCPATGACfi TAGAATAlTG 

BCV-MEB 
gfp" E 

XV-F15 :: 

BCV-LS GG'ITACACCT Cl'CAClTcTA AACMTATTT ACT- C AATCMGATG GTGlTATFlT TAATGClWlT GAlTGTMGA GTGA!i-l-lTAT GAGTGAGAm 
BCV-VACC 
BCV-MEB 
:g- p" -it 
BCV-F15 E 

BCV-LS MGTGTAAAA CACI'ATCTAT AGC?CCATCT ACl’GGTYTl”IT ATGPAmAAA CGGTl'ACACl- GTTCAGCCAA TTGCAGATGT TTACCGACGT ATACCTAATC 

fiiz%' 
:ggEB 
BCV-F15 

Bcv-L9 lTCCCGA!tTG TAATATAGAG G -A ATGATAAGTC GGTGCCCTCI CCAlTAMTT GGGAACGTM GACclTlTCA AATl!GTAATr TTAATATGAG 
~~~&~' 

;g- yI"" -I 
BCV-F15 ; 

BCV-L9 Cl'GCCl!GA% TCl’TlTATE AGGCAGA~C ATTl'ACTl'GT MTAATATE ATGCl'GCl'AA GATATATGGT ATGTGTl-lTT CCAGCATAAC TATAGATAAG 
;$I$;' ; 

;13L;"" A 
A 

BCV-F15 A" C 

BCV-LS TlTGCl'ATAC CCAATGGTAG GMGGTNAC CTACM’lTGG GCMTfTGGG (STATITGCAG TCllTI%ACl' AT- TACI'A- ACAAG%TC 

E%%' 
;g- p" -e 
BCV-F15 

BCV-L9 AGTl'GTATl'A TAATlTACcP GCTGCTAATG TlTCTGTl'AG CAGGTITAAT CcITCl'ACl-l' GGAATAGGAG ATTl'GGTllT ACAGMCAAT CICTllTl'AA 

USE 
;&t~~" 

T 

BCV-F15 cc T 

BCV-L9 GCCTCAACCT GTAGGTGTIT TTACl’CATCA TGATGTTGTl' TATGCACMC ATFGTTlTAA AGCTCCCACA AATTl'Cl'iiTC CGTGTAMm GGAlCGGTcT 

EEE T 

Egtp" 
A 

G 
BCV-F15 G 
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FIG. 2. Nucleotide sequence comparisons of the S genes of six BCV strains. DNA sequencing was carried out with the modified dideoxynu- 
cleotide chain termination procedure (24) using Sequenase (U.S.B., Cleveland, OH). Sequences were analyzed with the aid of the Sequence 
Analysis Software Package of the Genetics Computer Group of the University of Wisconsin and the MacVector Software (IBI, New Haven, CT). 
The S gene sequences of BCV-Mebus, BCV-Quebec, and BCV-F15 are obtained from Refs. ( 14), ( 15), and ( 13), respectively. The origins and 
properties of these strains are as follows: The strain BCV-Mebus was isolated from a calf with enteritis, and adapted to bovine fetal kidney cells 
described previously (25). The strain BCV-Quebec was isolated from a calf with enteritis by cultivation in Vero and MDBK cells in Quebec in 
1979. Its biological properties were similar to BCV-Mebus (26). The wild-type strain BCVF15 was isolated in HRT cells from a calf with enteritis 
in France in 1979 (27). The consensus sequences are underlined, and the start and stop codes are marked by asterisks. 
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XV-L9 TGATXl'AAT GGTAATCTCl' ATGGllTTAG AGACI’ACLTA ACAPACAGAA CTTlTATGAT TCGTAGlTGC TATAGCGGTC GTGTITCAGC GGCClTlTAT 
BCV-VACC 
BCV-MEB 
;&ye ye -f 
BCV-F1.5 

BCV-L9 GCTAACl.CTl' CCGAACCAGC ATl’GCl’ATlT CGGAATA~A AATGCAAlTA CGlTlTl'AAT AATACl'cTIT CACGACAGCT GCMiCCl’ATT AACPAlllTG 

BBz~%;c 
;$I y"" f T 
WV-F15 C 

BCV-L9 ATAGmATm TGGllGTGTT GTCAATGCTG ATAATAGTAC TKTAGTGTT GTTCAAACAT GTGATCTCAC AGTAGGTAGT GGTTACI'GTG TGGA'ITACK 2300 

.k%ZS' 

BCV-FlS G s 

2400 BCV-L9 TAGUAAAGA CGAAGTCGTA GAGCGATl!AC CACl’GGTTAT CGGTlTACTA ATllTGAG CC ATlTACTGm AATXAGTAA ATGATAGTI'T AGAACCXTA 

C 

CGTA 

WV-L9 GGlGGTl'TGT ATGAAATKA AATACCTXA GAGTiTACl-A TAGGTAATAT GGAGGAGTFC ATXAAACAA GCPCTCCX'AA AGmACTATp GA!lTGTl'ClW 

T 
BCV-F15 A 

BCV-L9 CTTlTGTCl'G TGGTGATTAT GCAGCATGTA AATCACAGlT GGTTGMTAT GGTAGCITCT GTGACAATAT TAA'KKI'ATA CTCACAGAAG TAAATGAACP 
El@+VACC 
EC-J-MEB 
BCV UEB 

-2 BCV- Y 
BCV-F15 G ; 

BCV-L9 ACTPW\CACP ACACAGTl'GC AAGTAGCTAA TAG!llTAATG AATGGTGTCA Cl'ClTAGCAC TAAGCTMAA GATGGCGlTA ATlTSATG T AGACGACATC 
BCV-VACC 
BCV-MEB 
ggIgEB 
BCV-F15 

BCV-L9 AATITTTCCC CTGTATl’AGG Tl'GTFTAGGA AGCGATl'GTA ATUAGTITC CAGCAGATC2 GCTATAGAGG ATlTAClTlT 'ITCTAAAGTA AAGTTATClG 

FZEE" 
~~~~" 

C 

BCV-F15 A ; 

BCV-L9 ATGTCGGT'IT CGTl'GAGGCT TATAATAATT GTACTGGAGG TGCCGAAAlT AGGGACCKA 'ITTGTGTGCA AAGlTATAAT GGTATCAAAG TGTTGCCTCC 

Ez%E' 
;gp" T 
BP&F15 G C C 

BCV-L9 ACTGCKTCAGTAAATCAGATCAGT'.XATACA~ GCCACCTCTG CMGTCTGTT TCCI'CCTTGG TCAGCAGCAG CAGGTGTACC AlTlTAT'RA 

Ez:%;' T T 
BCV-QUEB T T 
BCV-LY A 
XV-F15 it 

C 
T 

BCV-L9 TTGTGTGTAG GTAATGOTCC TGGTATAGAT GCl'GG'll'ATA AAAATAGTGG TATAGGCACT TGTCCK;CAG GTACl'AATl'A TIl'AAcZTTGC CATAATGCK 1600 

FzE%' 
;g- y"" 2 G T T 
XV-F15 C 

XV-L9 CCCAATGTGA 'ITGrpTGTGC ACKCCGACC CCATI!ACATC TAAATCCACA GGGCCl-l'ACA AGTGCCCCCA AACVAATAC 'l7'AGmC.A TAGGTGAGCA 1700 
BCV-VACC 
BCV-MEB A 
BCV WEB 

-!! BCV- Y 
BCV-F15 A i! 

T T 

XV-L9 Cl'GlTCGGGT ClTGCTATTA AMGTGAmA TIGTGGAGGT AATCClTGTA C'ITGCCAACC ACAAGCATTT TEGGTl'GGT Cl'GlTGACl'C 'ITGmACAA 1800 

Esz&' C 
BCV UEB 

-f Bcv- Y T 
BCV-FL5 

BCV-L9 GGGGATAGGT GTAATAmT TGCTAA!lTlT ATITFXATG ATGTlW4TAG TGGTACIACT 'RXTCTACTG ATlTACAAM AT CAAACACA GACkTAATl'C 1900 
BCV-VACC 
BCV-KEB 
BCV UEB 

-I? 
T 

Bcv- Y C 
BCV-F15 
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FIG. P-Continued 
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BCV-L9 MTGTTCAGT ATCGTATPM TGGGAlTGGT GTTACCATGG ATGTGTTAAG TCFLAAATCAA AAGCTl'AlTG CMAlWATT TAACMTGCl' CTl’GATGCfA 
pTJCVg;C 

ET F"" 2 TC C 
BCV-FL5 C 

BCV-I.,9 Tl'cAGoAAGG G-CT ACCAATl'CK CTITAGTTAA AA~CAAGCl' GlTGlTAATG CAAATGCTGA AGCl'ClTAAT AAClTA!ITGC AACAACTCTC 

%EkAF 

E !?I"" 2. 
BCV-I'15 

BCV-L9 TAATAGATlT GGTGCl’ATAA GTK!tTcITp ACMGAAAm CTATCTAGAC TGGATGCKT TGAAGCGCAA GCTCMATAG ACAGACITAT TAATGGBCGT 

lKz%i' 
;g: $" -8 
BCV-F15 C T CG 

BCV-L9 CITACCGCTC l'TAATGClTA TGTI'TCKAA CAGClTAGTG AlTCTACACl’ AGTAAMTIT AGTGCAGCAC MGCTATGGA GMGGTl'MT GAATGTGTCA 

!Ex%' 

KEz F"" 5 
T 

BCV-F15 T C 

BCV-L9 AAAGCCAATC ATCTAGGATA AATFTFETG GTAATGGTAA TCATATTATA TCATTAGTGC AGAATGCTCC ATATGGTlTG TAllTFATCC ACl-lTAGcPA 
BCV-VACC 
BCV-MEB 
lg. p" -e 
BCV-F15 T 

BCV-L9 TGTCCCTACP AAGTATGTCA Cl'G CGAAGGT TAGTCCCGGT CKTGCATP.3 CTGGTGATAG AGGTATAGCC CCTAAGAGTG GlTATTKTGT TMTGTAAAT 

EZE 
;g- p" -e 
BCV-P15 G 

BCV-L9 AATAClTGGA TGTKWl'GG TAGTGGTl'AT TACTACCCXC AACCCATAAC TGGAAA TMT 

fszEc 

GTTGTTGTI'A TGM3TACcK. TGCI'G$TAAC TATACMAAG 

T 

T' 
: 
T T : 

CGCCGGATGT AATGCTGAAC ATlTCMCAC CcMCcrCcA TciAmAAG 

A 

ATCAATGG~ TAAAAACCA.4 ACATCAGTGG CAccAGAm 

BCV-L9 GTCAClTGAT TATATAAATG Tl'ACA~ClT GGACCTACAA GATGAAATGA ATAGGlTACA GGAGGWTA AMGTlTTAA ATCAGAGCTA CATCAATCK 

EiEE' 
;g- p" -I 
BCV-F15 C 

BCV-L9 AAGGACATTG GTACATATGA GTAT.CATGTA AAATGGCC!lT GGTATGTATG GClTITAAm GG CllTGCTG GTGTAGCPAT GC7lTGTl"l-l.A CTAlTClTCA 

EE-Ki' 
X&EB 

a? C 
BCV-F15 

BCV-L9 TATGCCGTTG TACAGGATGT GGGACTAGTl' GTl-lTAAGAT ATGTGGTGGT TGTl'GTGATG AlTATACTGG ACACCAGGAG Tl'AGTAAITA MACATCKA 

BCV-Fl5 i 

BCV-L9 lGACGACT~ 4110 

ET-%$' 
EC$pB 

2 
BCV-F15 

FIG. 2- 

most similar sequences were those of BCV-L9 and 
BCV-Vaccine (6 nt differences) in paired comparisons, 
and the most distant were those of BCV-Quebec and 
BCV-F15 (74 nt differences). The virulent wild-type 
strain BCV-LY138 was evolutionally distant from the 
avirulent strains (total number of differences between 
45 to 56 nt). The French strain BCV-F15 also differed 
from the avirulent strains (total number of differences 
between 55 to 74 nt). Although there were 55 nt differ- 
ences between BCV-LY138 and BCV-F15, the same 
nucleotide substitutions occurred in 29 nt. 

An alignment of the deduced amino acid sequences 
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of the S proteins of the six BCV strains is shown in Fig. 
3. All six S genes encoded a predicted protein of 1363 
aa residues, having a mol. wt. of approximately 150 
kDa. Nineteen potential N-linked glycosylation sites 
were predicted in 5 strains while 18 of them were con- 
served in BCV-L9. Fifty-seven cysteine residues were 
found in BCV-L9 while 56 of them were conserved in 
the other 5 strains. The BCV-F15 had an additional 
cysteine at position 840. The glycosylated protein had 
an estimated mol. wt. of approximately 190 kDa. All six 
S proteins possessed at least 98% sequence identity 
in paired comparisons. As with the nucleotide se- 
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Scv-L9 LDHNLNMFLI LLISLPMAFA VIGDLKCTTV SINDVDTGU TYYVLD RVYLNITLLL NGWPTSCST YRNMALKGTL LLSRLWTKPP 
BCV-VACC SISTD$m NGLG - 
BCV-MEB 
EN WEB 

-2 Bcv- Y V 
BCV-F15 : T T 

BCV-L9 
ECV-VACC 

PLSDFINGIF AKVKNTKVIK KGVNYSEPPA ITIGSTFVNT SYSWVQPHT TNLDNKLQGL LEISVCQYTM CEYPBTICBP NI&yVEW RWDXVVSCL 
I= 

BCV-MEB 
BCV LIEB 

-f 
K 

Bcv- Y N 
BCV-F15 N N RR1 

BCV-L9 YKRM'TYDVNADYLYFRFYQ EGGTFYAYFT UTGVVTKFLPNWLGTVLSH YYVLPLTYS AUTLEYWVTP LTSKQYLLAF NQDGVIFNAV DCKSDFMSBI 
;$C?G$;C - 

;g- y"" -2 
: 

BCV-F15 E;t 

BCV-L9 KCKTLSIAPS TGVYELNGYTVQPIAWYRR 

BBsv~%EC 

IPNLPDCNIE AWLNDKSVPS PLKWERKTFS NCNFNMS;" SFIQADSFTC NNIDAAKIYG MCFSSITIDK 

;$I y"" e 
z 

XV-F15 z 

BCV-L9 FAIPNGRKVD LQLGNLOYLQ SFNYRIDlTA TSCQLYYNLP AANVSVSRFN PS TWNRRFGP TEQSVFKPQP VGVFTHXDVVYAQHCFKAF-T NFCPCKLLtGS 
;ggfc 
;g- BEB -2 

9 i? 

BCV-F15 I E * 
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FIG. 3. Amino acid sequence comparisons of the predicted S proteins of six BCV strains. The predicted signal peptide and intramembrane 
anchoring sequences are underlined. The predicted cleavage site is indicated by an arrow, and its sequence is marked by asterisks underneath. 
The 19 predicted N-linked glycosylation sites are double underlined. The conserved sequence is marked by (-). The putative hydrophobic 
domains are indicated by (.), and the adjacent heptad repeat sequences by (:). Two proline substitutions are indicated by asterisks on the top. 

quences, the most related proteins were those of BCV- gent proteins were those of BCV-Mebus and BCV-F15 
Mebus and BCV-Quebec (4 aa differences) or BCV-L9 or BCV-Quebec and BCV-F15 (26 aa differences, re- 
and BCV-Vaccine (6 aa differences); the most diver- spectively). The alignment reveals that the strain BCV- 
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Quebec is closely related to the avirulent strains BCV- 
Mebus, BCV-L9, and BCV-Vaccine (6 to 14 nt and 4 to 
11 aa differences, respectively), suggesting that this 
strain is a variant of the prototype BCV-Mebus. In con- 
trast to the nucleotide sequences, the amino acid se- 
quences of BCV-LY138 and BCV-F15 were more ho- 
mologous (13 aa differences). As shown in Fig. 3, 9 
amino acids in the avirulent strains were substituted in 
both BCV-LY138 and BCV-F15: A to V (38), R to T 
(94),KtoN(121),LtoM(254),HtoD(476),VtoA 
(749),VtoE(980),AtoV(1106),HtoP(1247),andI 
to K (1347). This suggests that the wild-type strain 
BCV-F15 is possibly a virulent strain, and that the 9 
amino acids, especially the proline (at 1247) and lysine 
(at 1347) on the carboxy-terminal, may relate to BCV 
virulence. Amino acid differences between the virulent 
and avirulent groups varied from 16 to 26 aa. Appar- 
ently, most of these substitutions occurred in the Sl 
peptide (Fig. 3). 

Comparisons of the amino acid sequences in the 
antigenic region ( 14, 16) suggested that two proline 
substitutions may cause the antigenic differences: at 
amino acid position 507, a proline in the avirulent strain 
BCV-L9 was substituted by a serine in the virulent 
strain BCV-LY138, and another proline (at 567) was 
substituted by a threonine in all other strains. Proline is 
considered a helix-breaking residue, which may influ- 
ence significantly the conformation and secondary 
structure of peptide molecules ( 17). The proline sub- 
stitutions resulted in decreased hydrophilicity, surface 
probability, and antigenicity, but increased flexibility of 
the peptide in this region (data not shown). Our 
previous study indicated that one neutralizing epitope 
of BCV-L9 was present in BCV-Vaccine but absent in 
the virulent strain BCV-LY 138, and one non-neutraliz- 
ing epitope was present only in the avirulent strain 
BCV-L9 (Hussain et a/., submitted). The number of 
proline substitutions in this region coincides with the 
number of conformational epitopes absent in BCV- 
LY 138 and BCV-Vaccine lead us to conclude that sub- 
stitutions of these prolines to other amino acids may 
alter the conformation of the S protein, and cause the 
loss of conformation-dependent epitopes in BCV- 
LY138 and BVC-Vaccine. This hypothesis is currently 
under investigation. It is unclear whether substitutions 
of these prolines and other amino acids in this region 
also correlate with BCV virulence. 

Our previous studies revealed that the biological 
properties of fusion, plaque formation and host cell 
range were evidently different between the virulent and 
avirulent groups of BCV strains (8). The fusion activity 
of BCV is believed to be associated with the S polypep- 
tide and the cleavage of the S into Sl and S2 subunits 
(5, 18). The sequence KRRSRR at the predicted proteo- 

Iytic cleavage site was conserved in the virulent strain 
BCV-LY138 and in the avirulent strains while the se- 
quence KRRSVR occurred in the wild-type BCV-F15 
(Fig. 3). The cleavage site of BCV S protein is located 
in a hydrophilic area, in contrast to paramyxoviruses 
and myxoviruses, in which the cleavage site is located 
in hydrophobic domains (20-30 aa) of the fusion pro- 
teins ( 19, 20). These observations imply that there 
might be a different mechanism involved in BCV-in- 
duced cell fusion. Parker et al. (14) indicated that a 
sequence VLGCLGSAC (905-913) on the S protein of 
BCV-Quebec may constitute a portion of the fusogenic 
domain within the BCV S2 subunit. This stretch is simi- 
lar to the sequence LLGCIGSTC of MHV-A59, which 
contains a neutralizing epitope (25). By comparing 
with paramyxovirus and retrovirus, Chambers et a/. 
(26) proposed that the hydrophobic region adjacent to 
heptad repeat sequences may be the potentially fu- 
sion-related domain in the S proteins of mouse hepati- 
tis virus, infectious bronchitis virus, and transmissible 
gastroenteritis virus. After multiple alignments it is 
found that the heptad repeat sequences are located in 
the S2 at positions 999-l 038 which are conserved in 
all strains, and the hydrophobic regions are located at 
961-998 (see Fig. 3). However, a direct involvement 
of these sequences in BCV fusion has yet to be demon- 
strated. Similarly, the El protein of Semliki Forest virus 
(SFV) does not contain a hydrophobic N-terminal re- 
gion. It has been proposed, however, that in El an 
internal uncharged stretch of 17 residues, located 
about 80 aa from the N-terminal, might act as the puta- 
tive fusogenic domain (27). Interestingly, we found 
three patterns of amino acid substitution in the putative 
fusogenic domain: at position 971, V in the avirulent 
strains was substituted by E in the virulent strains; W 
(898) and A (993) were substituted by I and V in BCV- 
Mebus and BCV-Quebec, respectively. It is unclear, 
however, whether these amino acid changes in the 
predicted cleavage sites and the putative fusogenic 
domains reflect any functional differences, such as fu- 
sion activities among different BCV strains. 
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