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TGEV is a coronavirus that causes gastroenteritis in pigs, resulting 
in a high mortality of neonates. The TGEV virion contains three major 
structural polypeptides; a surface glycoprotein (spike or peplomer protein) 
with a monomeric M 200000, a glycosylated integral membrane protein 
observed as a seri~s of polypeptides of M 28000-31000 and a basic phos­
phorylated protein (the nucleoprotein) ofrM 47000 associated with the 
viral genomic RNA (1). The genes encoding TGEV nucleoprotein (NP), 
integral membrane protein (El) and peplomer (E2) have been cloned and 
sequenced from an avirulent laboratory strain, Purdue (2, 3, 4, 5) and a 
virulent British field isolate, FS772/70 (6, 7). 

TGEV antigens may be produced by gene expression in a eukaryotic 
vector system. Vaccinia viruses (VV) and baculoviruses have the potential 
for transporting, processing and folding foreign eukaryotic gene products 
correctly. Many heterologous genes have been expressed in these viral 
vector systems and are antigenically and functionally identical to their 
original gene product (8, 9). VV is a poxvirus, a large DNA (186 kpb) 
pleomorphic virus capable of carrying a 25 kb insert of foreign DNA, 
providing the potential to express all three coronavirus structural genes 
simultaneously. Wild-type and recombinant vaccinia viruses (RVV) have a 
wide host range, capable of infecting most mammalian species and inducing 
humoral and cell mediated immune responses. Utilisation of the VV P7 5 
promoter enables modest expression of foreign genes during early and la~e 
infection. The insect baculovirus Autographa californica nuclear poly­
hedrosis virus (AcNPV) has a large DNA genome 126-129 kbp that can 
incorporate relatively large segments of foreign DNA. The virus is non­
pathogenic and incapable of replication in vertebrate cells, making the 
vector inherently safe, but limiting its potential for expressing antigen 
to the immune system. The polyhedrin gene is a nonessential segment of 
the viral genome regulated by a strong late P33 promoter. There is no 
evidence for cryptic RNA splicing and by utills~ng the strong late P33K , 
very large amounts of a foreign gene product can be expressed with most 
post-translational modifications. 

In this paper we describe the construction of recombinant viruses 
containing the TGEV NP, El and E2 genes and compare the products expressed 
with TGEV structural proteins to evaluate a suitable TGEV protein candidate 
for providing immunity. 
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METHODS AND MATERIALS 

Viruses and cells 

Transfections and growth of wild-type VV (WR strain) and recombinant 
vaccinia viruses (RVV) were performed as in Mackett et al. (10). AcNPV 
and recombinant baculovirus stocks were grown and assayed according to the 
procedures of Brown and Faulkner (11) on Spodoptera frugiperda cells (Sf9) 
at 2BoC with Graces Insect medium (Flow Labs.) containing 10% FCS. TGEV 
(FS772/70) was grown on adult pig thyroid (APT/2) cell mono~ayers (12) for 
neutralisation assays. TGEV antigens were isolated from infected LLC-PKl 
cells (13). 

Construction of plasmid insertion vectors 

Recombinant plasmids pGSN1, pGSIMl and PGSPl were constructed by 
ligating the NP, El and E2 BamHI gene cassettes from plasmids pBNP5 (6), 
pBIM3 (7), and pPBPl respectively into the BamHI site of pGS20 (14). The 
El BamHI gene cassette was ligated into the baculovirus insertion vector 
pAcRP23 BamHI site to generate pAcI6. 

Production of recombinant viruses 

RVV containing only one TGEV gene cassette were constructed by the 
methods of Mackett et al. (10, 14). Recombinant baculoviruses were 
generated by cotransfecting pAcI6 plasmid DNA with infectious AcNPV DNA 
(15) on Sf9 cells (16). Plaques not containing visible occlusion bodies 
were recovered from agarose overlays of infected monolayers. 

Extraction and characterisation of viral DNA 

Wild-type and recombinant vaccinia virus DNA was prepared as by 
Merchlinsky and Moss (17). Recombinant and wild-type AcNPV virions were 
isolated from infected cell culture medium as in Matsuura et al. (16) and 
DNA prepared as by Merchlinsky and Moss (17). 

Immunofluorescence 

Cultures of HTK cells on glass coverslips were infected with recom­
binant vaccinia viruses at m.o.i. = 1 and incubated for 24 h. The infected 
cells were fixed in cold BO% acetone and probed with mouse monoclonal 
antibodies (mAbs) DA3 (lB) and 3BB3 (19) specific to TGEV NP and El 
respectively, and a cocktail of mouse anti-TGEV E2 mAbs, including lB6, 5A5, 
6A6, BA4, 3Cl and 6D4 (20) all diluted 1/500. Bound antibody was detected 
with fluorescein-conjugated rabbit anti-mouse IgG antiserum (Nordic 
Immunology). 

Immunoblot analysis 

Infected cell cultures were lysed in O.lM Tris-HCl pH B.O, O.lM NaCl, 
0.5% Nonidet P40, 0.1% Aprotinin (Sigma), and proteins transferred onto 
nitrocellulose membrane (BAB5, Schleicher and Schuell) using a Biorad Dot 
Blot apparatus or after SDS polyacrylamide gel electrophoresis. 

Immunoprecipitations 

Infected cells were lysed with RIPA buffer as described by Garwes 
et al. (20) and supernatants containing TGEV polypeptides were preabsorbed 
with formalin-fixed Staphylococcus aureus (Sac) cells (Cowan strain, 
Immunoprecipitin, BRL) before incubating with antisera for 1 h and pre­
cipitating with washed Sac cells and analysed as in Britton et al. (21). 
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Animal inoculations 

partially purified recombinant and wild-type VV were prepared by 
pelleting stock virus through an equal volume of 36% w/v sucrose in 10 rnM 
Tris-HCI, 1 rnM EDTA pH 8.8 in a 55.5 swing-out rotor (Kontron Instruments) 
at 25,000 x g for 80 min at 4°C. Pelleted virus was resuspended in phos­
phate buffered saline (PBS 10 rnM potassium phosphate, 150 mM NaCI, pH 7.2) 
for inoculation into animals. 
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Identification of TGEV genes in recombinant virus genomes by 
Southern blot with high molecular weight fragments at the bottom. 
Plasmid and viral DNA was digested with BamHI for 4 h and DNA 
fragments separated by electrophoresis on a 0.8% agarose gel. 
Denatured DNA was transferred onto a Biodyne filter and probed. 
Fig. la Lane (1) conta~~ed pAcRP23, (2) vAcNPV, (3) pAcI6, (4) 
vAcI2 DNA probed with p-Iabelled El BamHI gene cassette. 
Fig. lb Lane (1) contained wt VV, (2) pGSN1, (j1 vTN1, (4) pGSI1, 
(5) vTI1, (6) pGSP1, (7) vTPl DNA probed with P-Iabelled NP, 
El and E2 BamHI gene cassettes. 

TGEV neutralisation assay 

Mouse and pig anti-recombinant vaccinia sera were heat treated at 55°C 
for 30 mins to destroy any complement activity before being serially 
diluted and mixed with 100 pfu of TGEV in an equal volume of M199 medium 
(Medium 199 (Flow Laboratories), supplemented with 50 rnM HEPES, 0.14% sodium 
bicarbonate, 2.5% calf serum and antibiotics) for 1 h at 37°C. Residual 
virus ac·tivity was assayed in triplicate by plaque reduction using APT/2 
cells incubated with a M199/0.6% agarose overlay. After 3 days the plaques 
were detected with a neutral red overlay and the neutralising titres were 
expressed as the reciprocal of the serum dilution that reduced 50% of the 
plaques'-
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RESULTS AND DISCUSSION 

Construction and DNA analysis of recombinant viruses 

All three complete TGEV structural protein genes were inserted down­
stream of the vaccinia early/late P7 5 promoter in the plasmid insertion 
vector pGS20. The TGEV NP gene was co~tained in a BamHI cassette (6), 
which also included a second small open reading frame (ORF4), and was used 
to generate RVV vTN1. The TGEV E1 gene was inserted into vaccinia and 
baculovirus genomes as a BamHI gene cassette (7). The E1 gene was regulated 
by the early/late P7 5 promoter in RVV vTI1 and by the strong late P 3 
polyhedrin promoter inKvAcI2. The E2 gene was constructed as a 4657 5pK 
BamHI gene cassette (unpublished result) and used to generate a recombinant 
vaccinia virus vTP1. The recombinant viral genomes were analysed by 
Southern blot to confirm the integration of the TGEV structural genes (Fig. 
1 ) • 

Recombinant virus expression of nucleoprotein 

The gene products have been characterised by immune blotting and 
immunoprecipitation of recombinant VV infected cell lysates. vTN1 infected 
cell lysates contained a polypeptide M 47000, recognised by DA3 and poly­
clonal cat anti-feline infectious peritonitis virus (FIPV) serum, a 
serologically rel'ated coronavirus. The recombinant NP comigrated with the 
TGEV nucleoprotein (Fig. 2) implying that it was the same as the TGEV 
product. The last 20 residues of the NP carboxyl-terminus have been 
identified as containing the epitope site for the DA3 mAb (J. M. Alonso 
Martin, personal communication). A smaller NP species of M 42000 has 
been observed in TGEV infected cells using polyclonal antis~rum (13), but 
is not detected with DA3. A potential trypsin cleavage site, KRK, has been 
identified at the carboxyl-terminus of the nucleoprotein that could result 
in the deletion of the last 39 amino acids, containing the DA3 epitope, 
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Fig. 2. Cell lysates from uninfected (1) WR infected (2) vTN1 24 h (3) and 
48 h (4) post infected HTK cell lysates; TGEV infected (5) and 
uninfected (6) LLC PK1 cells were separated by electrophoresis on 
a 10% SDS PAGE gel, transferred onto nitrocellulose and probed 
with DA3. 
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resulting in the truncated form of the nucleoprotein. Immunoprecipitation 
of radiolabelled TGEV antigen with DA3 can co-precipitate the M 42000 
species with the M 47000 species, indicating that these two sp~cies of 
NP can associate. rSmaller species of NP from vTNl infected cells have also 
been detected with FIPV polyclonal antiserum, but not with DA3, and may be 
progressive degradation products. Breakdown products are found in TGEV 
infected cells when using DA3 (Fig. 2, lane 5) indicating that degradation 
may also occur from the N-terminus. 

By indirect immunofluorescence (IIF), NP appeared to aggregate into 
complexes in the cell cytoplasm, at 24 h post infection with vTNl (Fig. 4a) 
and by 8 h in TGEV infected cells. No recombinant or TGEV NP has been seen 
at the cell surface of unfixed infected cells. 

Recombinant virus expression of integral membrane protein (El) 

Sequence analysis of the protein has identified three potential N­
glycosylation sites at Asn [32], [55] and [251] each potentially adding 
2000 daltons onto the M 29459 polypeptide (7). vTll infected cells pro­
duce a single species p6lypeptide of M 30000 but vAcI2 infected Sf9 cells 
produce two species of El, an abundantrM 30000 protein and a less common 
M 28000 species (Fig. 3). Cells infect~d with either vTll or vAcI2 in 
t5e presence of tunicamycin only express the M 28000 species. These 
observations support the theory that only one El N-glycosylation site, Asn 
[32], is occupied. The other two potential N-glycosylation sites occur in 
hydrophobic areas of the molecule and are thought to be hidden in the 
viral membrane. Larger but minor species of El have been observed in TGEV 
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Fig. 3. Cell lysates from uninfected (1), WR infected (2), vTll 24 h (3) 
and 48 h (4) post infected HTK- cell lysates; TGEV infected (5) 
and uninfected (6) LLC PKl cells; pURIM2 transfected (7) and 
pUR290 (8) transfected E. coli JM10l cell lysates [7, 21]; protein 
high molecular weight markers (9); vAcI2 (10) and vAcNPV (11) 
infected cell lysates were electrophoresed on a 10% SDS PAGE gel, 
transferred onto nitrocellulose and probed with cat anti-FIPV serum. 
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infected cells (1) but have not been detected in either recombinant virus 
infections. The immunogenicity of the unglycosylated form of the E1 
molecule appears unaffected as it is recognised by both FIPV polyclonal 
and 3BB3 monoclonal antiserum. 

By IIF, E1 usually has a polar distribution within the cytoplasm of 
TGEV and vTl1 infected cells (Fig. 4b), consistent with the hypothesis that 
E1 is associated with the endoplasmic reticulum (ER) and golgi apparatus. 
The distribution of E1 in Sf9 cells was generally cytoplasmic (Fig. 4d). 
Contrary to earlier observations, TGEV E1 was not found on the ceil surface 
of TGEV or recombinant virus infected cells, supporting the evidence that 
the E1 molecule has its own targeting and anchoring transport signals 
which restrict it to the endoplasmic reticulum and golgi apparatus. 

Sequence analysis of the TGEV peplomer 

The E2 gene is an ORF of 4341 bp coding for 1447 amino acids contained 
within the TGEV 8.4 kb mRNA subgenomic species. The sequence context, 
(AC)ACCATGA, of the peplomer gene is favourable for initiation by eukaryotic 
ribosomes ((CC)ACCATGG) (22, 23). The peplomer gene is terminated by the 
codon TAA which is also the terminator of the nucleoprotein and integral 
membrane protein genes. The first 16 amino acids of the peplomer poly­
peptide fulfil the criteria of being a eukaryotic signal sequence, with the 
potential cleavage site between the glycine [16] and aspartic acid [17] 
residues. The cleavage site of the peplomer signal sequence has been 
confirmed (5), from the avirulent Purdue strain of TGEV, as being between 
residues 16 and 17 by N-terminal amino acid sequencing of the peplomer 
isolated from virions. Following cleavage of the signal sequence the 

Fig. 4. Cellular location of TGEV structural proteins in recombinant virus 
infected cells by indirect immunofluorescence. NP was detected 
using DA3 (a), E1 using 3BB3 (b), and E2 using a mAb cocktail (c). 
E1 was also detected in fixed vAcI2 infected Sf9 cells with 3BB3 
at 48 h post infection (d). 
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Fig. 5a. Irnmunoprecipitation of [35s ]-methionine labelled E2 protein from 
TGEV infected LLC PK1 cells (1); vTP1 (2), (3) and WR (4) infected 
HTK- cells with cat anti-FIPV serum (1), (3), (4), and 3C1 (2) a 
major neutralising E2 monoclonal antibody. 

Fig. 5b. Irnmunoprecipitation of [35s ]-methionine labelled TGEV polypeptides 
with mouse anti-vTl1 (3), anti-vTN1 (4) and anti-vTP1 (5) anti­
serum. Lane (1) contains whole cell lysate diluted 1:100 and 
(2) protein high molecular weight markers. 

primary structure of the peplomer would be 1433 amino acids with a M 
157891. There are 33 potential N-linked glycosylation sites providi6g the 
TGEV peplomer monomer with an overall M 226000. The monomeric molecular 
weight of the TGEV peplomer, by SDS PAGE, is M 200000 (1) implying that 
most of the potential N-linked glycosylation sites must be occupied. 

Recombinant virus expression of peplomer (E2) 

The E2 antigen is sensitive to reduction by 2-mercaptoethanol. E2 
expressed by RVV can be detected by irnmunoblotting in non-reducing con­
ditions, but is best observed by irnmunoprecipitation (Fig. 5a), where it 
comigrated with the peplomer protein of TGEV M 200000. The amount of RVV 
expressed E2 is poor compared with TGEV. A re~ombinant vaccinia virus 
expressing TGEV E2 cloned from the Miller strain has been previously 
published (24). This E2 gene construct had a deletion at the 3' end which 
resulted in the loss of the last 190 amino acids, which included part of 
the stalk and all of the anchor region. This observation was obtained from 
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Fig. 6. The effect of inoculation route at inducing TGEV neutralising 
antibodies in vTP1 infected gnotobiotic piglets. 

our sequencing analysis and was confirmed by other data (5) for the Purdue 
strain of TGEV. The truncated form of E2 was capable of inducing low level 
TGEV neutralising antibody, but could not be detected on the cell surface 
by IIF probably due to the deletion of the anchor region. 

Analysis, by IIF, showed that the E2 from RVV vTP1 reacted with all 
the peplomer competition mAb groups (20) indicating that the immunogenicity 
of the expressed E2 is preserved. Fixed and unfixed infected cells had a 
diffuse cytoplasmic staining with occasional polar concentrations on the 
cell perimeter. Fine points of fluorescence, probably capped protein, 
appeared around the cell perimeter of unfixed vTP1 infected cells suggesting 
that the E2 is exported to the cell membrane. No specific staining was 
observed for unfixed WR infected and uninfected cells using E2 mAbs. Anti­
sera raised in mice to all three RVV were analysed by immunoprecipitation 
and neutralisation assay. All mouse anti-RVV serum specifically immuno­
precipitated a single TGEV structural protein product (Fig. 5b). No 

Table 1. TGEV neutralisation assay using mouse anti-RVV serum 

Vaccinia virus Single dose Hyperimmunisation 

vTN1 10 10 
vTN2 10 60 
vTl1 <10 40 
vTI2 <10 <10 
vTP1 490 1120 
vTP2 160 430 

WR <10 <10 
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significant TGEV neutralisation was detected with mouse anti-vTN1 or vTI1 
serum (Table 1), though it has been reported that anti-E1 mAbs in the 
presence of guinea pig complement can enhance TGEV neutralisation (25). 
Only mouse anti-vTP1 serum and hyper immune vTP-1 serum contained neutral­
ising antibody titred at 490 and 1120 respectively in a 50% TGEV plaque 
reduction assay, demonstrating that the recombinant product can induce TGEV 
neutralising activity (Table 1). The efficacy of vTP1 inducing neutralising 
antibody was studied in ~notobiotic piglets. Animals were given a standard 
inoculum of vTP1 (2 x 10 pfu) by the intramuscular, intraperitoneal, oral 
(by feeding through a stomach tube), intradermal (scarification) and 
control (uninoculated) routes (Fig. 6). Only two routes induced TGEV 
neutralising serum antibody. Intraperitoneal inoculation induced a titre 
of 250 at 14 days post infection but diminished by 28 days. Intradermal 
inoculation induced a neutralising titre of 950 which remained constant up 
to 28 days post infection. Work is in progress to determine if vTP1 serum 
antibodies can protect the piglet from a TGEV infection. 
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