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We have recently shown that the genome of equine arteritis virus (EAV) contains seven open reading frames
(ORFs). We now present data on the structural proteins of EAV and the assignment of their respective genes.
Virions are composed of a 14-kDa nucleocapsid protein (N) and three membrane proteins designated M, Gg,
and G;. M is an unglycosylated protein of 16 kDa, and G5 and G, are N-glycosylated proteins of 25 and 30 to
42 kDa, respectively. The broad size distribution of G, results from heterogeneous N-acetyllactosamine
addition since it is susceptible to digestion by endo-B-galactosidase. Using monospecific antisera as well as an
antivirion serum, and by expression of individual ORFs, the genes for the structural proteins were identified:
OREF 7 codes for N, ORF 6 for M, ORF 5 for G, , and ORF 2 for Gg. With the exception of G, the proteins
are about equally abundant in EAV virions, being present at a molar ratio of 3 (N):2 (M):3 (G). The Gg
protein, which is expressed at a level similar to that of M in infected cells, is strikingly underrepresented in
virus particles (1 to 2%). Our data justify a distinct taxonomic position for EAV, together with lactate
dehydrogenase-elevating virus and simian hemorrhagic fever virus; although coronavirus- and toroviruslike in

features of transcription and translation, the virion architecture of EAV is fundamentally different.

Equine arteritis virus (EAV) was first isolated from lung
tissue of a fetus aborted during an endemic in standardbred
horses (10). Seroepidemiological surveys indicate that the
virus is widespread in the horse population (23, 34, 36), but
it only rarely causes disease. A single serotype has been
recognized (37), and little genetic variation appears to exist
among different EAV isolates (6, 38). On the other hand, the
clinical signs of infection are extremely variable. In acute
disease, symptoms commonly include anorexia, depression,
pyrexia, limb and palpebral edema, conjunctivitis, lacrima-
tion, and rhinitis. In pregnant mares, the virus may cause
abortion at high rates. Infected stallions may suffer from
edema of the sheath and scrotum (21, 22, 37). A fatal
outcome of disease has been reported in both natural and
experimental infections, but most natural infections are
either mild or subclinical. The virus is transmitted by the
respiratory and venereal routes and, to a lesser extent, by
indirect contact with contaminated fomites during the acute
phase of infection (22). Stallions may become persistently
infected and shed virus from their reproductive tract (39);
virus persistence has not been noted in mares.

EAV is a small, enveloped, positive-strand RNA virus. On
the basis of its physicochemical properties and virion archi-
tecture, EAV was originally classified as a togavirus (19, 20,
42). The spherical virus particles are 45 to 70 nm in diameter
and have a buoyant density in sucrose of 1.17 to 1.20 g/ml
(19, 25). The virions consist of an isometric nucleocapsid of
about 35 nm which is surrounded by an envelope with
ringlike surface substructures (20, 25). The nucleocapsid is
composed of an infectious, polyadenylated, single-stranded
genomic RNA with a size of 12.7 kb (7) and a 12- to 14-kDa
phosphorylated core protein (24, 58). The envelope contains
a 14- to 16-kDa unglycosylated protein and a number of
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glycoproteins (24, 51, 58); the latter have not been unambig-
uously defined. In some studies, a glycosylated 21-kDa
protein has been detected, while in others, a heteroge-
neously migrating set of glycoproteins in the size range of 28
to 40 kDa has been reported. In contrast to alphaviruses and
rubiviruses, assembly of EAV takes place by intracellular
budding only (33), and multiple subgenomic RNAs are
synthesized in EAV-infected cells (50). In view of these
observations, the virus was assigned to the novel genus
arterivirus (55).

We have recently shown that EAV resembles coronavi-
ruses and toroviruses in its genome organization, gene
expression strategy, and replicase gene. The viral genome
embodies seven open reading frames (ORFs 1 to 7), each of
which is preceded by the sequence 5" UCAAC 3’ (7). This
conserved motif is involved in the transcription of six
subgenomic mRNAs (RNAs 2 to 7) which form a 3’ cotermi-
nal nested set with genomic RNA (9). The subgenomic
mRNAs of EAV are composed of leader and body sequences
which are not contiguous on the viral genome. The common
leader sequence of 207 nucleotides is derived from the
extreme 5’ end of the viral genome (9). The joining of leader
and body sequences occurs at the 5 UCAAC 3’ sites located
upstream of the ORFs. Except for the smallest nRNA (RNA
7), the intracellular viral RNAs are thus structurally polycis-
tronic. EAV ORF 1, which comprises the 5’ three-fourths of
the genome, is expressed from the genomic RNA (RNA 1).
It actually consists of two overlapping ORFs which occupy
different reading frames. The expression of the second ORF
(ORF 1b) involves ribosomal frameshifting (7). EAV ORFs 2
to 7 are expressed from the subgenomic mRNAs, which are
probably functionally monocistronic, i.e., only their respec-
tive 5’ ORFs are translated. Since ORF 1 shares four
conserved amino acid domains with the polymerases of
coronaviruses and toroviruses and translation of RNA 7
yields a product which comigrates with the nucleocapsid
protein (51), a coronaviruslike gene order of 5’-polymerase-
envelope proteins-nucleocapsid protein-3' has been pro-
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posed for the EAV genome (7). Apart from these common
traits, notable differences from coronaviruses and torovi-
ruses are the smaller virion and genome sizes, the isometric
nucleocapsid architecture, and the absence of prominent
spikes (peplomers) on EAYV virions.

To investigate further the evolutionary relationship of
arteriviruses with coronaviruses and toroviruses, we studied
the structural proteins of EAV and identified the correspond-
ing genes.

MATERIALS AND METHODS

Cells and viruses. Cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
heat-inactivated fetal calf serum (FCS), 100 IU of penicillin
per ml, and 100 pg of streptomycin per ml. The Bucyrus
strain of EAV (10) was propagated in lines of baby hamster
kidney (BHK-21) and rabbit kidney (RK-13) cells. To pre-
pare concentrated virus, subconfluent monolayers of
BHK-21 cells were rinsed twice with phosphate-buffered
saline (PBS) containing 50 pg of DEAE-dextran per ml and
infected with plaque-purified virus (50) at a multiplicity of
infection (MOI) of 1072 PFU per cell. After 1 h, the
inoculum was replaced by DMEM—10% FCS, and the
cultures were further incubated for 50 to 60 h at 37°C. At the
stage of a pronounced cytopathic effect, the medium was
harvested, clarified by low-speed centrifugation, mixed with
an equal volume of ice-cold 20% polyethylene glycol (PEG)
6000 in 20 mM Tris-HCl (pH 7.6)-100 mM NaCl-1 mM
EDTA, and stirred slowly overnight at 4°C. The pellet
obtained after centrifugation for 30 min at 10* x g and 4°C
was gently suspended in the same buffer.

Wild-type vaccinia virus strain WR was provided by G.
Wertz, and a recombinant vaccinia virus expressing the
bacteriophage T7 RNA polymerase gene (VIF7-3) was ob-
tained from B. Moss. To generate vaccinia virus recombi-
nants, we used HeLa, human 143 thymidine kinase-negative,
and RK-13 cells.

cDNA synthesis, cloning, and nucleotide sequence analysis.
The preparation of cDNA libraries from poly(A)* RNA of
EAV-infected BHK-21 cells and from viral genomic RNA
and the mapping and DNA sequence analysis of virus-
specific cDNA clones have been described previously (7, 9).

Plasmid construction. Recombinant DNA techniques were
performed essentially as described by Sambrook et al. (45).
ORF 7 was cloned behind the T7 promoter of pBluescript
KS(+) by ligating a 0.55-kb HindIII fragment from EAV
cDNA clone 008 (Fig. 1) into the multiple cloning site of the
vector to generate plasmid pAVIO7. In a separate experi-
ment, the 0.55-kb HindIII fragment was blunt ended with the
Klenow fragment of DNA polymerase I and cloned into the
Smal site of the vaccinia virus insertion vector pSC11 (5)
(obtained from B. Moss), yielding plasmid pAVEOQ7. The
cloning of ORF 6 behind a T7 promoter involved insertion of
a 556-bp Clal-Fspl fragment from clone 106 (Fig. 1) into
Clal- and Smal-digested pBluescript SK(—) to produce
pAVI16. Initially, ORF 5 was placed behind a T7 promoter
by ligation of a 1,243-bp Dral-HindIII fragment from clone
008 (Fig. 1) into Smal- and HindIII-digested pBS(+) to yield
pAVIOS. Subsequently, we constructed pAVI1S by reclon-
ing the 0.9-kb Sacl-Xbal fragment from pAVIOS into the
polylinker region of pBluescript KS(+). The plasmid
pAVI02, which has ORF 2 positioned downstream of a T7
promoter, was obtained by insertion of a filled-in 828-bp
Ddel fragment from EAV cDNA clone 535 (Fig. 1) into
Smal-digested pBluescript KS(+). The orientation of the
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FIG. 1. Physical map of the 3’ end of the viral genome. The
cDNA clones and restriction enzyme recognition sites used to insert
EAV ORFs 7, 6, 5, and 2 in expression vectors are indicated. Black
bars symbolize genomic cDNA clones, and the open bar represents
a cDNA clone synthesized on poly(A)* RNA from virus-infected
BHK-21 cells. The overlapping parts of the oligo(dT)-positive
cDNA clones 008 and 106 contain identical nucleotide sequences.
The letter v indicates that the HindIII site located at the extreme 3’
terminus of the physical map is derived from the cloning vector. The
genome positions of EAV ORFs 2 to 7 and the 3’ end of the viral
replicase gene (ORF 1) are also shown.

inserts was verified by restriction enzyme digestions, and the
nucleotide sequence of the ORFs was confirmed by sequenc-
ing alkali-denatured plasmid DNA with a T7 DNA polymer-
ase sequencing kit (Pharmacia) and [a->*S]dATP (>1,000
Ci/mmol; Amersham).

Preparation of antisera. All immune sera were obtained
after subcutaneous injections of New Zealand White rabbits.
A serum directed against the structural proteins of EAV was
prepared by multiple inoculations with purified virions. The
virus had been grown in RK-13 cells, concentrated by PEG
precipitation, and purified in a 20 to 50% (wt/wt) sucrose
gradient. The animals were injected with +10° PFU of EAV
at monthly intervals. For primary immunization, the antigen
was mixed with an equal volume of Freund’s complete
adjuvant, and for the booster injections, Freund’s incom-
plete adjuvant was used.

An antiserum directed against the extreme carboxy termi-
nus of the ORF 7 protein was obtained after immunization
with the synthetic peptide SPO7 (NH,-Tyr-Trp-Val-Pro-Thr-
Lys-Gln-Ile-GIn-Arg-Lys-Val-Ala-Pro-Pro- Ala-Gly-Pro-
COOH). To produce antibodies exclusively directed against
the ORF 6 product, we injected rabbits with the synthetic
peptide SP06 (NH,-Tyr-Ala-Gly-Arg-Leu-Phe-Ser-Lys-Arg-
Thr-Ala-Ala-Thr-Ala-Tyr-Lys-Leu-GIln-COOH) derived
from the carboxy terminus of the protein. Finally, an anti-
serum against the ORF 2 protein was obtained by using the
carboxy-terminal synthetic peptide SP02 (NH,-Cys-Pro-Ser-
Arg-Arg-Thr-Ser-Ser-Gly-Thr-Leu-Pro- Arg-Arg-Lys-Ile-
Leu-COOH) for immunization. The peptides SP07 and SP06
were synthesized on a MilliGen/Biosearch 9500 peptide
synthesizer by the solid phase t-BOC method; SP02 was
produced on a MilliGen/Biosearch 9400 Excell peptide syn-
thesizer by the solid-phase Fmoc procedure (48). To in-
crease the immunogenicity of the peptides, we conjugated
SP07 and SP06 to keyhole limpet hemocyanin using limiting
amounts of glutaraldehyde (17). SP02 was coupled via its
amino-terminal cysteine residue to keyhole limpet hemocy-
anin after activation of the carrier protein with m-maleimi-
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dobenzoyl-N-hydroxysuccinimide ester (45). In all cases,
the rabbits received 1 mg of conjugate in Freund’s complete
adjuvant and were boostered at monthly intervals with
Freund’s incomplete adjuvant.

Isolation of vaccinia virus recombinants. The procedure to
isolate vaccinia virus recombinants was adopted from Mack-
ett et al. (32). Briefly, 10-cm? subconfluent monolayers of
HeLa cells were infected at a low MOI with wild-type
vaccinia virus (strain WR) and transfected with a calcium
phosphate precipitate of 5 ug of pAVEO7 (16). Recombinant
vaccinia viruses were selected on thymidine kinase-nega-
tive-cells in the presence of 25 pg of 5-bromodeoxyuridine
per ml and visually screened with an agar overlay containing
5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal).
After two rounds of plaque purification, a large stock of
recombinant virus (VAVE(Q7) was grown in RK-13 cells.

Transfection and infection with recombinant vaccinia vi-
ruses. Infection of BHK-21 cells with the vaccinia virus
recombinant vVAVE(Q7 was done in serum-free medium at an
MOI of 10 PFU per cell. After 1 h at 37°C, the inoculum was
replaced by DMEM-10% FCS, and the cells were further
incubated for 3.5 h before starvation and radiolabeling.
Transfection of BHK-21 cells with the plasmid pAVI16,
PAVI1S, or pAVIO2 was mediated by cationic liposomes
(11). To 20-cm? subconfluent monolayers of BHK-21 cells,
10 pg of plasmid DNA and 15 pl of Lipofectin (Bethesda
Research Laboratories) were applied, according to the man-
ufacturer’s instructions. After incubation for 5 h at 37°C, the
cells were infected with the vaccinia virus recombinant
vTF7-3 expressing the bacteriophage T7 RNA polymerase
(13) at an MOI of 10. Metabolic labeling was started at 10 h
after transfection.

Radioactive labeling of intracellular proteins. Subconfluent
monolayers of BHK-21 cells were washed twice with PBS
containing 50 pg of DEAE-dextran per ml and infected with
EAY at an MOI of =20. To stabilize the virus and to enhance
adsorption to cells, we prepared the inoculum in PBS-DEAE
containing 2% FCS. After incubation for 1 h at 37°C, the
inoculum was replaced by DMEM—10% FCS, and the cells
were kept for 6.5 h at 39.5°C. At 7.5 h postinfection (p.i.), the
medium was removed, the cells were rinsed with PBS, and
methionine-free medium was added to the cells. After star-
vation for 30 min, 100 pCi of Tran[**S]-label (>1,000 Ci/
mmol; ICN) per ml was added, and the cells were incubated
for 20 min at 37°C. In one experiment, labeling was followed
by a 2-h chase with DMEM supplemented with 10% FCS and
2 mM nonradioactive methionine. The cells were then rinsed
with ice-cold PBS and lysed in 20 mM Tris-HCI (pH 7.6)-150
mM NaCl-1% Nonidet P-40 (NP-40)-0.5% sodium deoxy-
cholate-0.1% sodium dodecyl sulfate (SDS) containing 1 pg
of aprotinin, leupeptin, and pepstatin A per ml. The lysates
were centrifuged for 20 min at 10* X g and 4°C, the pellets
were discarded, and the supernatants were supplemented
with EDTA to a final concentration of 5 mM. The same
labeling regimen and cell lysis procedure were used when
EAV proteins were expressed from the vaccinia virus
recombinant VAVEOQ7 or from the recombinant plasmids
PAVI16, pAVI1S5, and pAVIO2.

Preparation of radiolabeled virions. Subconfluent mono-
layers of BHK-21 cells were infected with EAV at a high
MOI as described above. At 7 h p.i., the medium was
replaced by methionine-free or cysteine-free medium con-
taining 2% FCS and 100 pCi of L-[**S]methionine or
L-[>*S]cysteine (>1,000 Ci/mmol; ICN) per ml, respectively.
At 10.5 h p.i., 0.2 volume of DMEM-10% FCS was added to
the radioactive medium, and the cells were further incubated
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for 3.5 h at 39.5°C. Finally, an excess of methionine or
cysteine was added, and the incubation was continued for 30
min. The medium was then collected, and the virus was
purified by PEG precipitation and sucrose gradient fraction-
ation (50).

Immunoprecipitation and gel electrophoresis. Crude pro-
tein samples were diluted 10- to 20-fold in immunoprecipita-
tion buffer (20 mM Tris-HCI [pH 7.6}, 150 mM NaCl, 5 mM
EDTA, 0.5% NP-40, 0.1% sodium deoxycholate, 1 pg of
protease inhibitors per ml) containing either 0.1% SDS
(antivirion and anti-SP07 serum) or 0.25% SDS (anti-SP06
and anti-SP02 serum). After the addition of 3 pl of the rabbit
serum, the samples were incubated overnight at 4°C. The
next day, 22.5 pl of a 10% suspension of formaldehyde-fixed
and heat-inactivated Staphylococcus aureus cells (Pan-
sorbin; Calbiochem) was added, and the samples were
incubated for =2 h at 4°C. The immune complexes were then
collected by centrifugation and washed three times in 20 mM
Tris-HCI (pH 7.6)-150 mM NaCl-5 mM EDTA-0.1% NP-40
and once in 20 mM Tris-HCl (pH 7.6)-0.1% NP-40. The
resulting pellets were resuspended in 25 pl of Laemmli
sample buffer and incubated at room temperature for =15
min. After centrifugation for 2.5 min at 10* X g, the
supernatants were analyzed in SDS-15% polyacrylamide
gels (30). Alternatively, the immunoprecipitates were sub-
jected to endoglycosidase treatment before gel electropho-
resis.

Endoglycosidase treatment. Inmunoprecipitates were re-
suspended in 40 pl of endoglycosidase buffer (50 mM sodium
phosphate [pH 6.8], 20 mM EDTA, 1% NP-40, 0.15% SDS,
1% 2-mercaptoethanol containing 1 pg each of aprotinin,
leupeptin, and pepstatin A per ml) and split in equal por-
tions. One of the aliquots was supplemented with 100 mU of
endoglycosidase F/N-glycosidase F (glyco F) (Boehringer
Mannheim), and both portions were gently shaken overnight
at 30°C. Subsequently, the samples were centrifuged for 2.5
min at 10* X g, and the pellets were mixed with 25 pl of
Laemmli sample buffer. [*>S]methionine-labeled virus was
dissolved in 20 pl of endoglycosidase buffer, treated over-
night at 30°C with 100 mU of enzyme, and supplemented
with 10 pl of 3x Laemmli sample buffer. Endo-B-galactosi-
dase (endo-B) (from Bacteroides fragilis; Boehringer Mann-
heim) digestions were performed in 50 mM sodium acetate
(pH 5.75)-200 p.g of acetylated bovine serum albumin per ml
(New England Biolabs)-1 pg of protease inhibitors per ml.
The incubations were done overnight at 37°C with 2 mU of -
enzyme per reaction.

Fluorography and quantification. Gels were impregnated
with 2,5-diphenyloxazole (2), dried on Whatman 3MM filter
paper, and exposed at —70°C to hypersensitized Fuji RX
films. The relative amounts of radiolabeled virion proteins in
the virus preparation were determined directly from a dried
gel by using a Phospholmager 400 scanning apparatus
equipped with version 3.2 of the software package Image-
Quant (Molecular Dynamics).

Computer analysis of polypeptide sequences. Deduced pro-
tein sequences were analyzed with the aid of the Sequence
Analysis Software Package for VAX/VMS computers (ver-
sion 6.2; University of Wisconsin Genetics Computer
Group). To identify specific signals in polypeptide se-
quences, we used release 6.10 of the PROSITE protein
pattern data base (1). Signal sequences were evaluated by
using the weight-matrix table composed by von Heijne (54).
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TABLE 1. Predicted features of EAV ORF 2 to 7 translation products

ORF Amino acids Molecular wt (10°) Cys/Met Net charge® pl Motifs
7 110 12.3 0/4 +11 12.27 3 phosphorylation
6 162 17.7 1/5 +7 10.68 1 myristoylation
5 255 28.7 (26.7%) 8/7 -8 4.85 1 N-glycosylation; leucine zipper
4 152 17.2 (14.9%) 8/2 +4 8.26 3 N-glycosylation; zinc finger
3 163 18.1 (15.5%) 9/4 +1 7.61 6 N-glycosylation; leucine zipper
2 227 25.6 (22.7°) 6/6 +5 8.72 1 N-glycosylation

2 At neutral pH.
& Molecular weight corrected for removal of the signal sequence.

RESULTS

Computer analysis of EAV ORFs 2 to 7. Seven ORFs were
identified by sequence analysis of cDNA clones covering the
EAYV genome (Fig. 1). On the basis of similarities in amino
acid sequence and expression strategy with the polymerase
gene of coronaviruses and toroviruses, we assigned viral
replicase functions to EAV ORF 1 (7). In search of the
structural protein genes, a computer analysis was performed
on the deduced amino acid sequences of EAV ORFs 2 to 7.
The resulting features of the proteins are summarized in
Table 1, and the concomitant hydrophobicity plots are
depicted in Fig. 2. '

On the basis of a predicted molecular weight of 12,300, a
high content of basic amino acids, and its hydrophilic nature,
we expected the translation product of ORF 7 to be the EAV
nucleocapsid (N) protein. The expression products of ORFs
2 to 6 all have hydropathy profiles reminiscent of membrane
(M) proteins. The ORF 6 product lacks a potential amino-

ORF 7

ORF 6

Ak,

ORF 5
ORF 4
ORF 3

ORF 2

FIG. 2. Hydropathy profiles of the translation products of EAV
OREFs 2 to 7 determined by the method of Kyte and Doolittle (29)
with a seven-residue moving window. Peaks extending upward
indicate hydrophobic domains, and those pointing downward cor-
respond to hydrophilic regions.

terminal signal sequence and contains three potential trans-
membrane regions. The translation products of ORFs 2 to 5
each possess a hydrophobic amino terminus likely to func-
tion as a signal sequence. They all have at least one
additional hydrophobic domain located more toward the
carboxy terminus which may serve as a membrane anchor.
The calculated sizes of the translation products of ORFs 2 to
6 range from 17.2 to 28.7 kDa. The ORF 6 protein lacks
possible N-glycosylation sites, and the translation products
of ORFs 2 to 5 contain one, six, three, and one potential
N-glycosylation site, respectively.

Identification of structural proteins. To establish unequiv-
ocally the number and size of the EAV structural proteins,
[**S]methionine-labeled virus was purified from the culture
medium of EAV-infected BHK-21 cells and analyzed by
SDS-polyacrylamide gel electrophoresis (PAGE). A set of
four structural proteins, the largest of which appeared as a
smear, was routinely observed (Fig. 3a); their molecular
weights were estimated as 14,000, 16,000, 25,000, and 30,000
to 42,000.

To identify N-glycosylated proteins and to investigate the
nature of the 30- to 42-kDa smear, we treated virus with
glyco F, which cleaves off N-glycans. By this treatment, the
smear was converted to a discrete band of 27 kDa (Fig. 3a)
and therefore represents a single protein whose typical
appearance in gel presumably results from heterogeneity in
N-glycosylation. As a result of aggregation, part of the
deglycosylated 30- to 42-kDa protein was selectively re-
tained at the top of the gel (data not shown). The apparent
molecular mass of the 25-kDa protein was reduced to about
22 kDa, which would correspond with the removal of one
N-linked oligosaccharide. The 14- and 16-kDa proteins were
resistant to glyco F digestion, which indicates that they lack
N-glycans.

Immunoprecipitations were done on [**S]methionine-la-
beled virus, using an antiserum directed against virions
collected from a sucrose gradient. The antivirion serum
specifically recognized the 14-, 16-, and 30- to 42-kDa
structural proteins but not the less abundant 25-kDa protein
(Fig. 3a). When in vitro translation products of ORFs 2 to 7
were screened with the antivirion serum, only the proteins
corresponding to ORFs 5, 6, and 7 were immunoprecipitated
(data not shown); this indicates that the proteins encoded by
these ORFs are structural.

OREF 7 encodes the 14-kDa N protein. The observation that
in vitro translation of RNA 7 yields a 14-kDa protein (51), the
strong recognition of the ORF 7 translation product by the
antivirion serum, and the computer predictions suggested
that ORF 7 encodes the 14-kDa N protein. To prove this
assumption, we took advantage of the fact that ORF 7 is the
only viral gene that specifies a protein lacking cysteine
(Table 1). Virion preyarations differentially labeled with
[3°S]methionine and [>°S]cysteine were purified in a sucrose



6298 peE VRIES ET AL.

a b
glyco F = - = + V'E EE V EV
- as o — 46
SN TR
- = &
G, —
M — -
N—..: - - _ iy
Ab - v vy - -V % PP PP
\%)

FIG. 3. (a) Protein composition of the virions of EAV. [>S]me-
thionine-labeled virus (V) was analyzed by SDS-PAGE directly,
after treatment with glyco F, and after immunoprecipitation with
antibodies (Ab) directed against purified virus (v). The correspond-
ing preserum (V) did not recognize any of the virion proteins. The
positions of the 14-kDa protein (N), the 16-kDa protein (M), and the
25-kDa protein (Gg) are indicated; the bracket depicts the size limits
of the heterogeneously glycosylated 30- to 42-kDa protein (Gy). (b)
Characterization of the EAV ORF 7 expression product. BHK-21
cells were infected with vaccinia virus recombinant vAVEO7 and
labeled at 5 h p.i. with [**S]methionine for 20 min. The resulting cell
lysate was incubated with the antivirion serum (v), an antipeptide
serum specific for the ORF 7 protein (p), or the corresponding
presera (v, and p,). The immunoprecipitated expression product
was analyzed by SDS-PAGE (lanes E). For comparison, the anti-
peptide serum and its corresponding preserum were apglied to
[>*S]methionine-labeled virus (lanes V). VE* denotes a [*>S]cys-
teine-labeled virus preparation. The positions and sizes (in kilodal-
tons) of marker proteins analyzed in the same gel are indicated at the

right.

gradient, and the protein patterns were compared by SDS-
PAGE. The 14-kDa protein prominent in [ Slmethionine-
labeled virions (Fig. 3a) was absent in the [**S]cysteine-
labeled preparation (Fig. 3b). Both radioactive amino acids
were incorporated into the other structural proteins; the
16-kDa protein was poorly labeled with [>*S]cysteine.

We then constructed the vaccinia virus recombinant
VvAVEQ7 expressing ORF 7 under the control of the vaccinia
virus 7.5-kDa early-late promoter. BHK-21 cells were in-
fected with vVAVEO7 and labeled with Tran[3>*S]-label. Newly
synthesized proteins were immunoprecipitated with the an-
tivirion serum and separated by SDS-PAGE. The antiserum
specifically recognized a 14-kDa protein which comigrated
with the smallest virion protein (Fig. 3b). The same protein
was immunoprecipitated with an antiserum raised against
the 18 carboxy-terminal amino acids of the predicted ORF 7
product; the antipeptide serum also recognized the 14-kDa
protein in a virus preparation. The corresponding presera
failed to bind a protein of 14 kDa. The combined data
confirm the identity of ORF 7 as the gene encoding the
14-kDa N protein.

ORF 6 encodes the 16-kDa M protein. The predicted ORF
6 product has a molecular weight close to 16,000, lacks
N-glycosylation sites, and contains five methionines and one
cysteine (Table 1). In vitro translation of ORF 6 yielded a
protein of the anticipated size that was recognized by the
antivirion serum (data not shown). Moreover, like the N
protein, the 16-kDa protein is a virion constituent lacking
N-glycans (Fig. 3a). Together with the inferior incorporation
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FIG. 4. Characterization of the EAV ORF 6 expression product.
BHK-21 cells were transfected with pAVI16, infected with recom-
binant vaccinia virus vTF7-3 at 5 h posttransfection, and labeled for
20 min with [**S]methionine 5 h after infection. The ORF 6 product
was immunoprecipitated from the cell lysate with the antivirion
serum (v) or a specific antipeptide serum (p), and the immunopre-
cipitates were analyzed by SDS-PAGE (lanes E). The protein
patterns were compared with those of [3S]methionine-labeled virus
applied to the gel directly or after immunoprecipitation with the
antipeptide serum (lanes V). The corresponding presera (Vp, Po)
failed to immunoprecipitate the ORF 6 protein from both the
transfected cells and the virus preparation. Ab, antibody. Numbers
on right show size in kilodaltons.

of [**S]cysteine (Fig. 3b), these data indicate that the 16-kDa
structural protein is encoded by ORF 6.

To prove this point, we expressed ORF 6 in vivo using the
vaccinia T7 transient expression system (13). For this pur-
pose, we constructed the plasmid pAVI16, which has ORF 6
cloned behind a T7 promoter. BHK-21 cells were transfected
with the plasmid and infected with recombinant vaccinia
virus vVTF7-3 synthesizing the bacteriophage T7 RNA poly-
merase. The cells were metabolically labeled, and the
expression product was immunoprecipitated with the anti-
virion serum or an antipeptide serum raised against the
carboxy terminus of the predicted ORF 6 protein. As shown
in Fig. 4, a 16-kDa protein indistinguishable from that in the
[3°S]methionine-labeled virus preparation was detected with
both antisera but not with the corresponding presera. The
antivirion serum also recognized a protein of 28 kDa, in
contrast to the antipeptide serum. We have indications that
this protein is a dimer of the ORF 6 product formed during
the analytical procedures. A strong tendency to aggregate
has also been reported for the coronavirus M protein, which
(as we justify in the Discussion) is very similar to the EAV
OREF 6 product. The inability of the antipeptide serum to
immunoprecipitate the dimer may be attributed to the strin-
gent immunoprecipitation conditions (0.25% SDS), which
would prevent complex formation. Alternatively, the anti-
peptide serum may fail to precipitate the dimer because the
aggregation renders the carboxy-terminal epitope on the
OREF 6 protein inaccessible for the antibodies.

To complete the evidence that ORF 6 encodes the 16-kDa
virion protein, we subjected [**S]methionine-labeled virus to
immunoprecipitation using the antipeptide serum and ana-
lyzed it by SDS-PAGE. The 16-kDa virion protein was
clearly recognized by the antipeptide serum (Fig. 4). How-
ever, a substantial amount of the 30- to 42-kDa protein was
also precipitated. The corresponding preserum did not rec-
ognize the smear. The coprecipitation of the 30- to 42-kDa
protein presumably results from a specific association with
the 16-kDa protein as it is unlikely that both proteins share a
common epitope that is recognized by the antipeptide serum.



VoL. 66, 1992

a b

glyco F + = + + = + = + + - 4 -+ + -

46 —

> - B i

30 —

14 — ‘“‘“ m;:w

AD M i Vi VoM V- Vs Mg Mool M 5V, Sl NV

E | Vv | \"

c

FIG. 5. Characterization of the EAV ORF 5 expression product.
(a) BHK-21 cells were transfected with pAVI1S5, infected with
vTF7-3 at 5 h posttransfection, and labeled for 20 min with [>**S]me-
thionine 5 h after infection (lanes E). EAV-infected BHK-21 cells
were labeled with [>*S]methionine for the same period at 8 h p.i.
(lanes I). Alternatively, the 20-min pulse-labeling of EAV-infected
cells was followed by a 2-h chase (lanes I.). The ORF 5 protein was
immunoprecipitated from the cell lysates and from a [**S]methio-
nine-labeled virus preparation (lanes V) with the antivirion serum
(v). Immunoprecipitations with the corresponding preserum (v,)
were included as a control. The immunoprecipitates were treated
(+) or mock treated (—) with glyco F and analyzed by SDS-PAGE.
The position of the glycosylated ORF 5 product obtained after a
20-min pulse is indicated by an open arrowhead. The closed arrow-
head points to the glyco F-treated ORF 5 protein. (b) [*>S]methio-
nine-labeled virus (V) was treated (+) or mock treated (—) with
endo-B both directly and after immunoprecipitation with the anti-
virion serum (v) as described in Materials and Methods. Ab,
antibody. Numbers on left show size in kilodaltons.

The observation that the antivirion serum reacts strongly
with the ORF 6 protein from a virus preparation and only
weakly with the ORF 6 product synthesized in pAVI16-
transfected cells is an additional indication of a specific
association between the 16- and 30- to 42-kDa proteins.

ORF 5 encodes the heterogeneously glycosylated 30- to
42-kDa (G,) protein. The predicted ORF 5 product has a
molecular weight of 28,700 and contains one potential N-gly-
cosylation site (Table 1). In vitro translation of ORF 5 in the
presence of microsomes yielded a 30-kDa protein which was
strongly recognized by the antivirion serum. Its apparent
molecular weight was reduced to 27,000 after glyco F
treatment (data not shown). Since the same molecular
weight was observed for the glyco F-digested 30- to 42-kDa
virion protein (Fig. 3a), we speculated that ORF 5 encodes
the 30- to 42-kDa smear.

To study the ORF 5 expression product, we cloned its
coding sequence downstream of a T7 promoter. The result-
ing plasmid, designated pAVI15, was transfected into
BHK-21 cells which were subsequently infected with vIF7-3
and labeled for 20 min with Tran[>>S]-label at 5 h p.i. An
immunoprecipitate was prepared by using the antivirion
serum, divided in two equal parts, treated or mock treated
with glyco F, and analyzed by SDS-PAGE. In the absence of
the endoglycosidase, a discrete 30-kDa product was resolved
(Fig. 5a). It probably contains one N-linked oligosaccharide
because its molecular weight was reduced to 27,000 by the
glyco F treatment. A 30-kDa protein was also immunopre-
cipitated from a lysate of EAV-infected cells labeled for the
same period. Glyco F digestion converted this protein into a
27-kDa species which comigrated not only with the deglyc-
osylated form of the ORF 5 expression product but also with
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that of the 30- to 42-kDa protein from virions. The weak
band observed below the 30-kDa band probably represents a
degradation product of the 30-kDa protein since it was
equally affected by the glyco F treatment. Collectively, these
data indicate that the proteins of 30 and 30 to 42 kDa are
different glycoforms of the same polypeptide.

The 30- to 42-kDa protein conceivably derives from the
30-kDa protein by maturation of its N-linked oligosaccharide
side chain during transport from the endoplasmic reticulum
through the Golgi apparatus. To prove this assumption,
EAV-infected BHK-21 cells were pulse-labeled for 20 min
and then chased for 2 h. Analysis of an immunoprecipitate
obtained with the antivirion serum revealed that the 30-kDa
protein observed after pulse-labeling had been processed to
a smear of 28 to 42 kDa, comparable to that in the [>**S]me-
thionine-labeled virus preparation (Fig. 5a). The chase had
no detectable effect on the 12- and 14-kDa proteins; these
probably do not undergo extensive posttranslational modifi-
cations. When the immunoprecipitate was treated with glyco
F, the smear was converted into the 27-kDa protein identi-
fied before.

The inability to completely digest the smear reflects a
technical problem rather than the occurrence of glyco F-re-
sistant oligosaccharides. The same phenomenon was ob-
served with the 30- to 42-kDa protein immunoprecipitated
from the [**S]methionine-labeled virus preparation. To min-
imize aggregation of the ORF 5 protein, the digestions had to
be done in suspension with the immune complexes still
attached to the S. aureus cells. Unfortunately, this often
resulted in partial digestion which was not overcome by the
addition of more enzyme. In contrast, when the glyco F
treatment was performed on [**S]methionine-labeled virus
directly from a sucrose gradient, the 30- to 42-kDa protein
was fully converted to the 27-kDa protein (Fig. 3a).

The appearance of a smear during the chase suggested to
us that the ORF 5 protein acquired either multiple sialic acid
residues or a polylactosaminoglycan (26). Since ORF 5
encodes a rather acidic polypeptide (Table 1), we considered
polysialylation unlikely. To investigate whether the hetero-
geneous electrophoretic mobility is due to poly-N-acetyllac-
tosamine formation, we treated [>*S]methionine-labeled vir-
ions with endo-B. This enzyme cleaves the internal p1—4
galactosidic linkages of oligosaccharides with the general
sequence R-GIcNAcB1—3Galpl—4GIcNAc/Glc-R'  (47).
Whereas the 25-kDa glycoprotein was resistant to endo-B
treatment, the 30- to 42-kDa smear was converted to a
discrete band of 30 kDa (Fig. 5b). A similar result was
obtained when [**S]methionine-labeled virion proteins, im-
munoprecipitated with the antivirion serum, were treated in
suspension with endo-B. The slight size difference between
the glyco F- and endo-B-treated ORF 5 protein reflects the
fact that the latter leaves part of the N-linked oligosaccha-
ride side chain intact. The susceptibility to endo-g strongly
suggests that the ORF 5 protein contains a polylactosamino-
glycan.

After the 2-h chase period, considerably more of the ORF
6 protein was immunoprecipitated than after the pulse.
Efficient precipitation of the ORF 6 protein by the antivirion
serum may rely on its interaction with the ORF 5 protein;
complex formation between these two would require (par-
tial) maturation of the ORF 5 and/or ORF 6 proteins. The
failure of the ORF 6-specific antipeptide serum to recognize
the expression product of ORF 5 (data not shown) together
with its ability to coprecipitate a substantial portion of the
ORF 5 protein from a virus preparation (Fig. 4) provides
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FIG. 6. Characterization of the EAV ORF 2 expression product.
BHK-21 cells were transfected with pAVI02, infected with vIF7-3
at 5 h posttransfection, and labeled for 20 min with [**S]methionine
5 h p.i. (lanes E). EAV-infected BHK-21 cells were labeled with
[>*S]methionine for the same period at 8 h p.i. (lanes I). The ORF 2
protein was immunoprecipitated from the cell lysates and from a
[>*S]methionine-labeled virus preparation (lanes V) with a specific
antipeptide serum (p). Immunoprecipitation with the corresponding
preserum (po) were done as a control. The immunoprecipitates were
treated (+) or mock treated (—) with glyco F and analyzed by
SDS-PAGE together with [>*S]methionine-labeled virus. The open
arrowhead marks the position of the glycosylated ORF 2 product,
and the closed arrowhead points to the ORF 2 product obtained after
digestion with glyco F. Ab, antibody. Numbers on left show size in
kilodaltons.

further evidence for an association between the ORF 5 and 6
proteins.

OREF 2 encodes the glycosylated 25-kDa (Gg) protein. Once
the three major structural proteins of EAV were assigned to
ORFs 5, 6, and 7, ORF 2 remained as the most likely
candidate to encode the minor 25-kDa virion protein. The
translation product of ORF 2 contains a single N-glycosyl-
ation site and has a calculated molecular weight of 22,700
after removal of its predicted amino-terminal signal se-
quence (Table 1). For this reason, ORF 2 was cloned behind
a T7 promoter and expressed in BHK-21 cells utilizing the
vaccinia virus recombinant vITF7-3. After metabolic labeling
for 20 min, the expression product of ORF 2 was immuno-
precipitated from the cell lysate with an antipeptide serum
raised against the predicted carboxy terminus of the ORF 2
protein. The antiserum was also applied to a lysate of
EAV-infected BHK-21 cells which were labeled for the same
time span and to a preparation of [**S}methionine-labeled
virions. The resulting immunoprecipitates were each split in
two portions which were treated or mock treated with glyco
F and analyzed by SDS-PAGE. In all cases, the antipeptide
serum recognized a 25-kDa protein which was converted to
a 22-kDa protein after treatment with glyco F (Fig. 6). This
result unequivocally identified the N-glycosylated 25-kDa
protein as the product of ORF 2.

Quantification of structural proteins. The identification of
the structural protein genes of EAV enabled us to determine
the molar ratios of the proteins in the virion. [>**S]methion-
ine-labeled virus particles were analyzed on a gel, and the
amount of radioactivity incorporated into each component
was measured and divided by the predicted number of
methionines in that particular protein. The calculations were
based on the assumption that the signal sequences of the
glycoproteins and the amino-terminal methionine of the two
smaller structural proteins are cleaved. In this way, the
molar ratios of the N, M, and G, proteins were determined
to be approximately 3:2:3. The Gg protein was about 25
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times less abundant than the N protein. A similar analysis of
[3°S]cysteine-labeled virus particles yielded the same molar
ratios for the three larger virion proteins.

DISCUSSION

The organization of the EAV genome is similar to that of
coronaviruses and toroviruses, as previous cDNA cloning
and sequence analysis has shown (7). In the present study,
we identified the structural protein genes of EAV and
described the basic properties of the virion proteins. For this
purpose, antisera against the virion proteins were prepared
and single viral genes were expressed in vivo. Our results
reveal that EAV possesses a set of structural proteins
different from those of coronaviruses and toroviruses. The
virion contains four polypeptides; a nucleocapsid protein of
14 kDa and three envelope proteins of 16, 25, and 30 to 42
kDa. We designated these proteins N, M, Gg, and Gy,
respectively.

The two largest proteins are N-glycosylated as judged by
their sensitivity to digestion with glyco F. Although both
contain a single N-glycan and travel through the same
intracellular compartments in the context of a virus particle,
maturation of their N-linked oligosaccharide side chains is
different. The mature G protein is susceptible to digestion
with endo-B, which indicates that it becomes glycosylated by
the addition of variable numbers of lactosamine (Galpl—
4GIcNAcB1—3) repeats to the N-linked core oligosaccha-
ride. The extracellular Gg protein is resistant to treatment
with endo-B and endoglycosidase H (data not shown) and
therefore probably acquires a regular complex type N-gly-
can. The relatively long pulse-labeling that we employed (20
min) leaves the possibility that the virion proteins acquired
early posttranslational modifications which remained unno-
ticed. The absence of detectable size differences between the
glyco F-treated proteins from pulse-labeled cells and from
radiolabeled virions does not exclude late processing events
that would cause only subtle changes in molecular weight.
The M protein could not be labeled with [*H]glucosamine,
indicating that it is neither N-glycosylated nor O-glycosy-
lated (24).

The addition of poly-N-acetyllactosamine is thought to
occur in the trans cisternae of the Golgi apparatus and/or in
the trans-Golgi network (46, 53). It is presently unknown
which features of a protein determine polylactosamino-
glycan formation. Several investigators have suggested that
the addition of poly-N-acetyllactosamine requires an N-gly-
can to be in close proximity to the Golgi membrane (14, 56).
It is hard to imagine how this requirement can be fulfilled for
G, , which is incorporated into virions before traversing the
Golgi complex. To date, the only other viral protein known
to acquire a polylactosaminoglycan is the NB protein of
influenza B virus (56). Here, the addition of polylactosami-
noglycans precedes virus assembly, as budding occurs at the
plasma membrane. The function of the poly-N-acetyllac-
tosamine modification attached to Gy is unclear. The poly-
lactosaminoglycan of lysosomal membrane glycoproteins
apparently contributes to their stability by protecting the
polypeptide moiety from proteolytic digestion (31). The
unique poly-N-acetyllactosamine structures in granulocytes
and monocytes serve as ligands for adhesion molecules
(selectins) present on endothelial cells and platelets (12). It
would be of interest to investigate whether the polylac-
tosaminoglycan of G; is involved in receptor binding.

The N and G, proteins each compose 35 to 40% of the
protein moiety in the EAV particle. The M protein is slightly
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less abundant, and Gg represents only 1 to 2% of the virion
protein on a molar basis. The presence of equimolar amounts
of M and Gg in virus-infected cells (data not shown) suggests
an important function for the intracellular counterpart of Gg
and indicates that it is only incidentally incorporated in virus
particles. A similar discrepancy between the amounts
present in cells and virions has been observed for the M,
protein of influenza A virus (57). The existence of additional
virion proteins which are present in low amounts or have
been lost during virus preparation cannot be excluded.
However, four structural proteins were also found by others.
No additional species were detected when the virus was
collected by high-speed pelleting as an alternative to PEG
precipitation (51). The four previously described envelope
glycoproteins in the size range of 28 to 40 kDa (24) most
probably correspond to the 30- to 42-kDa structural protein
identified here; this would mean that the same virion pro-
teins are observed after labeling with L-[**C/’HJamino acids
instead of L-[**S]methionine (24, 58). Apart from the incon-
sistent appearance of G;, essentially the same protein set
was seen after propagation of EAV in BHK-21, RK-13, and
Vero cells (58). The variations in size of G; may reflect
cell-type-dependent differences in the maturation of the
polylactosaminoglycan (56). The 21-kDa protein reported
earlier (51, 58) is probably a cellular contaminant: a promi-
nent protein species of this size was observed after PEG
precipitation of culture medium from mock-infected BHK-21
cells (data not shown). Alternatively, it may have been
confused with G4 or may constitute a discrete degradation
product of Gy .

The major structural proteins N, M, and G; are encoded
by ORFs 7, 6, and 5, respectively; the minor virion glyco-
protein Gg is encoded by ORF 2. The expression products of
EAV ORFs 3 and 4 have only been characterized in vitro. In
the presence of microsomes, ORF 3 directed the synthesis of
a glycoprotein of approximately 45 kDa with multiple func-
tional N-glycosylation sites. In vitro translation of ORF 4
yielded a labile protein of 16 kDa which migrated slightly
faster than the in vitro translation product of ORF 6 (data not
shown). Since all proteins in the glyco F-treated virus
preparation are assigned and their in vitro translation prod-
ucts are not recognized by the antivirion serum, we expect
ORFs 3 and 4 to encode nonstructural proteins.

The properties of the structural proteins fit the computer
predictions (Table 1). The calculated sizes of the N and M
proteins are in good agreement with the molecular weights
estimated from gels. The apparent molecular weight of Gg
after glyco F treatment suggests that the signal sequence of
this protein is removed during membrane insertion. It is
unclear whether G; is cleaved by the signal peptidase
because its predicted signal sequence is rather short. The
observation that N is phosphorylated (58) is consistent with
the presence of three potential phosphorylation sites. A good
correlation also exists between the presence of N-glycosyl-
ation sites and the glyco F sensitivity of the structural
proteins.

The virion architecture has not been formally established
but was inferred from the properties of the structural pro-
teins and from virus fractionation experiments. After deter-
gent treatment of virus particles, only the smallest virion
protein cosedimented with the viral genome in a sucrose
gradient (24, 58). This indicates that the 14-kDa virion
protein corresponds to the nucleocapsid protein and implies
that the other structural proteins are either envelope or
matrix proteins. Gg probably represents a type I integral
membrane protein as deduced from the position of its
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N-glycosylation site with respect to the predicted stop-
transfer signal. The membrane topology of G, is still un-
clear; its long internal hydrophobic domain may allow for up
to three membrane-spanning segments. The hydropathy
profile of the ORF 6 protein is remarkably similar to that of
the membrane protein of coronaviruses and of the envelope
protein of toroviruses (8, 44). Protease protection experi-
ments have shown that the M proteins of mouse hepatitis
virus strain A59 and infectious bronchitis virus are type III
integral membrane proteins which contain three successive
transmembrane domains (4, 43). It is likely that the M
protein of EAV has a similar membrane topology. We
anticipate that the M proteins of EAV and coronaviruses are
functional homologs.

A comparison of the structural proteins of EAV with those
of other viruses reveals a striking similarity with the virion
proteins of lactate dehydrogenase-elevating virus (LDV) and
simian hemorrhagic fever virus (SHFV). The virus particles
of LDV have been reported to contain a nucleocapsid
protein of 13 to 15 kDa, a nonglycosylated envelope protein
of 17 to 19 kDa, and probably one envelope glycoprotein of
24 to 44 kDa (3, 18, 35). Although the structural proteins of
SHFYV have not been characterized in detail, the SDS-PAGE
profile of virions labeled with *C-amino acids resembles
those of EAV and LDV (49). No antigenic relationship was
found between the three viruses (41, 52), but LDV and
SHFYV share a number of other properties with EAV: the
primary target cell of all three viruses in their respective
hosts is the macrophage; they establish asymptomatic per-
sistent infections in their natural hosts; assembly of virus
particles occurs by budding from intracellular membranes;
virion morphology and physicochemical properties are sim-
ilar. The viral genomes consist of a polyadenylated positive-
stranded genomic RNA of approximately the same length
(41). Recently, a 3'-coterminal nested set of seven leader-
containing viral subgenomic RNAs was identified in LDV-
infected macrophages (27, 28). Moreover, nucleotide se-
quencing indicated that LDV has a genome organization
identical to that of EAV and demonstrated that LDV is more
closely related to EAV than to coronaviruses (15, 27, 28).
Interestingly, the newly discovered porcine reproductive
and respiratory syndrome virus also shares some properties
with EAV and LDV (40).

On the basis of the combined available data, we propose to
classify EAV, LDV, and SHFV as belonging to the same
taxonomic cluster, with evolutionary links to the family
Coronaviridae. However, coronaviruses and toroviruses,
the two established genera in this family, are sufficiently
different from arteriviruses to exclude their classification at
the same hierarchic level.
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