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Equine arteritis virus (EAV) is an enveloped, positive-stranded RNA virus belonging to the family Arteri-
viridae of the order Nidovirales. Four envelope proteins have hitherto been identified in EAV particles: the
predominant membrane proteins M and GL, the unglycosylated small envelope protein E, and the nonabun-
dant membrane glycoprotein GS. In this study, we established that the products of EAV open reading frame 3
(ORF3) and ORF4 (designated GP3 and GP4, respectively) are also minor structural glycoproteins. The
proteins were first characterized by various analyses after in vitro translation of RNA transcripts in a rabbit
reticulocyte lysate in the presence and absence of microsomal membranes. We subsequently expressed ORF3
and -4 in baby hamster kidney cells by using the vaccinia virus expression system and, finally, analyzed the GP3
and GP4 proteins synthesized in EAV-infected cells. The results showed that GP4 is a class I integral membrane
protein of 28 kDa with three functional N-glycosylation sites and with little, if any, of its carboxy terminus
exposed. Both after independent expression and in EAV-infected cells, the protein localizes in the endoplasmic
reticulum (ER), as demonstrated biochemically by analysis of its oligosaccharide side chains and as visualized
directly by immunofluorescence studies. GP3, on the other hand, is a heavily glycosylated protein whose
hydrophobic amino terminus is not cleaved off. It is an integral membrane protein anchored by either or both
of its hydrophobic terminal domains and with no parts detectably exposed cytoplasmically. Also, GP3 localizes
in the ER when expressed independently and in the context of an EAV infection. Only a small fraction of the
GP3 and GP4 proteins synthesized in infected cells ends up in virions. Most, but not all, of the oligosaccharides
of these virion glycoproteins are biochemically mature. Our results bring the number of EAV envelope proteins
to six.

Equine arteritis virus (EAV), the etiological agent of equine
viral arteritis (9, 11, 45), has been assigned to the family Ar-
teriviridae. The Arteriviridae constitute the single genus Arteri-
virus. Other members of this genus are lactate dehydrogenase-
elevating virus (LDV), porcine reproductive and respiratory
syndrome virus (PRRSV), and simian hemorrhagic fever virus
(SHFV). Although their physicochemical properties, genome
sizes, and virion architectures suggest otherwise, on the basis of
similarities in genomic organization and replication strategy,
the Arteriviridae were grouped together with the Coronaviridae
in the order Nidovirales (2, 3, 6, 41).

The EAV genome consists of a single, positive-stranded
RNA molecule of 12.7 kb that is 5� capped and 3� polyadenyl-
ated (3). The 5� three-quarters of the genome contains two
open reading frames (ORFs), ORF1a and -1b, that encode the
proteins involved in viral RNA replication and transcription
(3). Downstream of these ORFs, the genome contains a set of
seven smaller ORFs (ORF2a, -2b, and -3 through -7) that are
expressed from a 3�-coterminal nested set of subgenomic mRNAs

(4, 46). Most of these ORFs code for the known structural
proteins of the virion (5, 42).

EAV virions have a diameter of 40 to 60 nm and possess a
putatively icosahedral core surrounded by a lipid-containing
envelope with tiny surface projections (22, 30). The core par-
ticle is composed of the viral genome and the phosphorylated
nucleocapsid protein (N), which is encoded by ORF7 (24, 54).
Four viral proteins have been identified in the viral envelope:
a 16-kDa nonglycosylated membrane protein (M), a relatively
large envelope glycoprotein (GL) of 30 to 42 kDa, a small
envelope glycoprotein (GS) of 25 kDa (5), and the recently
discovered 8-kDa unglycosylated envelope protein (E) (42).
The M and GL proteins are the major structural polypeptides
and are present in virus particles as disulfide-linked het-
erodimers (7). The GS and E proteins occur in virions in minor
and intermediate amounts, respectively (8, 42). The proteins
M, GL, GS, and E are encoded by ORF6, -5, -2b, and -2a,
respectively.

Nothing is known about the significance or function of the
EAV ORF3 and -4 products, except that both are essential in
the viral life cycle. When the expression of these ORFs was
separately blocked by mutagenesis with a full-length cDNA
clone, infectious virus was no longer produced (36). The prod-
ucts of ORF3 and -4 have not been demonstrated in EAV-
infected cells or in virions. Recently, an in vitro translation
study has shown that ORF3 encodes an extensively glycosy-
lated, membrane-associated protein of 36 to 42 kDa, antibod-
ies to which occur in infected horses (21).
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Also, for other arteriviruses, the role of the ORF3 and -4
products is far from clear. In the Lelystad strain of PRRSV, it
was found that their products (designated GP4 and GP3, re-
spectively) are minor glycoproteins of the virus (47). In con-
trast, the ORF3-encoded protein of the Quebec strain of
PRRSV (IAF-Klop) has been shown to code for a soluble
nonstructural protein (20, 31). In vitro translation experiments
showed that the ORF3-encoded protein of LDV is also a
soluble protein (14). The ORF3 and -4 homologues of SHFV
have not been experimentally investigated.

In this study, we performed a detailed characterization the
EAV ORF3 and -4 products. We raised specific antibodies to
these proteins and analyzed their synthesis and intracellular
transport, both in EAV-infected cells and when they are ex-
pressed independently. In addition, we studied the membrane
topology of the ORF4-encoded protein. Finally, we deter-
mined whether the ORF3 and -4 proteins are structural com-
ponents of the virion.

MATERIALS AND METHODS

Cells and viruses. Two baby hamster kidney cell lines were used, BHK-21 C13
(American Type Culture Collection) and BSR T7/5 (1). These cells were grown
and maintained in Glasgow minimal essential medium (GMEM; Invitrogen-Life
Technologies) supplemented with 10% heat-inactivated fetal calf serum (FCS),
100 IU of penicillin per ml, and 100 �g of streptomycin per ml (GMEM–10%
FCS), supplemented in the case of BSR T7/5 cells with 1 mg of G-418 (Geneticin;
Invitrogen-Life Technologies) per ml. Virus stocks of the Utrecht variant of the
Bucyrus strain of EAV (EAV Utr) were grown in BHK-21 C13 cells.

The recombinant vaccinia viruses vTF7.3 and MVA-T7 expressing bacterio-
phage T7 RNA polymerase were propagated in rabbit kidney (RK-13) cells and
chicken embryonic fibroblasts, respectively, as described previously (16, 44).

Plasmid construction. Recombinant DNA techniques were performed essen-
tially as described by Sambrook et al. (40). Unless indicated otherwise, bacterial
transformations were carried out with Escherichia coli strain PC2495 (Phabagen).
EAV ORF3 was cloned into pBluescript KS(�) (Stratagene) by ligating the
blunt-ended 0.8-kb PvuII-HinfI fragment from EAV cDNA clone PB535 (5) into
the SmaI site of the vector. Subsequently, the 0.8-kb BamHI-EcoRI fragment of
the latter plasmid was inserted into BamHI- and EcoRI-digested pBluescript
SK(�) (Stratagene), yielding pAVI13. The orientation and nucleotide sequence
of the insert were verified by restriction enzyme digestions and sequencing of
alkali-denatured plasmid DNA with a T7 DNA polymerase sequencing kit (Am-
ersham Pharmacia Biotech) and [�-35S]dATP (�1,000 Ci/mmol; Amersham
Pharmacia Biotech). The construction of EAV ORF4-expressing vector pMRI14
has been described elsewhere (51).

To generate ORF4-specific antigen for immunization, we constructed a plas-
mid encoding a His-tagged version of the putative GP4 ectodomain (FP24). For
this purpose, the relevant region of EAV cDNA clone PB535 (5) was amplified
by PCR with primers 679 (5�-dCGGGATCCTGGTGCACTTTCTACCATG-3�;
corresponding to nucleotides 10757 to 10776 of EAV Utr) and 680 (5�-dCGG-
GATCCACCAAGCGGTAAAGCC-3�; corresponding to nucleotides 11095 to
11080 of EAV Utr) (3, 18). Both primers contain a 5� extension introducing a
BamHI restriction enzyme recognition site (underlined). The PCR product was
digested with BamHI and ligated into BamHI-digested pBluescript SK(�). The
nucleotide sequence of the PCR product was confirmed by sequencing as de-
scribed above. After sequence verification, the ORF4-specific PCR fragment was
excised from the pBluescript SK(�) backbone with BamHI and cloned into the
BamHI site of prokaryotic expression vector pQE9 (Qiagen), yielding pQE9-
ORF4. The latter construct was transfected, together with plasmid pREP4 (Qia-
gen), into E. coli strain M15 (Qiagen).

Bacterial fusion proteins. A large batch of purified FP24 was prepared by
affinity chromatography essentially as described by Nugent et al. (37). Following
elution of FP24 from the affinity column, the antigen solution was transferred to
a 20-ml Spectra/Por CE dialysis membrane (Spectrum) with a molecular weight
cutoff of 5,000 and dialyzed overnight at 4°C against phosphate-buffered saline
containing 0.05% (first dialysis) and 0.01% (second dialysis) sodium dodecyl
sulfate (SDS). The concentration of FP24 in the sample obtained after dialysis
was both estimated from the gel and determined with the aid of the Micro BCA
Protein Assay Reagent (Perbio).

Antibodies. To generate an antiserum directed against the ectodomain of the
ORF4 product (�GP4

E), two 3-month-old New Zealand White rabbits were
injected subcutaneously with 2 ml of an antigen emulsion containing 1 ml of
Freund’s complete adjuvant and 125 �g of FP24 in 1 ml of PBS–0.01% SDS. At
4, 8, 12, 16, and 20 weeks after the primary immunization, the animals were
boosted with approximately 500 �g of the antigen in incomplete Freund’s adju-
vant. Two weeks after the third, fourth, and fifth booster immunizations, blood
plasma was collected from both rabbits and stored at �20°C until further use.

An antiserum specific for the ORF3 protein (�GP3) was obtained by using the
synthetic peptide SP03 (NH2-Ser-Phe-Val-Asp-Glu-Asp-Leu-Arg-Leu-His-Ile-
Arg-Pro-Thr-Leu-Ile-Cys-COOH). This peptide corresponds to amino acids 129
through 145 of the ORF3 coding sequence and was produced by 9-fluorenylme-
thoxy carbonyl solid-phase peptide synthesis (43). The peptide was coupled to
keyhole limpet hemocyanin (Calbiochem) via the carboxy-terminal Cys residue
by using m-maleimidobenzoyl-N-succinimide ester as a cross-linker (40). Ap-
proximately 200 �g of the antigen in Freund’s complete adjuvant was subcuta-
neously injected into a 3-month-old New Zealand White rabbit. The animal was
boosted at monthly intervals with 500 �g of the conjugate in incomplete Freund’s
adjuvant and bled after the fourth booster.

Transfection/infection experiments. Subconfluent monolayers (10 cm2) of
BHK-21 C13 or BSR T7/5 cells were washed with GMEM and infected with
vTF7.3 or MVA-T7 in GMEM for 50 min at 37°C at a multiplicity of infection
(MOI) of �10. The cells were then washed with GMEM and overlaid with 200
�l of plasmid-liposome mixture. For this purpose, 200 �l of GMEM at room
temperature (RT) was mixed with 10 �l of Lipofectin reagent (Invitrogen-Life
Technologies) and incubated for 5 min at RT. Next, 5 �g of plasmid DNA was
added to the mixture, which was then incubated for 15 to 20 min at RT and
subsequently added to the cells. After a 10-min incubation at RT, 800 �l of
GMEM was added to the transfection medium and the cells were incubated
further at 37°C. At 3 h postinfection (p.i.), 1 ml of prewarmed GMEM–10% FCS
was added to the cells and the incubation at 37°C was continued.

EAV infection. Subconfluent monolayers of BHK-21 C13 cells were washed
once with phosphate-buffered saline (PBS) containing 50 �g of DEAE-dextran
per ml. Subsequently, the cells were infected with EAV at an MOI of �10 in
GMEM containing 2% FCS and 50 �g of DEAE-dextran per ml. After incuba-
tion for 1 h at 37°C, the inoculum was replaced with GMEM–10% FCS at 39°C
and the cells were kept at that temperature until the start of the radiolabeling
procedures.

Metabolic radiolabeling of intracellular proteins. At the indicated time points,
the culture fluid was removed and the cells were washed with prewarmed star-
vation medium (Dulbecco’s modified Eagle’s medium without L-cysteine and
L-methionine [Invitrogen-Life Technologies] supplemented with 5% dialyzed
FCS, 10 mM N-2-hydroxyethylpiperazine-N�-2-ethanesulfonic acid [HEPES; pH
7.4], and 0.2 mM L-methionine) and subsequently incubated in 800 �l of fresh
starvation medium. Following an incubation period of 30 min, 80 �Ci of [35S]Cys
(ICN) was added and the cells were labeled for the indicated length of time at
39°C. After the labeling, the cells were placed on ice and washed with ice-cold
PBS containing 50 mM CaCl2 and 50 mM MgCl2 and in some cases with a 20 mM
concentration of the sulfhydryl modifying agent N-ethylmaleimide (NEM; Sig-
ma-Aldrich), as indicated in the figure legends. Next, the cells were lysed in
ice-cold lysis buffer (20 mM Tris-HCl [pH 7.6], 150 mM NaCl, 1% Nonidet P-40
[NP-40], 0.5% sodium deoxycholate, and 0.1% SDS containing 1 �g each of
aprotinin, leupeptin, and pepstatin A per ml) with or without 20 mM NEM. The
lysate was cleared by centrifugation in a Microfuge for 15 min at 4°C and 14,000
rpm. The pellet was discarded, and the supernatant was supplemented with
EDTA to a final concentration of 5 mM. Alternatively, the labeling was followed
by a rapid wash with prewarmed chase medium (GMEM–10% FCS containing 1
mM L-methionine, 2 mM L-cysteine hydrochloride monohydrate, 10 mM HEPES
[pH 7.4], and, wherever indicated, 0.5 mM cycloheximide). Subsequently, the
cells were incubated in chase medium for different times and the samples were
further processed as described above.

Preparation of radiolabeled virions. Subconfluent monolayers of BHK-21 C13
cells were infected with EAV at a high MOI as described above. At 6 h p.i., the
medium was removed and the cells were washed with prewarmed starvation
medium and subsequently incubated in 800 �l of fresh starvation medium.
Following an incubation period of 30 min at 39°C, 80 �Ci of [35S]Cys was added
and the cells were further incubated for 4.5 h at 39°C. At 11 h p.i., the medium
was harvested and cleared by centrifugation in a Microfuge for 10 min at RT and
4,000 rpm. The labeled virus was pelleted through a cushion of 20% (wt/wt)
sucrose in TNE (20 mM Tris-HCl [pH 7.6], 100 mM NaCl, 1 mM EDTA) by
centrifugation for 2 h in an SW 50.1 rotor (Beckman) at 28,000 rpm and 4°C. The
pellet was then dissolved in 1 ml of ice-cold lysis buffer containing 20 mM NEM.
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In vitro transcription and translation. Five micrograms of plasmid pMRI14 or
pAVI13 was digested with EcoRV. The linearized plasmid DNA was purified by
phenol-chloroform extraction and ethanol precipitation and dissolved in 5 �l of
water. In vitro transcription reactions were carried out by using T7 mMESSAGE
mMACHINE (Ambion) in accordance with the manufacturer’s instructions in
20-�l volumes. After a 1.5-h incubation period at 37°C, the template DNA was
degraded by treatment of the transcription reaction mixture with 1 �l of DNase
I (Ambion) for 15 min at 37°C. Next, 7.5 �l of ammonium acetate stop solution
(Ambion) was added. The RNA was subsequently purified by phenol-chloroform
extraction, precipitated with isopropanol, and dissolved in water. Translations of
the mRNAs were done for 1.25 h at 30°C in the Promega rabbit reticulocyte
lysate system in the presence or absence of canine pancreatic microsomal mem-
branes (Promega) by using [35S]Cys or, for translation of the Saccharomyces
cerevisiae �-factor RNA (Promega), Redivue Pro-mix L-[35S] in vitro cell labeling
mix ([35S]Met plus [35S]Cys; �1,000 Ci/mmol; Amersham Pharmacia Biotech).
When indicated, the samples were subjected to immunoprecipitation (IP).

Proteinase K digestion and membrane association assay. For protease pro-
tection assays, 40-�l aliquots of the in vitro translation sample were mixed on ice
with 80 �l of 50 mM Tris-HCl (pH 7.6)–25 mM CaCl2 (TC buffer) and split into
three equal portions. The first aliquot was adjusted to a final volume of 66.6 �l
with water, the second portion was supplemented with 13.3 �l of water and 13.3
�l of proteinase K (2 mg/ml; Roche), and the third aliquot received 13.3 �l of
water and 13.3 �l of 10% Triton X-100 (TX-100). The samples were then
incubated for 60 min at 4°C. The protease was then inactivated by addition of 6.3
�l of 12.5 mg of phenylmethylsulfonyl fluoride per ml and 10 mg each of
leupeptin, pepstatin, and aprotinin per ml and incubation for 5 min at 0°C.
Subsequently, the samples were subjected to IP with the indicated antisera. For
the membrane association assays, 18-�l aliquots of the in vitro translation sample
were split into three equal portions. The first aliquot was supplemented with 200
�l of TC buffer; the second portion was supplemented with 200 �l of 100 mM
sodium carbonate (pH 11.5), and 200 �l of 100 mM sodium carbonate (pH
11.5)–2% TX-100 was added to the third aliquot. The samples were then incu-
bated for 60 to 120 min at 4°C. After centrifugation for 60 min at 4°C and 75,000
rpm in a 100.2 rotor (Beckman), the supernatants were subjected to IP with the
indicated antisera. The pellets were resuspended in sample buffer (LSB) con-
taining 5% �-mercaptoethanol (5).

IP and gel electrophoresis. Crude protein samples were diluted in IP buffer (20
mM Tris-HCl [pH 7.6], 150 mM NaCl, 5 mM EDTA [pH 8.0], 1% NP-40, 0.5%
sodium deoxycholate, and 0.1% SDS containing 1 �g each of aprotinin, leupep-
tin, and pepstatin per ml) to a final volume of 1 ml. The samples were supple-
mented with 3 �l of rabbit serum and incubated overnight at 4°C. When indi-
cated, dithiothreitol (DTT) was added to a final concentration of 5 mM. On the
next day, 20 �l of Pansorbin (Calbiochem) was added to each sample. After
incubation for �1 h at 4°C, the immune complexes were collected by centrifu-
gation and washed three times in wash buffer I (20 mM Tris-HCl [pH 7.6], 150
mM NaCl, 5 mM EDTA, 0.1% NP-40) and once in wash buffer II (20 mM
Tris-HCl [pH 7.6], 0.1% NP-40). Next, the immune complexes were resuspended
in 20 �l of LSB containing 50 mM DTT or 5% �-mercaptoethanol and incubated
for 5 min at 96°C. After centrifugation in a Microfuge for 15 min at RT and
14,000 rpm, the supernatants were analyzed by SDS-polyacrylamide (PAA) gel
electrophoresis (PAGE). Following SDS-PAGE, the gels were fixed in 10%
acetic acid–50% methanol–0.005% Coomassie brilliant blue for 30 min and
incubated for another 30 min in 1 M sodium salicylate. Finally, the gels were
dried on Whatman 3MM paper and exposed to Kodak X-ray films at �80°C.

Endoglycosidase treatment. Two different methods of endoglycosidase H
(endo H) and N-glycosidase F (PNGase F) digestion were used. For the exper-
iment described in Fig. 1, washed immunoprecipitates were either resuspended
in 300 �l of endo H buffer (50 mM sodium acetate [pH 5.5], 10 mM EDTA, 10%
bovine serum albumin, 1 mg each of aprotinin, leupeptin, and pepstatin A per
ml) or PNGase F buffer (50 mM sodium phosphate [pH 7.0], 10 mM EDTA, 10%
bovine serum albumin, 1 mg each of aprotinin, leupeptin, and pepstatin A per
ml). The samples were then incubated with or without endo H (New England
Biolabs) or PNGase F (New England Biolabs) under continuous mixing by
rotation for �16 h at 37°C. Subsequently, the samples were centrifuged for 2 min
at 20,000 � g and RT. The pellets were resuspended in 20 �l of LSB containing
50 mM DTT and further processed as described above. For the other experi-
ments, the endo H and PNGase F digestions were performed in accordance with
the instructions of the manufacturer except that the reactions were done over-
night at 37°C. In all experiments, 0.05 U of endo H or PNGase F was used per
digestion.

Indirect immunofluorescence assay. BHK-21 C13 cells grown on glass cover-
slips were infected with MVA-T7 at a low MOI and transfected with pMRI14 or
pAVI13 as described above. At 7 h p.i., the cells were rinsed twice with PBS and

fixed with ice-cold methanol at �20°C for 10 min. The fixed cells were washed
twice with PBS and incubated for 30 min with �GP4

E or �GP3 diluted 1/100 in
PBS–5% FCS. Following three 5-min washes with PBS–5% FCS, the cells were
stained with Cy2-conjugated donkey anti-rabbit immunoglobulin G (heavy and
light chains) antibodies (Jackson) diluted 1/100 in PBS–5% FCS. After three
5-min washes with PBS–5% FCS, the cells were stained with the Alexa 594-
conjugated endoplasmic reticulum (ER) marker concanavalin A (Molecular
Probes) diluted 1/400 in PBS–5% FCS. After three 5-min washes with PBS, the
samples were mounted on glass slides in FluorSave (Calbiochem). The samples
were examined with a confocal microscope (Leica TCS SP2).

RESULTS

Identification of the EAV ORF4 product. To identify the
ORF4 product, RNA was transcribed in vitro from plasmid
pMRI14 and translated in a reticulocyte lysate system in the
absence and presence of canine pancreatic microsomal mem-
branes. The radiolabeled translation products were immuno-
precipitated with the antiserum �GP4

E, which is directed
against the putative ectodomain of GP4, and their electro-
phoretic mobilities were compared with those of the ORF4
proteins immunoprecipitated with the same antiserum from
lysates of EAV-infected cells (Fig. 1). After in vitro translation
in the absence of microsomes, the GP4-specific antiserum pre-
cipitated a protein with an apparent molecular mass of about

FIG. 1. Identification of the ORF4-encoded protein. ORF4 RNA
transcripts were translated in vitro (ivt) in the absence or presence of
canine pancreatic microsomes, and the expression products were im-
munoprecipitated with the GP4-specific antipeptide serum (GP4

E) or
its preimmune serum (pGP4

E). The precipitated proteins were treated
or mock treated with PNGase F or endo H. For comparison, EAV-
infected BHK-21 C13 cells were pulse-labeled for 15 min with [35S]cys-
teine at 8.25 h p.i. and chased for 30 min. Cells were lysed, and IPs
were performed with the GP4-specific antipeptide serum (EAV). The
precipitated proteins were also treated or mock treated with PNGase
F or endo H. All samples were dissolved in LSB containing 5% �-mer-
captoethanol and analyzed in SDS–15% PAA gels. The values on the
left are the molecular sizes, in kilodaltons, of marker proteins analyzed
in the same gel.
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15 kDa. This molecular mass is slightly smaller than that pre-
dicted for the unprocessed ORF4 translation product (17 kDa)
(5). In the presence of microsomal membranes, the size of the
ORF4 product increased to about 28 kDa. A large amount of
the unprocessed 15-kDa form of the protein was also observed.
Since protein species of 28 and 15 kDa that comigrated with
the in vitro translation products were also immunoprecipitated
with �GP4

E from lysates of EAV-infected cells, we conclude
that the 15- and 28-kDa proteins represent the primary and
processed products of EAV ORF4, respectively.

The amino acid sequence of the polypeptide encoded by
ORF4 contains a predicted amino-terminal signal sequence
and four potential N-glycosylation sites (Fig. 2A), the third of
which contains a Pro residue at its �1 position and is therefore
presumably not used. To find out whether the increase in
molecular mass observed in the presence of microsomes re-
sulted from N glycosylation and whether the signal sequence
was cleaved off, the in vitro translation products of ORF4 were
treated with PNGase F or endo H.

PNGase F treatment of the ORF4 products reduced the
molecular mass of the 28-kDa species to approximately 13 kDa
but did not affect the unprocessed ORF4-encoded protein of
15 kDa. A similar pattern was observed when the immunopre-
cipitate from EAV-infected cells was treated with PNGase F.
However, in addition to the 13- and 15-kDa protein species,
partially deglycosylated products of 19 and 24 kDa were ob-
served. The reduction in size of GP4 from 28 kDa to approx-
imately 13 kDa and the presence of two partly deglycosylated
forms after digestion with PNGase F indicate that the ORF4-
encoded polypeptide, indeed, contains three functional N-gly-
cosylation sites. After endo H digestion, the protein migrated
slightly slower than after PNGase F digestion. This difference

is explained by the different cleavage specificities of these en-
zymes. While PNGase F removes the N-linked sugar chains
completely, endo H leaves the first monosaccharide—the N-
acetylglucosamine that tethers each side chain to the Asn res-
idue—on the polypeptide.

The PNGase F- and endo H-treated GP4 species from EAV-
infected cells and from the in vitro translation in the presence
of microsomal membranes were smaller than the protein syn-
thesized in the absence of microsomes, which indicated that
the amino-terminal signal sequence is cleaved off.

Membrane association and topology of the GP4 protein. Its
amino-terminal signal sequence, its N-glycosylation pattern,
and its predicted carboxy-terminal hydrophobic membrane an-
chor (Fig. 2A) (5) strongly suggest that the GP4 protein is a
typical class I (NexoCcyt) integral membrane protein. To ad-
dress whether the GP4 protein is, indeed, membrane associ-
ated, the polypeptide was synthesized again in vitro in the
presence of microsomal membranes. The reaction mixture was
then split into three equal portions. One portion was diluted
and incubated in sodium carbonate buffer at pH 11.5. This
treatment disrupts the microsomal vesicles and consequently
causes the release of the superficially membrane associated,
but not the membrane-anchored, proteins (17). The second
portion was diluted and incubated in the same buffer supple-
mented with TX-100 to dissolve the membranes and mem-
brane proteins. The third portion was mixed with TC buffer,
under which condition the microsomal vesicles should remain
intact. After the incubations, the membranes were pelleted by
ultracentrifugation. The membrane pellets were analyzed di-
rectly by SDS-PAGE (Fig. 3; pellet), while the supernatants
were subjected to IP (Fig. 3; supernatant). The yeast �-factor
was in vitro synthesized in parallel and used as a soluble pro-
tein control (26). Because of the lack of an antiserum for this
protein, the membrane pellets and supernatants were both
analyzed directly.

The pellets obtained after incubation in the TC buffer
should contain the vesicular membrane proteins, as well as the
lumenal proteins. As is clear from Fig. 3, both the soluble
�-factor species and the ORF4 products were present almost
exclusively in the pellet fraction. After the sodium carbonate
extraction, the glycosylated forms of the �-factor were ob-
served mainly in the supernatant while its unprocessed 18-kDa
form remained largely associated with the membrane pellet. In
contrast, the glycosylated GP4 protein was still found in the
pellet, indicating its membrane association. Most of the un-
processed GP4 protein had been released into the supernatant,
demonstrating that this form was loosely associated with the
lipid bilayer. When the microsomal vesicles were incubated in
the presence of TX-100, which solubilizes the membranes,
virtually of all the GP4 molecules were found in the superna-
tant.

To investigate the membrane topology of the ORF4-en-
coded protein, we treated the ORF4 proteins synthesized in
the presence of microsomal membranes with proteinase K
(Fig. 4). This had no effect on the electrophoretic mobility of
the glycosylated GP4 protein, whereas the unprocessed 15-kDa
ORF4 product was completely degraded. This implies that the
unprocessed GP4 protein is present outside of the microsomes.
Proteinase K treatment in the presence of TX-100 resulted in
complete degradation of all of the GP4 species, indicating that

FIG. 2. Deduced amino acid sequences of the polypeptides speci-
fied by EAV ORF4 (A) and ORF3 (B). The Cys residues are in
boldface, potential N-glycosylation sites are underlined, potential N-
myristoylation sites are indicated by dotted lines, and potential casein
kinase II phosphorylation sites are represented by broken lines. The
triangles indicate the most likely signal sequence cleavage sites, as
determined by the method of von Heijne (50). The putative mem-
brane-spanning segments are in italics.
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none of the ORF4 products is intrinsically resistant to protease
treatment. Since the predicted GP4 endodomain is very short
(only about 10 residues; Fig. 2A), its degradation would only
have a minor effect on the protein’s molecular mass that might
hence remain unnoticed in a comparison of the electrophoretic
mobilities of the proteinase K- and mock-treated glycosylated
GP4 protein. We therefore deglycosylated the GP4 protein
with endo H after treatment or mock treatment with protein-
ase K. This still did not reveal a difference in migration be-
tween the mock- and proteinase K-treated GP4 molecules,

indicating that little, if any, of the carboxy terminus of the
mature ORF4-encoded protein is accessible to the protease
and thus protrudes from the microsomal membranes. Alto-
gether, these data indicate that GP4 is a type I membrane
glycoprotein without an exposed C terminus.

Immunoprecipitation of the ORF3 product. The predicted
ORF3 product has a molecular mass of 18 kDa, contains six
potential N-glycosylation sites (Fig. 2B) (5), and is predicted to
possess a cleavable amino-terminal signal sequence. To inves-
tigate the specificity of the �GP3 antiserum that we raised
against amino acids 129 though 145 of the predicted ORF3-
encoded protein, RNA was transcribed in vitro from plasmid
pAVI13 and translated in a rabbit reticulocyte lysate system.
The radiolabeled translation products were subsequently incu-
bated with �GP3, and IPs were carried out.

After translation in the absence of microsomal membranes,
the GP3-specific antiserum precipitated a protein with an ap-
parent molecular mass of about 16 kDa (Fig. 5), which is also
slightly less than that predicted for the primary translation
product. In the presence of microsomal membranes, a number
of GP3 species were produced, with proteins migrating at
about 37 and 42 kDa being most prevalent. After PNGase F
treatment, a major product was obtained with about the same
mobility as the protein made in the absence of microsomes
membranes. These data indicate that the GP3 protein contains
multiple functional N-glycosylation sites and that its signal

FIG. 3. Membrane association of the GP4 and GP3 proteins. ORF4
and -3 RNA transcripts were translated in a rabbit reticulocyte lysate
in the presence of canine pancreatic microsomes. Equal portions of the
in vitro translation mixtures were incubated for 60 to 120 min at 4°C in
three different buffers: 50 mM Tris-HCl (pH 7.6)–25 mM CaCl2 (TC),
100 mM sodium carbonate (pH 11.5) (C), and 100 mM sodium car-
bonate (pH 11.5)–2% TX-100 (CX). After subsequent high-speed cen-
trifugation of the samples, the pellets were dissolved directly in LSB
containing 5% �-mercaptoethanol and analyzed in SDS–15% PAA
gels while the GP3 and GP4 proteins released into the supernatants
were immunoprecipitated with the �GP4

E and �GP3 antisera, respec-
tively. The yeast �-factor was used as a soluble-protein control. Since
a specific antibody for this protein was not available, the supernatants
were not subjected to IP but dissolved directly in LSB containing 5%
�-mercaptoethanol. The values on the left are the molecular sizes, in
kilodaltons, of marker proteins analyzed in the same gels.

FIG. 4. Membrane topology of the GP4 protein. ORF4 RNA tran-
scripts were translated in vitro in the presence of canine pancreatic
microsomes. Subsequently, the samples were treated or mock treated
with proteinase K (prot. K) in the absence of a detergent or after
disruption of the microsomal membranes with TX-100. After a 1-h
incubation at 4°C, the proteinase K was inactivated by addition of
protease inhibitors. Next, the samples were split into three equal por-
tions. One aliquot was subjected to IP with a GP4-specific antipeptide
serum (GP4

E), the second aliquot was mixed with the corresponding
preimmune serum (pGP4

E), and the third aliquot was subjected to IP
with �GP4

E and treated with endo H. The samples were dissolved in
LSB containing 5% �-mercaptoethanol and analyzed in SDS–15%
PAA gels. The values on the left are the molecular sizes, in kilodaltons,
of marker proteins analyzed in the same gel. Ab, antibody.
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sequence is not cleaved. Like GP4, after endo H treatment, the
GP3 protein migrated slightly more slowly in SDS-PAGE than
after PNGase F treatment. These results are consistent with
those of Hedges et al. (21), who found a primary in vitro
translation product of approximately 17 kDa that, in the pres-
ence of microsomal membranes, was extensively N glycosy-
lated, migrating as a smear of 36 to 42 kDa. They also con-
cluded that no signal sequence was cleaved off.

Membrane association and topology of the GP3 protein. In
parallel with that of the GP4 protein, we also investigated the
membrane association of the GP3 protein (Fig. 3). When the
ORF3 translation products synthesized in vitro in the presence
of microsomes were incubated in TC or sodium carbonate
buffer, the glycosylated GP3 protein was pelleted together with
the membranes. In contrast, after solubilization of the micro-
somal membranes in the sodium carbonate buffer supple-
mented with TX-100, the different glycoforms of the GP3 pro-
tein were found in the supernatant. Note that the apparent loss
of GP3 signal in the TX-100 supernatant relative to that in the
TC pellet is due to the less efficient retrieval of the protein by
IP with the anti-GP3 serum. These results indicate that the GP3

protein is membrane anchored, which is also in accordance
with the conclusions of Hedges et al. (21).

The topology of the GP3 protein was investigated in the
same manner as that of the GP4 protein (Fig. 6). Proteinase K
treatment of the glycosylated GP3 species had no effect on
their electrophoretic mobility, whereas in the presence of TX-
100, the ORF3 translation products were completely degraded
by the protease. To further confirm this result, the immuno-

precipitated proteins were deglycosylated with PNGase F after
proteinase K digestion. Again, the mock- and protease-treated
GP3 species exactly comigrated, which implies that little or
nothing of the GP3 protein is exposed on the outside of the
microsomal membranes.

Intracellular fate of the individually expressed GP4 and GP3

proteins. To study the intracellular processing of GP4, BHK-21
C13 cells were infected with the recombinant vaccinia virus
vTF7.3 (16) and transfected with ORF4 expression plasmid
pMRI14. Cells were labeled for 15 min with [35S]cysteine and
then chased for different times. Next, the cells were lysed and
the GP4 proteins were immunoprecipitated with �GP4

E and
analyzed by SDS-PAGE under reducing conditions. The gly-
cosylation status and intracellular transport of the proteins
were monitored biochemically by assaying the acquisition of
resistance to endo H cleavage of their N-linked oligosaccha-
ride chains. N-glycosylated proteins are initially sensitive to
this enzyme but become resistant upon passage through the
medial Golgi compartment (28).

As shown in Fig. 7A, after pulse-labeling, the N-glycosylated
28-kDa GP4 protein, the unprocessed 15-kDa primary trans-
lation product of ORF4, and even some unglycosylated 13-kDa
GP4 protein with no signal sequence were detected. The fuzzi-
ness of the N-glycosylated GP4 band indicates that the protein
is heterogeneously glycosylated, probably because of its con-
tinuously undergoing modifications while in the ER. The anal-
ysis of the chase samples revealed that the glycoprotein is fairly

FIG. 5. Identification of the ORF3 product. ORF3 RNA tran-
scripts were translated in vitro in the absence or presence of canine
pancreatic microsomes, and the expression products were immunopre-
cipitated with a GP3-specific antipeptide serum (GP3) or its preim-
mune serum (pGP3). Subsequently, the precipitates were treated or
mock treated with PNGase F or endo H. The samples were dissolved
in LSB containing 5% �-mercaptoethanol and analyzed in SDS–15%
PAA gels. The values on the left are the molecular sizes, in kilodaltons,
of marker proteins analyzed in the same gel. Ab, antibody.

FIG. 6. Membrane topology of the GP3 protein. ORF3 RNA tran-
scripts were translated in vitro in the presence of canine pancreatic
microsomes. Subsequently, the translation products were treated or
mock treated with proteinase K (prot. K) in the absence of detergent
or after disruption of the microsomal membranes with TX-100. After
a 1-h incubation at 4°C, the proteinase K was inactivated by protease
inhibitors. Next, the samples were immunoprecipitated with a GP3-
specific antipeptide serum (GP3) or its preimmune serum (pGP3). The
resulting immune complexes were each split into two equal portions
that were treated or mock treated with PNGase F. The samples were
dissolved in LSB containing 5% �-mercaptoethanol and analyzed in
SDS–15% PAA gels. The values on the left are the molecular sizes, in
kilodaltons, of marker proteins analyzed in the same gel. Ab, antibody.
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stable. Most of the GP4 protein labeled during the pulse was
still present after the 2-h chase period, and the protein did not
undergo detectable mobility changes. In contrast, the amount
of unprocessed GP4 protein slowly decreased while the amount
of unglycosylated GP4 protein that had lost the signal sequence
slightly increased. Since the removal of the signal sequence
halves the cysteine content of the polypeptide, the decrease in
the amount of the unprocessed 15-kDa GP4 protein seems to
be fully accounted for by its conversion to the 13-kDa GP4

species. The glycosylated GP4 protein synthesized during the
pulse remained fully endo H sensitive throughout the chase.
Apparently, the independently expressed glycoprotein does
not leave the ER.

A similar experimental setup was used to study the intracel-

lular fate of the GP3 protein. However, since the GP3 protein
was poorly expressed in BHK-21 C13 cells, we used BSR T7/5
cells, which constitutively express the bacteriophage T7 RNA
polymerase, in combination with ORF3 expression plasmid
pAVI13. A series of protein species ranging in apparent mo-
lecular mass from 16 to 42 kDa was specifically immunopre-
cipitated by �GP3 serum after the 15-min pulse (Fig. 7B).
These differently sized GP3 molecules represent distinct glyco-
forms of the GP3 protein, as confirmed by the endo H sensi-
tivity of all except the lowest-molecular-weight species. The
analysis of the chase samples demonstrated that GP3 is stable,
that the glycosylation pattern does not change over time, and
that the glycoproteins remain endo H sensitive at all chase
times.

FIG. 7. Kinetics of endo H resistance acquisition of individually expressed GP4 and GP3 proteins. BHK-21 C13 and BSR T7/5 cells were
infected with vTF7.3 and transfected or mock transfected with ORF4-specific plasmid pMRI14 (A) or ORF3-encoding plasmid pAVI13 (B). The
cells were pulse-labeled for 15 min with [35S]cysteine at 4.5 h p.i. and chased in the presence of 0.5 mM cycloheximide for the times indicated (in
minutes). The GP4 and GP3 proteins were then immunoprecipitated from cell lysates with the �GP4

E and �GP3 antisera, respectively, in the
presence of 5 mM DTT. The immunoprecipitates were treated with endo H (�) or mock treated (�). The samples were finally dissolved in LSB
containing 50 mM DTT and analyzed in SDS–15% PAA gels. The values on the left are the molecular sizes, in kilodaltons, of marker proteins
analyzed in the same gels.
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Subcellular localization of the individually expressed GP4

and GP3 proteins. The previous biochemical observations sug-
gested that the individually expressed GP4 and GP3 proteins
were not transported through the Golgi complex. To study
their subcellular localization more directly, we expressed
ORF3 and -4 in BHK-21 C13 cells from plasmids pAVI13 and
pMRI14, respectively, with the aid of recombinant vaccinia
virus MVA-T7 (44). At 7 h p.i., the cells were fixed with
methanol and stained with GP4- or GP3-specific antibodies and
with the ER marker concanavalin A (Fig. 8). Immunofluores-
cence studies with the �GP4

E and �GP3 sera showed a retic-
ular staining pattern that overlapped the intracellular distribu-
tion of the ER marker concanavalin A. These results
demonstrate that the individually expressed GP4 and GP3 pro-
teins localize in the ER.

Fate of the GP4 and GP3 proteins in EAV-infected cells.

Next, we analyzed the appearance, maturation, and stability of
the GP4 and GP3 proteins in the presence of the other EAV
proteins. For this purpose, EAV-infected BHK-21 C13 cells
were labeled for 15 min and chased for various times. As when
expressed independently, the GP4 protein appeared in EAV-
infected BHK-21 cells in its fully glycosylated form and in two
unglycosylated forms (Fig. 9). This pattern remained un-
changed during the chase period, during which time also no
endo H-resistant forms became detectable intracellularly. The
overall intensity of labeled GP4 species appeared to decrease
slightly, as was seen most clearly after deglycosylation by endo
H. This observation most likely reflects the secretion of GP4

protein with virions (see below).
Of the characteristic set of GP3 species observed after inde-

pendent expression, only the largest two glycoproteins (appar-
ent molecular masses of 37 and 42 kDa) were clearly detected

FIG. 8. Intracellular localization of expressed GP3 and GP4 proteins by immunofluorescence assay. BHK-21 C13 cells were infected with
MVA-T7 and transfected with pMRI14 or pAVI13. At 7 h p.i., the cells were fixed with methanol and labeled with the ER marker concanavalin
A (Con A) and with antibodies specific for the GP4 (�GP4

E) or GP3 (�GP3) protein as described in Materials and Methods.
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in lysates of EAV-infected cells. During the chase, the inten-
sities of the GP3-specific bands decreased, which might be due
to either proteolytic degradation or secretion from the cells,
independently or with viral particles. The results of the endo H
treatments showed that no detectable intracellular accumula-
tion of the GP3 glycoprotein with mature N-linked glycans took
place during the chases.

Detection of the GP4 and GP3 proteins in EAV particles. To
determine whether GP4 and GP3 are structural proteins,
BHK-21 cells were infected with EAV and labeled with
[35S]cysteine. The EAV particles released into the supernatant

were concentrated by sedimentation through a sucrose cush-
ion, dissolved in lysis buffer, and subjected to IP with antiserum
directed against GP4 or GP3 or, as a negative control, with the
GP4 preimmune serum. In order to determine their glycosyl-
ation status, we mock treated the samples or treated them with
endo H or PNGase F and analyzed them by SDS-PAGE. As
shown in Fig. 10, both GP4 and GP3 are present in virions.

The IP with the GP4-specific antiserum demonstrated that of
the three ORF4 species present in EAV-infected cells, only the
glycosylated 28-kDa protein is incorporated into virus parti-
cles. After endo H treatment, its apparent molecular mass

FIG. 9. Intracellular processing of the GP4 and GP3 proteins in EAV-infected cells. EAV-infected BHK-21 C13 cells were pulse-labeled for 15
min with [35S]cysteine at 8.25 h p.i. and chased in the presence of 0.5 mM cycloheximide for the times indicated (in minutes). The GP4 (A) and
GP3 (B) molecules were then immunoprecipitated from cell lysates with the �GP4

E and �GP3 antisera, respectively, or with the corresponding
preimmune sera in the presence of 5 mM DTT. The immunoprecipitates were treated with endo H (�) or mock treated (�). The samples were
finally dissolved in LSB containing 50 mM DTT and analyzed in SDS–15% PAA gels. The values on the left are the molecular sizes, in kilodaltons,
of marker proteins analyzed in the same gels. Ab, antibody.
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decreased by about 3 kDa, to 25 kDa, while a small fraction of
the GP4 molecules was converted to a 21-kDa protein. As
expected, the N-linked glycans were entirely removed by incu-
bation with PNGase F, which cleaves off N-linked sugars irre-
spective of their maturation state. These results indicate that
the virions contain GP4 molecules with mature and immature
N-linked oligosaccharide side chains.

The antipeptide serum directed against GP3 typically immu-
noprecipitated both the 37- and the 42-kDa N-glycosylated
GP3 forms observed in EAV-infected cells. None of the other
GP3 species was detected. After endo H treatment, the 37- and
42-kDa GP3 species were converted to molecules of 27 and 32
kDa, respectively, which shows that part of the N-linked gly-
cans were immature. PNGase F digestion reduced the 37- and
42-kDa species to 16 kDa, the molecular mass of the deglyco-
sylated polypeptide. Thus, the GP3 protein incorporated into
EAV particles also carries a mixture of mature and immature
N-linked oligosaccharides.

DISCUSSION

The analysis of the structure and composition of EAV has a
long history. Initially, a complex pattern of eight (25) or nine
(24) structural proteins was observed and the virus was classi-
fied as a Togavirus on the basis of morphology, size, protein
composition, and genome type (38, 52). Subsequent reinvesti-
gation of viral preparations by several groups with available
antibodies gradually reduced the putative number of structural
components (46, 54), eventually reaching a minimum of five

proteins (5, 42). Meanwhile, the nature of these proteins,
genomic nucleotide sequence information, and increasing in-
sights into the viral replication strategy also had its conse-
quences for the taxonomic position of the virus, EAV being
assigned to the family Arteriviridae within the order Nidovirales
(2). In the present study, we established that glycoproteins GP3

and GP4, encoded by ORF3 and -4, respectively, are also virion
components. This brings the number of structural proteins
back to seven, six of which are associated with the viral mem-
brane. Hence, all of the ORFs downstream of the polymerase
gene appear to specify structural proteins.

Until now, three envelope proteins have been identified for
LDV (VP-3 M, VP-3P, and M) and SHFV (p42, p54, and M)
(13, 19) while six were reported for PRRSV (GP2, 2b, GP3,
GP4, GL, and M) (32–34, 47, 53). The composition of PRRSV
particles is therefore consistent with that of EAV particles,
although the presence of the PRRSV GP3 protein in the viral
envelope is still controversial (see below).

Judging by the large number of different, small-sized mem-
brane proteins, arterivirus envelopes have a unique composi-
tion among RNA viruses. The GL and M proteins are the most
abundant proteins in the EAV envelope, while the E and GS

proteins occur in intermediate and minor amounts, respec-
tively (5, 42). Our data do not allow firm conclusions about the
relative presence of the GP3 and GP4 proteins. However, all
available information indicates that they are minor virion com-
ponents. The initial inability to detect these proteins in unla-
beled purified virus preparations supports this conclusion, as
does reinspection of published analyses of radiolabeled virions.
The 28-kDa GP4 protein, for instance, can be observed as a
band in gel just above the GS protein in an electropherogram
of [35S]cysteine-labeled EAV particles that we previously pub-
lished (42). Quantitative analysis of this electropherogram re-
vealed that the GP4 protein occurs in virions in similar molar
amounts as the minor GS protein (data not shown). For the 38-
and 42-kDa glycosylated GP3 species, such an interpretation is
not possible as these proteins are generally obscured in SDS-
PAGE by the prominent heterogeneously glycosylated GL pro-
tein. Consistently, also in the Lelystad strain of PRRSV, the
GP3 and GP4 proteins are considered minor structural proteins
(47).

Our studies demonstrate that the GP4 protein is a type I
membrane glycoprotein and that three of its four predicted
N-glycosylation motifs are used to produce a fully glycosylated
protein with a molecular mass of 28 kDa. However, N glyco-
sylation of the GP4 protein is a rather inefficient process. After
in vitro translation, independent expression with the vTF7.3
expression system, or synthesis in EAV-infected cells, a signif-
icant portion of the protein does not acquire N-linked glycans.
In virus particles, however, only the fully glycosylated form of
GP4 is observed. Our immunolocalization experiments, to-
gether with the biochemical data on the acquisition of endo H
resistance, revealed that the independently expressed GP4 pro-
tein is unable to leave the ER. Also, in EAV-infected cells,
most of the GP4 protein is retained in the ER, as judged by the
invariably immature state of its N-linked sugars. This is similar
to what we observed earlier for the GS protein (7). Since the
GP4 protein of virions contains mature, as well as partially
mature, sugars, we conclude that only a small fraction of the
ORF4 products synthesized in EAV-infected cells ends up in

FIG. 10. Identification of the GP4 and GP3 proteins in virions.
EAV-infected BHK-21 C13 cells were labeled with [35S]cysteine from
6.5 to 11 h p.i. After removal of cell debris by low-speed centrifugation,
the labeled virus present in the cell culture medium was pelleted
through a cushion of 20% (wt/wt) sucrose. The pellet was then dis-
solved in lysis buffer containing 20 mM NEM and subjected to IP with
�GP4

E or �GP3 antiserum or, as a negative control, �GP4
E preimmune

serum (pGP4
E) in the presence of 5 mM DTT. The immunoprecipi-

tates were mock treated (�) or treated with endo H (H) or PNGase F
(F). The samples were finally dissolved in LSB containing 50 mM DTT
and analyzed in SDS–15% PAA gels. The values on the left are the
molecular sizes, in kilodaltons, of marker proteins analyzed in the
same gel. Ab, antibody.
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virus particles. The presence of both endo H-resistant and
endo H-sensitive oligosaccharides on viral glycoproteins is not
unusual (49). Most likely, not all of the N-linked glycans are
accessible for further processing during passage through the
Golgi apparatus because of the conformation of the protein or
as a result of steric hindrance.

The EAV GP4 homologues of other arteriviruses also pos-
sess hydrophobic termini and at least four putative N-glycosyl-
ation sites, but their topologies have not been experimentally
determined. In the Lelystad strain of PRRSV, GP4 was shown
to be a structural, highly glycosylated protein of 31 to 35 kDa
(47). A study of LDV showed that the in vitro translation
product of ORF4 is an N-glycosylated and membrane-associ-
ated protein of about 31 kDa (14).

Interestingly, monoclonal antibodies specific for the GP4

protein of the Lelystad strain of PRRSV were found to neu-
tralize viral infectivity (29, 47). These antibodies recognized
different epitopes in a variable region of the GP4 protein lo-
cated between amino acids 39 and 79 (35). In our study, the
polyclonal serum �GP4

E, directed against a His-tagged protein
comprising amino acids 20 to 127 of the EAV ORF4 product,
appeared not to neutralize the virus (data not shown).

The results of our in vitro translation studies of the GP3

protein confirmed and extended the conclusions of Hedges et
al. (21). We observed that the GP3 protein is heavily glycosy-
lated and membrane associated and that its signal sequence is
not cleaved. After in vitro translation in the presence of mi-
crosomal membranes, the protein was fully proteinase K resis-
tant. The topology of the GP3 protein is, however, not obvious.
Assuming that the amino-terminal hydrophobic domain re-
mains associated with the lipid membrane, the GP3 protein
may be either a class II protein—anchored only by its signal
sequence—or a class IV protein, being anchored at both of its
termini. As indicated in Fig. 2B, the GP3 polypeptide has two
potential N-myristoylation sites and three casein kinase II
phosphorylation motifs. However, since the amino terminus of
ORF3 is not cleaved off by the signal peptidase, it is highly
unlikely that GP3 becomes myristoylated at Gly-23 or Gly-26.
Furthermore, the three putative casein kinase II motifs are
located in the lumenal domain of GP3, which makes phosphor-
ylation of the protein improbable. Further experimentation is
required to find out whether GP3 contains any posttransla-
tional modifications other than N-linked glycans. After inde-
pendent expression in BSR T7/5 cells, the GP3 protein ap-
peared as a set of differently glycosylated species ranging in
apparent molecular mass from 16 to 42 kDa. Obviously, most,
if not all, of the theoretical N-glycosylation sites are occupied
in the 42-kDa GP3 species. Both in EAV-infected cells and in
virions, only the two most extensively glycosylated GP3 species
of 37 and 42 kDa were observed. A fraction of the oligosac-
charide side chains of the GP3 protein incorporated into viral
particles remained immature.

The GP3 proteins of arteriviruses are all highly glycosylated
and antigenic in their respective hosts (14, 20, 21, 27). For
PRRSV, data regarding its presence in virus particles are con-
flicting. The GP3 protein of the Lelystad strain of PRRSV has
been identified as a structural protein (47). In contrast, for the
PRRSV IAF-Klop strain, the GP3 protein was characterized as
nonstructural. Upon individual expression, as well as in the
context of a PRRSV infection, a small fraction of the IAF-Klop

GP3 protein was shown to be secreted into the extracellular
medium but the protein could not be identified in virions (20,
31). For LDV, in vitro transcription and translation studies
revealed that the ORF3-encoded protein was soluble or weakly
associated with membranes through an uncleaved signal pep-
tide. Furthermore, it was suggested that the protein might be
secreted in the context of an LDV infection (14). Because of its
structural nature, we could not establish whether the EAV GP3

protein also occurs in a “free,” secreted form in the extracel-
lular medium; any GP3 protein detected in the medium after
removal of viral particles by centrifugation might simply have
originated from disintegrated particles or from broken cells.

No specific ER retention motifs have been detected in the
amino acid sequence of the EAV GP3 and GP4 proteins. Most
likely, the proteins are arrested in the ER by the quality control
system, which retains misfolded, incompletely folded, and un-
assembled proteins in the ER (12, 23). EAV assembly takes
place in the ER region of the cell by budding of the viral
nucleocapsids into the ER lumen, from which the virus parti-
cles are transported through the Golgi complex to be released
by exocytosis (30). Most likely, the GP3 and GP4 proteins are
only transported through the secretory pathway when correctly
assembled into oligomeric complexes and incorporated as such
into virions.

Nothing is known about the function of the GP3 and GP4

proteins in the viral life cycle, except that both are essential.
When the expression of ORF3 or -4 was blocked by mutagen-
esis with a full-length cDNA clone, infectious virus was no
longer produced (36). Whether any virus particles are formed
under these conditions is unknown. If not, the proteins might
have a function in virus assembly, as is the case for the coro-
navirus E protein, which is also incorporated into virions in
relatively small amounts. (15, 39, 48). Alternatively, the pro-
teins may play a role in virus entry, e.g., in receptor binding or
in membrane fusion. Indeed, fusion of EAV particles has not
been attributed to any viral protein. Furthermore, while the
entry functions are generally assumed to reside in the GL/M
complex, this has by no means been proven. In fact, replace-
ment of the ectodomain of the GL protein with that of another
arterivirus did not alter the cell tropism of EAV, indicating
that this protein is not involved in receptor binding (10). The
receptors for the arteriviruses have not been identified. Also,
no conspicuous fusion motifs have been observed in any of the
viral membrane proteins. Thus, a role for the minor membrane
proteins in viral entry is conceivable and is supported by the
neutralizing capabilities of antibodies directed against the
PRRSV GP4 protein.
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