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Coronaviruses are large enveloped RNA viruses oontaining a single
stranded genane canplexed with a phosphorylated nucleocapsid protein 
Which is surrolmded by an envelope derived f:rom intracellular rrembranes. 
'!he envelope contains two or three species of glycoproteins. '!he 
largest, E2 or S, is cleaved to Sl and S2 subunits and fonns the large 
club-shaped peplaners on the surface of the virion Which gives the virus 
its characteristic appearance. '!he El glycoprotein is believed to be 
responsible for determining the intracellular site of viral rrorphogenesis. 
A smaller group of coronaviruses contain a third IIErrbrane glycoprotein 
(Hogue and Brian, 1986, King et al., 1985, Pocock and Garwes, 1977), E3 
or H, Which, in the case of bovine coronavirus , exhibits haema.gglutinating 
and acetylesterase activities. 

Bovine coronavirus is one cause of severe scours in newborn cattle 
and is responsible for significant rrorbidity and rrortality. Previous 
work has derronstrated that rronoclonal antibodies against E2 or E3 are 
capable of neutralization and are protective in vivo (Deregt et al., 1989). 
In order to examine the biochemical and :imnunological properties of these 
glycoproteins in rrore detail, the gene for the E3 polypeptide has been 
rrolecularly cloned (Parker et al., 1989). Expression of the cloned E3 
gene has shawn that the polypeptide possesses receptor-destroying 
activity similar to that exhibited by the haemagglutinin/esterase (HE) 
of type C influenza virus. In addition, the sequence of the E3 
polypeptide is very similar to the HE polypeptide of type C influenza 
virus. 

RESULTS AND DISCUSSICN 

A series of cDNA clones representing the 3 I 10kb of the bovine 
coronavirus genane have been mapped and sequenced and the resulting map 
is sham in Figure 1. 'Ihe E2 and E3 genes are i.rmediately adjacent on 
the genane. '!he open reading frame of the E2 gene is 4089 nucleotides 
in length and encodes a 145K polypeptide (Parker et al., sutmitted). 
Inmediately upstream is the E3 gene Which encodes a polypeptide of 47K 
(Parker et al., 1989). Imrediately datmstream of the E2 gene is a 
sequence of 946 nucleotides thought to encode two non-structural 
polypeptides (LeibcMitz et al., 1982). As shawn in the map in Figure 1, 
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Figure 1. The 3' end of the genome of bovine coronavirus. The numbers 
belew each designated gene indicate the length of the open reading frane 
exclusive of intergenic regions. The number in parentheses indicates 
the length of an uncharacterized sequence. 

we have tentatively identified a 252 nucleotide open reading frane 
which would encode a 9.5K polypeptide (Cox and Parker, submitted). The 
remaining 694 nucleotides in this region adjacent to the E2 gene have 
consistently failed to generate and open reading frame capable of 
generating a polypeptide of greater than 7K. Further characterization 
of this region is underway. The El and N genes are adjacent and preceed 
a non-coding sequence of 291 nucleotides immediately upstream of the 
poly-A at the 3' terminus of the genomic RNA (Lapps et a1., 1987). 
Therefore, the characteristic gene order reported for other coronaviruses 
is also found in BCV. 

Olaracterization of the Esterase Activity of Bovine Coronavirus 

Recently, Vlasak et a1. (1989a, 1989b) reported that the bovine 
coronavirus exhibited receptor binding specificity and receptor-destroying 
activity similar to the type C influenza viruses. Indirect evidence that 
the BCV haemagglutinin was responsible for the observed enzymatic activity 
was obtained by radiolabeling the E3 polypeptide with 3H-DFP which 
specifically inhibited the hydrolysis of ]rnitrophenyl acetate. We 
previously reported that E3-specific monoclonal antibodies which 
inhibited haemagglutination also neutralized infectivity (Parker et al., 
1989). In order to determine if the BCV E3 polypeptide was responsible 
for the virus-specific hydrolysis of acetate from 0-acetylated sialic 
acids, we tested the ability of monoclonal antibodies specific for the 
E3-polypeptide to inhibit the release of acetate from bovine submaxillary 
ITU.lcin. When 2 ug of purified virus was incubated in phosphate buffered 
saline containing 25 rrg/ml of BSH, an average of three determinations 
shewed that 26 ug of acetate was released as deterrnined with a 
commercially available kit. When the virus was incubated with a pool of 
E3-specific monoclonal antibodies (Deregt et a1., 1988) prior to 
addition of substrate, background levels of free acetate were detected. 
Of the three monoclonals which bind three distinct epitopes, the 
monoclonal antibodies KD9-40 and HCIO-5 completely inhibited esterase 
activity. The third antibody, BD9-8C, which shews minimal neutralizing 
and haemagglutination inhibiting (HI) activity, partially inhibited the 
esterase acti vi ty . The specificity of the inhibition was indicated by 
the lack of inhibition of non-immune sera or a pool of monoclonals 

Table I 

Antibody Inhibition of BCV Acetylesterase 

Antibody 

None 
Pooled 
KD9-40 
HCIO-5 
BD9-8C 

Specificity 
Antigenic Group 

E3 
E3 (A2) 
E3 (Al) 
E3 (C) 

Anti -BHV gIlI 

104 

Neutralization HI 

+++ 
+++ 
+++ 
+ 

+++ 
+++ 
+++ 

Acetate Released 
(ug) 

26 
2 
2 
2 

15 
25 



specific for the bovine herpesvirus gIll glycoprotein. Similar results 
were obtained with nonoclonal antibodies specific for the BCV N, El and 
E2 polypeptides. '!here fore , these data further support the notion that 
the acetylesterase activity of BCV is a property of the E3 polypeptide. 

In order to determine if the acetylesterase activity of BCV is 
an intrinsic property of only the E3 polypeptide, a eDNA clone representing 
the E3 gene (Parker et al., 1989) was inserted into the genorre of the 
baculovirus Autograp"a californica. Infection of insect cells (SF9) with 
the recombinant virus, BVLE3, results in the production of a 130K dirrer 
which dissociates into 58K nonarrers under reducing conditions (Parker et 
al., submitted) Intact S. frugiperda cells infected with the recombinant 
virus were assay for acetylesterase activity. As shown in Table II, 
6Xl06 BCV-infected MDBK cells were capable of hydrolyzing approximately 
15 ug of acetate from submaxillary mucin. While uninfected insect cells 
failed to release acetate from BSM, BVLE3 infection of insect cells 
resulted in significant esterase acti vi ty • '!he esterase acti vi ty on 
BVLE3-infected insect cells was inhibited by the sarre antibody which 
inhibited the esterase in purified virus (data not shawn). '!he ability 
of the E3 polypeptide produced in BVLE3-infected insect cells to hydrolyze 
the substrate in the absence of other viral ccrnponents proves that the 
acetylesterase of bovine coronavirus is an intrinsic property of the E3 
polypeptide. 

Canparison of the BCV E3 Amino Acid Sequence with the HE of Type C 
Influenza Virus 

In agreement with previous reports (Vlasak et al., 1988a, 1988b), the 
data above indicate that the receptor-destroying enzyrre of BCV is similar 
in substrate specificity to that of the HE of type C influenza. A search 
of the protein sequence database of the National Biomedical Research 
Foundation indicated that extensive amino acid sequence homology existed 
between the E3 and HE of type C influenza. 

Figure 2 shONS a comparison of the sequence of the BCV E3 polypeptide 
and the HE of C/Cal/78 influenza virus (Nakada et al., 1984). A similar 
result was observed in a canparison between C/Cal/78 and an apparent 
pseudogene located in the MHV-A59 genarre at a position analogous to the 
location of the BCV E3 gene (Luytjes et al., 1988). 

The similarity becc:mes apparent beginning at amino acid 19 of BCV 
E3 and amino acid 47 of the C/Cal/78 HE. Amino acid 19 is the amino 
terminus of the mature E3 polypeptide as the preceeding 18 amino acids 
represent the signal sequence and ace rerroved during maturation of the 

Table II 

Expression of BCV Acetylesterase in Virus-Infected Cells 

Cells ug Acetate Released 

MDBK 
uninfected 
BCV-infected 

Spodoptera frugiperda 
uninfected 
BVLE3-infected 

-cells 
-mediurna 

4 
15 

3 

37 
6 

a Immunoprecipitated from culture rrediurn with Mab BD9-3C prior to 
assay 
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of the polypeptide (Hogue et al., 1989). The similarity extends to 
position 384 of the E3 sequence which is six amino acids upstream of a 
hydrophobic sequence thought to be the nenbrane anchor of the polypeptide 
(Parker et al., 1989). The similar portion of the C/Cal/78 HE extends 
to position 427 which is 20 amino acids upstream fran the cleavage site 
of the HE precursor. Within these bm.mdaries, the similarity is 27% 
when only identical residues are considered. However, optimization of 
the aligrunent through the use of the Dayhoff scoring matrix increases 
the similarity to 52% as indicated by the boxed positions shown in Figure 
2. 

Several aspects of the C/Cal/78 sequence arphasize the differences 
between the polypeptides being carpared. The HE is a disulfide-linked 
heterodimer c:atpOSed of subunits derived by proteolytic cleavage of a 
ocmron precurosr. As a result, the cysteine residues at positions 20 
and 582, thought to be involved in the formation of the intenrolecular 
linkages (Nakada et al., 1984) are located in regions lacking similarity 
to the E3 and are not shown in Figure 2. In addition, the HE is anchored 
in the virion envelope by a hydror;hooic dcrnain near the carboxy-terminus 
of the HA2 subunit which is also outside of the regions corrpared in 
Figure 2. 

Of the six cysteines in the HE thought to be involved in 
intramolecular disulfide formation, only 3 are conserved in the BCV E3. 
The cysteines at positions 347 and 371 are conserved in both viruses and 
may be involved in intramolecular linkages in the HE of C/Cal/78. 
However, at present the only disulfide known to exist in E3 is in the 
linkage which is responsible for diner formation. 

With one exception at the asparagine at position 104 of E3, the 
location of the potential N-glycosylation sites are not conserved between 
the two polypeptides. 

Although both polypeptides exhibit similar receptor specficities and 
enzymatic activities, only the identity of the active site of the HE has 
been investigated. After radiolabeling with DFP, Vlasak et ale (1989) 
detennined that the labeled tryptic peptide of the HE contained the 
sequence 'IWIGFGDSR with the radiolabel attached to the serine residue. 
Examination of the E3 sequence shows that the sequence is very highly 
conserved from positions 33 to 41 which is analogous to the position of 
the sequence in the C/Cal/78. Experiments are underway to detennine 
if this region comprises the active site of the BCV esterase. 

Inspection of the sequence cxxnparison in Figure 2 clearly indicates 
that the two polypeptides are related. The lack of significant nucleotide 
sequence similarity (data not shown) as well as the dissimilarity in the 
locations of glycosylation sites, potential positions of disulfide 
linkages and the different pathways leading to the formation of the 
dinEric structures of the final gene products strongly suggests that 
any proposed genetic interaction between these viruses undoubtedly 
occurred between an ancient influenza-like virus and a coronavirus 
progenitor. Reports that an E3-like rrolecule may be found in variants 
of murine hepatitis virus (Taguchi et al., 1985, 1986) also suggests 
that E3 may be a non-essential polypeptide in those viruses which 
contain it. It may also be argued, based upon these sane consideration 
that the two polypeptides represent convergent evolution. However, 
based upon the similarities of the binding and enzymatic properties of 
the two polypeptides, it seems appropriate that the term HE indicating 
haemagglutinin-acetylesterase be adopted as the designation for the 
BCV haemagglutinin. 
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BCVE3 ~- N P~T N V V~H[]]-~D[I]LIF G D S R S Die Nl:1V V~N[]N Y 
HICHE1 F e L v k P k a 9 a 8 v L N q s t Wig F G D 8 R t D - - q s n s a f P R - -

BCVE3 rn- Ylm D L~P~L e D 8~K I[;]K A G NmR~r H F T~FrnNrnT~E HICHE1 8 - 1 H s a k tAd k f r sIs 9 9 s 1 m 18m F 9 P P 9 k v D - Y 1 Y q G c 

BCVE3 mT F Y E G L Nn~]Y HI~::In~:r T S G 8 N[I]W[]-IN K G L FlY T HICHE1 G k h k v F Y E G v N w s P h a Aid e y r k n w t D I kIn f q K s i y e 1 

BCVE3 Q V Y K~-mY R~lr F V NITI1Y -rnY~Sm- - T~]n~~G~ HICHE1 a s q she H s 1 v n a L d - k tiP 1 q V t k G v A k n c n nsf L K n p a 

BCVE3 [~r L~P A Yny~E A N F G~y -[~rmEWY L 8 G[mD E ymL 
HICHE1 L Y t q e v k pIe q i c gee n 1 a f f tIp t q F 9 t Y e e k 1 h 1 Vas 

BCVE3 ~- -II F N G Kn~YI~n~r Y~- 8rnJY Yk]]K 0 T G~Y[II~r E~ HICHE1 e y fly d s K e v y N k r 9 c 9 n y f Q v 1 Y d 5 S 9 k V v 9 G L d n r v s 

BCVE3 I TII]- - - - - F 0 FmY~V~p~NrnL A I ~E Lln1T~T~ HICHE1 P y T G n s 9 d t P t m qed m L q L k P G r Y s v r 8 s p r f LIm Per s 

BCVE3 I ffiI;,r R~F T[]Q V~R[;)NIN X R a S DIN H T A V~- Q P~Y~ HICHE1 y e f d - m K e k 9 P V t a V q 8 i W 9 k 9 R k 8 0 Y a v d q A e 1 s t P 9 e 

BCVE3 YII1R~S T T NmV Y~I[mA G F T 811 L S G LIL~P~Q HICHE1 m 1 i q k q k P Y i G e aDd h H G 0 q e m reI L S G L dYe are i 8 Q s 

BL"VE3 ~-rn~' H Y D N vms V w P~Y~-IY G R c PIT~-~I~T~DITI1 384 
HICH":1 G w V net s p f tee y 1 L P P k f G Rep 1 A A k e e s 1 P k 1 P 426 

Figure 2. Amino acid sequence canparison of bovine coronavirus E3 
glycoprotein and C/cal/78 influenza virus HE. Similar amino acids 
determined by Dayhoff scoring matrix are boxed. "-" indicates a 
single residue 9ap introduced to maximize sequence aligI'llreIlt. 
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