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The sequence of the hemagglutinin-esterase (HE) gene for the Mebus strain of bovine coronavirus was
obtained from cDNA clones, and its deduced product is a 47,700-kilodalton apoprotein of 424 amino acids.
Expression of the HE protein in vitro in the presence of microsomes revealed N-terminal signal peptide cleavage
and C-terminal anchorage but not disulfide-linked dimerization. Dimerization was observed only after
expression in vivo, during which HE was also transported to the cell surface.

Hemagglutination is a distinct and readily assayable qual-
ity of some but not all coronaviruses (3, 4, 17, 23, 36). The
property of hemagglutination has been correlated in the
bovine coronavirus (BCV) with a 140-kilodalton (kDa) struc-
tural glycoprotein called the hemagglutinin (gpl40, H, or E3
in earlier papers [7, 19, 24]). Recently the BCV hemaggluti-
nin has been shown to induce neutralizing antibodies (5, 6)
and to possess an esterase receptor-destroying activity that
may be important for virus entry (38, 39). This glycoprotein
may therefore be called the hemagglutinin-esterase (HE),
and it may serve as a second viral attachment protein (in
addition to the large spike protein) for initiating infection.
The 140-kDa BCV HE protein is a disulfide-linked dimer of
separately synthesized, identical 65-kDa glycosylated sub-
units (7, 18). Glycosylation is only of the asparagine-linked
type, and the unglycosylated subunit electrophoretically
migrates as a 42.5-kDa protein (18).
Here we report the sequence of the HE gene from the

Mebus strain of BCV and compare it to the recently pub-
lished sequence of the Quebec strain (31). We also document
its membrane orientation and demonstrate that it has the
potential to become an independently anchored glycoprotein
on the surface of infected cells.
The sequence of the HE gene was obtained from two

cDNA clones, I1 [extending between bases 7609 and 6698
from the 3' end of the genome, exclusive of the poly(A) tail],
and LA6 (extending between bases 8955 and 7483). cDNA
cloning was done from genomic RNA as previously de-
scribed (12, 26) except that random 5-mer oligodeoxy-
nucleotides (Pharmacia) (for I1) or a synthetic primer (5'AT
TATGACCGCAACACC3') (for LA6) was used for first-
strand synthesis. DNA sequencing of both strands was done
by the dideoxynucleotide-induced-chain termination method
(25, 33) with a nested set of subclones (13) or synthetic
primers. To form a contiguous HE gene sequence, LA6 was

spliced at the HaeIII site (Fig. 1, between bases 1104 and
1105) to the 5' HaeIII-StyI fragment of clone I1 (the Styl site
occurs 343 bases downstream from the termination codon of
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HE). Subclones of this construct were used for expression
analyses.
For in vitro expression, the gene sequence beginning with

the CTAAAC consensus sequence (15 bases upstream of the
putative ATG initiation codon; Fig. 1) and ending 343 bases
downstream of the TAG termination codon was placed
under the control of the SP6 promoter in pGEM4Z (Promega
Biotec). The resulting plasmid, pHESP6, was linearized with
HindlIl to yield full-length transcripts or with EcoRV (which
cuts between bases 993 and 994 in the sequence shown in
Fig. 1) to yield transcripts lacking the putative C-terminal
anchor. Capped transcripts were translated in the presence
or absence of canine pancreatic microsomes (Promega) in
wheat germ extract (Promega) that contained 1 mCi of
[35S]methionine (>800 Ci/mmol; ICN Pharmaceuticals Inc.)
per ml. Immunoprecipitates were prepared with polyclonal
rabbit anti-gp65 (anti-HE) (1, 19). The method of Scheele
(34) was used for protease digestion experiments, and that of
Fujiki et al. (11) was used for carbonate extractions at pH 11.
Competitive inhibition of N-linked glycosylation was accom-
plished with 30 F.M octanoyl-Asp-Leu-Thr (a gift from F.
Naider, City University of New York) in the microsome-
containing translation mixture (27).
For in vivo expression, the sequence shown in Fig. 1

(including 49 bases downstream of the HE stop codon) was
cloned into pGEM3Z under the control of the T7 promoter to
construct plasmid pHET7. For immunofluorescence, HRT
cells were infected with vaccinia virus vTF7-3 (with a
multiplicity of infection of 30), which expresses T7 polymer-
ase (10), transfected with 1.0 ,ug of pHET7 DNA per cm2 by
using Lipofectin (Bethesda Research Laboratories, Inc.) (8),
and prepared at 36 h postinfection for internal or surface
immunofluorescence (21). For immunoprecipitation, CV-1
cells infected with vaccinia virus vTF7-3 (with a multiplicity
of infection of 2) were transfected with 0.4 p.g of plasmid
pHET7 DNA per cm2, labeled with 100 ,uCi each of [35S]
cysteine (>600 ,uCi/mmol; Amersham Corp.) and [35S]me-
thionine (800 pCi/mmol; ICN) per 60-mm dish, and incu-
bated for 16 h before harvest. Immunoprecipitation (21) was
done on cell lysates.
The HE gene sequence of the Mebus strain of BCV (Fig.

1) differs by only two bases from that of the Quebec strain
(31). In the Quebec strain, base 322 is C, making amino acid
103 leucine, and base 522 is A, resulting in no amino acid
difference. The Mebus HE protein thus has the features
described for the Quebec strain HE protein, including a

predicted signal peptide, nine potential sites for N-linked
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FIG. 1. Sequence of the HE gene and deduced amino acid sequences of the HE, IORF1, and IORF2 proteins. The nucleotide sequence
begins 15 bases upstream from the presumed start codon of the HE gene [8,694 bases from the 3' end of the genome, excluding the poly(A)
tail] CTAAAC consensus sequence (doubly underlined) and ends with the ATG initiation codon of the spike protein gene. The amino-terminal
signal peptide and presumed carboxy-terminal anchor sequences are underlined. The amino-terminal signal cleavage site is indicated by an
arrow (-o.). The putative esterase active site (F-G-D-S) and potential N-linked glycosylation sites (NXS or NXT, where X $ P) are boxed.
The CTAAAC consensus sequence preceding the spike protein gene is also doubly underlined. The GenBank accession number of the
nucleotide sequence is M31052.

glycosylation, 14 cysteine residues, large nonoverlapping
internal open reading frames of 408 (IORF1) and 249
(IORF2) bases, and a potential anchor region of 26 amino
acids near the C terminus (Fig. 1). The N-terminal signal
peptide cleavage site is predicted to be between amino acids
18 and 19 on the basis of the virion HE protein sequence data
(18), and the putative active site for neuraminate O-acetyl-
esterase activity, F-G-D-S (39, 40), is found beginning at
base 124.
On the basis of the identification of an N-terminal signal

peptide (18), each subunit of the virion-anchored HE is
predicted to have an N-terminal ectodomain and a C-ter-
minal anchor. To test this prediction, membrane orientation
of HE synthesized in vitro in the presence of microsomes

was determined. HE produced in vitro appeared authentic,
since full-length transcripts translated in the absence of
microsomes produced an unglycosylated product (HEU)
with a molecular mass of 43 kDa (Fig. 2A, lane 1) that was
similar in size to the 42.5-kDa molecule identified in tuni-
camycin-treated cells (18) and since those translated in the
presence of microsomes produced a glycosylated product
(HEG) with a molecular mass of 65 kDa (Fig. 2A, lane 2) that
appeared by electrophoresis to be identical to the virion-
derived HE subunit (18, 24). The authenticity of both
products was also established by immunoprecipitation with
HE-specific polyclonal antiserum (data not shown). Further-
more, HEG produced in the presence of microsomes was
completely or nearly completely protected from protease
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FIG. 2. Translocation, signal cleavage, and membrane anchorage of the HE protein monomer. (A) Full-length transcripts of the HE gene
were translated without (-) or with (+) microsomes (MS), electrophoresed on sodium dodecyl sulfate-polyacrylamide slab gels, and
autoradiographed. Lanes 1 and 2, Products directly from translation mix; lane 3, microsomes incubated without protease; lane 4, microsomes
incubated with protease; lane 5, translation of transcripts generated from Hindlll-cut pGEM4Z vector; lanes 6 and 7, membrane pellet (P) and
supernatant (S) from protein extractions done at pH 7; lanes 8 and 9, membrane pellet and supernatant from protein extractions done at pH
11; lanes 10 through 13, transcripts translated as indicated. Open arrowheads mark the positions of the major products. TP, Octanoyl-
Asp-Leu-Thr tripeptide. (B) Transcripts of the carboxy-terminally truncated HE gene were translated without or with microsomes, and the
products were treated as indicated (lanes 1 through 5). The properties of products from full-length and truncated transcripts are schematically
depicted in the lower part of the figure. Gels were either 9% (A [lanes 1 to 9] and B) or 12% (A [lanes 10 to 13]) polyacrylamide (19). All
samples were treated with 5% 2-mercaptoethanol. HEU and HEG identify the unglycosylated and glycosylated HE monomers, respectively.

digestion (Fig. 2A, lanes 3 and 4), indicating complete or

nearly complete translocation into the microsomal lumen.
HE' was determined to be anchored in microsomal mem-

branes by extraction experiments in sodium carbonate at pH
11 in which HEG was found to remain bound to the pelleted
membrane fraction (Fig. 2A, lanes 8 and 9). Two experimen-
tal approaches demonstrated that the membrane anchorage
was C terminal. In the first, N-terminal signal peptide
cleavage in microsomes was demonstrated to rule out the
possibility that an uncleaved hydrophobic signal peptide was
serving as an anchor. For this, a competitive inhibitor of
N-linked glycosylation (27) was used so that a change in
molecular weight resulting from signal cleavage would not be
obscured by glycosylation. HEU made in microsomes (Fig.
2A, lane 10) was approximately 2 kDa smaller than HEU
made in the absence of microsomes (Fig. 2A, lane 11),
indicating that signal peptide cleavage had taken place. The
increase in the migration rate observed in lane 10 of the gel
shown in Fig. 2A was not due merely to the presence of the
tripeptide (Fig. 2A, lane 13). The second approach tested for
anchorage of a C-terminally truncated protein (made from a

truncated transcript). The truncated protein did not become
anchored, even though it was successfully translocated into
microsomes (Fig. 2B, lanes 1 through 5).
At no time could disulfide-linked dimeric forms of HE be

demonstrated during in vitro expression experiments. At-
tempts to enhance redox conditions for disulfide isomerase
by varying oxidized glutathione concentrations between 0.5
and 7 mM (9, 35) did not help. Possibly, the orientation or

proximity of the nascent chains was not proper for dimer-

ization. A curious species of approximately 46 kDa was

routinely observed when the truncated HE gene was trans-
lated (Fig. 2B, lane 1) (or 60 kDa when this gene was

translated in the presence of microsomes [Fig. 2B, lane 2]),
but it was not a disulfide-linked oligomer, nor was it precip-
itable with HE-specific antiserum (data not shown). Its
identity is not known.
HE in infected cells becomes rapidly disulfide linked and

glycosylated, and much of it becomes incorporated into
virions during virus assembly at the endoplasmic reticulum
and cis Golgi (7, 18). Some, however, may escape incorpo-
ration into virions and subsequently migrate to the cell
surface. Migration to the cell surface is suggested by the fact
that some cells in an infected monolayer show surface
immunofluorescence (Fig. 3B) and adsorb erythrocytes (22;
T. E. Kienzle, S. Abraham, B. G. Hogue, and D. A. Brian,
unpublished data). Alternatively, hemadsorption has been
proposed to be the result of virions remaining adhered to
cells at their sites of release and acting as bridges to bind
erythrocytes to the cell (2). Expression experiments in vivo
were done to establish whether cloned HE expressed in the
absence of other coronavirus proteins can undergo dimer-
ization and migrate to the cell surface as a membrane-
anchored protein. The dimeric form of HE was produced in
vivo (Fig. 3E, lanes 1 and 2). Furthermore, both intracyto-
plasmic fluorescence (data not shown) and surface fluores-
cence (Fig. 3D) were observed, indicating that HE, when
expressed alone, does migrate to the cell surface. HE-
specific hemadsorption could not be tested, since vaccinia
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FIG. 3. Surface immunofluorescence and immunoprecipitation of HE protein. (A) Uninfected HRT cells. (B) BCV-infected HRT cells. (C)
Vaccinia virus (vTF7-3)-infected HRT cells. (D) HRT cells infected with vaccinia virus vTF7-3 and transfected with pHET7 plasmid DNA.
(E) Polyacrylamide gel electrophoresis of immunoprecipitated products from CV-1 cells infected with vaccinia virus vTF7-3 and transfected
with pHET7 plasmid DNA (lanes 1 and 2) or pGEM3Z plasmid DNA (lanes 3 and 4). +, Treated with 2-mercaptoethanol (2-ME); -, not
treated.

virus also produces a hemagglutinin that causes hemadsorp-
tion (20).
One biological consequence of HE anchorage on the

surface of infected cells is that HE may become a target for
both the humoral and the cellular branches of the immune
system. Its usefulness in recombinant vaccines may there-
fore be twofold, since both humoral immunity and cellular
immunity have been shown to be important protection
mechanisms against viral infections of the gastrointestinal
tract (30).
A presumably incomplete, possibly vestigial, form of the

HE gene is found in mouse hepatitis coronavirus A59, and it.
too, maps on the 5' side of the peplomer protein gene (28).
The mouse hepatitis coronavirus A59 "HE" protein, al-
though apparently not expressed during infection (19), pos-
sesses the putative active site (F-G-D-S) for neuraminate 0-
acetylesterase activity (28). An amino acid sequence homol-
ogy of 30% between the mouse hepatitis coronavirus A59
"HE" protein and the HAl (HEI) subunit of the hemagglu-
tinin of influenza C virus (28, 29, 32), which also possesses
the F-G-D-S site and neuraminate O-acetylesterase activity
(14, 16, 37, 40), has suggested an evolutionary relationship
between these two proteins (28). This view is supported by a
comparison of the BCV HE protein (amino acids 30 through
389) with the HAl (HE1) subunit of influenza C virus HE
protein (amino acids 67 through 438 [29]) in which the BCV
HE protein shows a sequence identity of 29.7% with the
HAl (HE1) subunit. In this alignment, 10 of the 14 BCV HE
cysteine residue positions and the position of the F-G-D-S
esterase active site are conserved between the two proteins.
Assuming there is a common ancestry, it is interesting to
note that the influenza C virus HE glycoprotein derives from
a cleaved precursor and apparently does not form ho-
modimeric structures (15), whereas the BCV HE glycopro-
tein undergoes rapid dimerization and, except for signal
peptide removal, is not derived by proteolytic cleavage of a
larger precursor.
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