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A group of 11 monoclonal antibodies (MADbs) raised against transmissible gastroenteritis virus (TGEV) was used to
study the antigenic structure of the virus nucleoprotein (N). To identify the regions recognized by MAbs, DNA frag-
ments derived from the N-coding region of the TGEV strain F§772/70 were cloned into pUR expression plasmids and
the antigenicity of the resulting fusion proteins was analyzed by immunobloting. A major antigenic domain was identi-
fied, covering the first 241 amino acid residues of N, within which an epitope (residues 57-117) was also found. A
second antigenic domain extended from residues 175 to 360 of the nucleoprotein, within which a subsite was charac-
terized within the region covering residues 241-349. MAb DA3 recognized a linear epitope which mapped within
residues 360 and 382 at the carboxy terminus of the nucleoprotein. The binding of the majority of the MAbs (8 out of 11)
to large fusions, but not to smaller fragments included in them, suggests a conformational dependence of the MAb
binding sites. Our data show that the use of fusions in Western blot experiments is a useful approach to map not only
linear epitopes but more complex antigenic structures found in the nucleoprotein of TGEV. © 1992 Academic Press, Inc.

INTRODUCTION

Transmissible gastoenteritis virus (TGEV) is a coro-
navirus that causes a highly contagious enteric dis-
ease in pigs, resulting in a high mortality among neo-
nates and severe economical losses to the affected
farms (Garwes, 1982).

The viral particle is composed of a single-stranded
RNA genome (Brian et al., 1980) and three major struc-
tural polypeptides: a surface glycoprotein (S, spike, or
peplomer) with a monomeric M, 200,000; a glycosy-
lated integral membrane protein (M) of M, 28,000~
31,000; and a basic phosphorylated protein (N or nu-
cleoprotein) of M, 47,000 associated with the viral RNA
{Garwes and Pocock, 1975).

TGEV-infected cells have, in addition to the genomic
RNA, seven or eight species of subgenomic mRNAs
{Jacobs et al., 1986; Britton et al., 1986; Sethna et al.,
1989; Wesley et al., 1990). The region of each mRNA
responsible for the expression of its gene product ap-
pears to correspond to the b-terminal sequences that
are absent from the next smaller species {(Sturman and
Holmes, 1983; Stern and Sefton, 1984). /n vitro trans-
lation studies have shown that mRNA 7 (1.7 kb) directs
the synthesis of the viral nucleoprotein (Britton et al.,
1986; Jacobs et al., 1986). The N gene has been se-
guenced from several TGEV strains (Britton et al.,
1988: Kapke and Brian, 1986; Rasschaert et al., 1987),
allowing the identification of an open reading frame
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that encodes a polypeptide of 382 amino acids with a
calculated M, of 43,483. The amino acid sequence of
the nucleoprotein from the British field strain FS772/70
and American Purdue strains of TGEV differed by
2.1%, most of the changes being conservative.

It has been demonstrated in another coronavirus,
mouse hepatitis virus (MHV), that the nucleoprotein
has a variety of functions in addition to being a struc-
tural component of the helical nucleocapsid {(Sturman
and Holmes, 1983). It plays important roles in viral
pathogenesis, replication (Nakanaga et al., 1986;
Compton et al., 1987), and transcription (Baric et al.,
1988; Stohiman et al., 1988). In contrast, very little is
known about the antigenic structure of the N protein.
The production of monoclonal antibodies {MAb) spe-
cific for N (Jiménez et al., 1986) and antigenic homol-
ogy among N proteins of coronaviruses have been re-
ported (Sanchez et al., 1990).

In this paper we report the use of 8-galactosidase-N
fusion proteins to establish the location of MAb epi-
topes on the amino acid sequence of the TGEV nu-
cleoprotein. This approach has been used success-
fully by several laboratories to locate MAb-binding
sites on the S glycoprotein (Luytjes et al., 1989) and the
M glycoprotein of MHV (Tooze and Stanley, 1986).

MATERIALS AND METHODS
Strains and media

Escherichia coli XL1-Blue {endA1, hsdR17 (rg, my),
supE44, thi~, recA1, gyrAg6, relA1, lac-, [F, proAB,
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Fig. 1. Schematic representation of the fragments (A to K) of the
TGEV nucleoprotein gene cloned into pUR vectors. The upper line
indicates the restriction sites used for cloning (B, Ball; Bg, Bg/il; H,
Hindlll; N, Nsil; P, Pstl; R, Rsal; St, Styl). The boxes indicate the
position of relevant coding regions in the TGEV genome.

laclg?™?®, Tn710(tet?)]} from Stratagene was used in rou-
tine plasmid construction and expression experiments.
E. coli cells were transformed using the RbCl method
(Hanahan, 1985). Transformants were selected on LB
plates containing ampicillin (100 pg-ml™).

cDNA and plasmid vectors

The nucleoprotein ¢cDNA from mRNA 7 was ob-
tained as described elsewhere (Britton et a/., 1988). A
TGEV N gene BamHl| cassette, pBNP5, reconstructed
from that cDNA and cloned into the BamHI site of
pBR322 (Britton et a/., 1988) was used as the source of
the nucleoprotein gene.

To produce B-galactosidase fusion proteins in E.
coli, the pUR expression vectors {290, 291, and 292)
(Ruther and Muller-Hill, 1983) were used.

Construction of recombinant plasmids

To map the antigenic domains of TGEV nucleopro-
tein, 11 restriction fragments (Fig. 1, A to K) of the N
gene were cloned, in frame, into the appropriate pUR
expression vector. In the pUR expression system for-
eign gene fragments are inserted at the 3-end of the
lacZ gene, resulting in a hybrid gene product which has
the complete B-galactosidase amino acid sequence
followed by the residues encoded by the in frame
cloned DNA fragment. A detailed list of restriction en-
donucleases, generated fragments, and pUR plasmids
that were used is shown in Table 1. When necessary
for correct in frame ligation, blunt ends were generated
by treatment with the Klenow fragment of DNA poly-
merase (i.e., pUR vector in fusions J and K). The BamH|
restriction site at the 5-end of fragments B and | was
made by adding the appropriate linkers to the blunt

ends generated after digestion of the N gene with endo-
nuclease Ball (Fig. 1). Fusion | was constructed from
fusion B by generating a stop codon in fusion B, cutting
this fragment with restriction endonuclease Sty | (see
Fig. 1 and Table 1), end-repair with Klenow and blunt-
end ligation. Fusion D was the result of deleting a Pstl
fragment from fusion C (Fig. 1).

Four of these restriction fragments (B, |1, J, K} con-
tained sequences from the 5-half (residues 2 to 24 1) of
the N gene. The remaining seven fragments (A, C, D, E,
F. G, H) covered different regions of the 3-half {resi-
dues 174 to 382).

Competent E. coli XL-1 cells were transformed with
each construct and the recombinant plasmids were
selected on LB-ampicillin plates at 37°. Plasmid DNA
was purified and the insertions were checked for the
correct orientation and for subcloning artifacts (data
not shown} by restriction analysis. When convenient,
the junction area of the construct was also sequenced.

Digestion and analysis of plasmid DNA

Use of restriction enzymes, DNA-modifying en-
zymes, plasmid preparation, and digestion procedures
were as specified by the manufacturers or as de-
scribed in standard manuals (Maniatis et a/., 1982).
The enzymes were provided by Boehringer-Mannheim
(Germany) or New England Biolabs (UK). DNA frag-
ments were purified from low melting point agarose
gels by the CTAB method {Langridge, 1980) or using
the GeneClean kit from BIO 101 (USA).

Antibodies

The murine monoclonal antibodies 3B.B5, 3B.B6,
3B.D8, 3B.D10, 3B.H3, 3C.D8, 3C.E4, 3D.C10, and
3D.H10 (liménez et al., 1986) were used in Western
blotting experiments as hybridoma culture superna-
tants at 1/50 dilutions. MAbs DA3 (Garwes et al., 1987)
and 25-H7 (L. Saif, Ohio University) were used as
ascites at 1/10,000 dilution.

The hyperimmune serum against TGEV strain
FS772/70, raised in gnotobiotic piglets, was kindly pro-
vided by Dr. P. Britton (AFRC institute for Animal
Health, Compton, UK).

Rabbit anti-mouse immunoglobulins, RAM/!g (GMADE),
were provided by Nordic Immunological Laboratories
{The Netherlands).

SDS-PAGE and immunoblotting

The cell extracts of recombinant £. coli cultures, in-
duced with 200 uM isopropyl-8-D-thiogalactopyrano-
side (IPTG) for 2 hr at 37°, were fractionated in a 8%
SDS-polyacrylamide gel electrophoresis system
{Laemmli, 1870) and transferred onto nitrocellulose
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membranes (Millipore Code HAHY00010, pore size
0.45 um), using a Mini Protean II, Bio-Rad electroblot-
ting apparatus at 100V for 1 hrin 256 mM Tris—192 mM
glycine buffer, pH 8.3, containing 20% methanol (Bur-
nette, 1981). After the transfer, the nitrocellulose
membranes were blocked in 1.5 mM KH,PO,, 8.1 mM
Na,HPO,, 2.7 mM KCI, 140 mM NaCl (PBS), contain-
ing 1% gelatin and 0.1% Tween 20 (PTG) for 1 hr at
room temperature. The membranes were then incu-
bated for at least 1 hr at room temperature in the ap-
propriate dilution of the specific monoclonal antibody,
followed by 1-hrincubations with rabbit anti-mouse an-
tibodies (1/2000 in PTG) and 0.1 uCi/ml ['2%{}-Protein A
(Amersham International plc, 32 mCi mg™).

Swine polyclonal antibodies against TGEV antigens
were directly detected with ['?®(]-Protein A in PTG
buffer.

RESULTS
Antigenicity of the fusion proteins

Prior to the antigenic studies, the correct transla-
tional reading frame of the B-galactosidase-nucleo-
protein fusions was investigated. This was done by
studying the size of the resulting hybrid proteins in
SDS-PAGE relative to native 8-galactosidase. For this
purpose, overnight recombinant cultures were in-
duced using IPTG and analyzed in a 8% SDS-PAGE as
described in methods. After Coomassie blue staining
most tracks (Fig. 2a) showed major protein bands
larger than the B-galactosidase {116K) marker, corre-
sponding to size increases over the native B-galactosi-
dase from 9 to 29K (Table 1). Fusion proteins G and H,
which included fragments of N protein coding for 34
and 23 amino acid residues, respectively, gave a major
expression product of size similar to that of 8-galacto-
sidase in SDS-PAGE, since the expected increases of
3.6 and 2.5 kDa, respectively, could not be detected
{Table 1).

To investigate the antigenic similarity between na-
tive TGEV nucleoprotein and the fragments of N pro-
tein expressed in the (-galactosidase-chimeras, the
cell extracts of induced recombinants were analyzed
by SDS-PAGE and electrotransferred onto nitrocellu-
lose membranes. The antigenicity of the fusion pro-
teins was determined by studying their reactivity with
swine polyclonal antibodies against TGEV strain F772/
70. The results in Fig. 2b (lanes A-K) showed that all
fragments were recognized by the pig serum, indicat-
ing that all regions of the nucleoprotein fused to 8-ga-
lactosidase were antigenic. The efficient detection of
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Fig. 2. Polyacrylamide gel electrophoresis of £. cofi cell extracts
expressing TGEV nucleoprotein fusions (A to K) stained with Coo-
massie blue (a) and Western blot immunoscreening of the expres-
sion products with a polyclonal anti-TGEV pig serum (b). The sizes of
markers are indicated in kilodalton scale. Lane V of the immunoblot
contains purified TGEV virions. S, N, and M indicate the positions in
SDS-PAGE of the structural proteins of TGEV.

the small fusion proteins G and H (34 and 23 residues,
respectively) indicated that the C-terminus of N protein
must be very immunogenic. Extracts from induced
cells transformed with pUR vectors without insert or
not induced recombinants did not bind (data not
shown) to the pig serum.

MAb epitope mapping

To define antigenic domains in the N protein of
TGEV, extracts of IPTG-induced recombinant cells ex-
pressing chimeras B, C, E, G, H, |, }, and K, represent-
ing in total the full-length of N, were analyzed in 8%
polyacrylamide gels and transferred to nitrocellulose
filters. Similar membranes containing the same set of
fusion proteins were incubated with each of the 11
N-specific monoclonal antibodies in the form of hybrid-
oma supernatants or ascites (see Materials and Meth-
ods). The analysis of the differential reactivities of a
panel of 11 MAbs with the set of 11 N-fusion proteins
allowed the elaboration of an antigenic map of this pro-
tein.

Monoclonal antibodies 3B.B5, 3B.B6, 3B.H3,
3C.E4, 3D.C10, and 3C.D8 showed the same Western
blot patterns. These MAbs identified fusion B {residues
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TABLE 1
TGEV NucLEOPROTEIN RESTRICTION FRAGMENTS CLONED INTO pUR VECTORS
Restriction sites Residues®
Mre¢
Fragment pUR 5 3 NH, COOH (kd)
A 290 Hindlll Hindlll® 138 382 26.8
B 292 Ball Pstl 2 241 26.4
C 291 Bafll Hindlil® 174 382 22.9
D 291 Balll Pstl 174 241

Pstl Hindlli# 349 382 9.9

E 292 Pst Psti 241 349 12
F 291 Bail Nsil 174 360 20.6
G 292 Psti Hindlll® 349 382 3.6
H 292 Nsil Hindlll? 360 382 2.5
| 292 Ball Styl 2 117 12.6
J 291 Rsal Pstl 57 241 20.2
K 291 Rsal Hindlll 57 138 8.9

2 The Hindlll site is in the pBR322 cloning vector, 3-downstream of the nucleoprotein gene.
® Residue number 1 is the amino terminal methionine of the TGEV nucleoprotein,

° The molecular weights of the N fragments inserted.

2-241) and failed to react with the rest of the fusions,
including fusions | (2-117), J (57-241), and K (567-138},
whose amino acid sequences are included in fusion B.
Figure 3 shows the experimental results obtained with
MADb 3C.E4, an example of this group of antibodies.
Interestingly, MAb 25-H7 which also bound to fusion B
reacted to the smaller fusions |, J and K included in B
(Fig. 3, 25-H7) and defined in this way an epitope within
the major antigenic domain. We conclude from this re-
sult that the epitope of MAb 25-H7 must lie between
residue 57, which is the first N-residue represented in
fusions J and K, and residue 117, which is the last
N-residue expressed in fusion .
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FiGg. 3. Western blot analysis of £. coli cell extracts expressing
TGEV N-fusions (B, C, E, G, H, I, J, K) using MAbs 3C.E4, 25-H7,
3D.H10, and 3B.D8. The sizes of markers are indicated in kilodal-
tons. Lane V contained purified TGEV virions.

Four monoclonal antibodies had their binding sites
between residue 174 and the C-terminal end of the
nucleoprotein. The monoclonal antibodies 3B8.D10 and
3D.H10 reacted with fusion C (residues 174-382) (Fig.
3, 3D.H10) and fusion F (residues 174-360) (not
shown), but not with smaller fusions E (241-349), G
(349-382), and H (360-382), all of which are included
in fusion protein C. The reaction of these MAbs defined
an antigenic domain between residues 174 and 360 of
the TGEV nucleoprotein. MAb 3B.D8, which recog-
nized fusion C in Western blots also reacted to fusion E
(241-349) (Fig. 3, 3B.D8), thus identifying an epitope
within this amino acid sequence.

Using the same type of experimental approach the
epitope of MAb DA3 could be mapped between resi-
dues 360 and 382 of the nucleoprotein. The immuno-
blot used in this case included extracts of induced and
uninduced strains transformed with a pUR vector with-
out insert and fusions A, B, C, D, E, F, G, and H. This
monaoclonal antibody reacted (Fig. 4) with all chimaeras
{A, C, D, G, and H), which included the 23 C-terminal
residues (360-382) of the nucleoprotein, but did not
bind to fusion protein B (or the smaller derivatives |, J,
and K), nor to fusion proteins E and F.

The results in Fig. 4 also showed that no recombi-
nant products were detected in tracks corresponding
to uninduced cultures (—), in contrast to the high de-
tection level of the protein in the induced culture (+).
The localization of the DAS3 epitope within the 23 C-ter-
minal residues of N was further confirmed by the re-
sults of Western blots of fusion proteins C (174-382)
and F {174-360) {Fig. 4, lanes C and F}, which differed
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FiGg. 4. Western blot analysis of £. coli cell extracts expressing
TGEV N-fusions (A, B, C, D, E, F, G, H) using MAb DA3. Lane P
contained a cell extract from an induced £. colf culture transformed
with a pUR vector. Symbols (+, —) indicate IPTG-induced (+) or unin-
duced (—) cultures. Lane V contained purified TGEV virions. The
sizes of markers are indicated in kilodaltons.

only in the C-terminal amino acid residues, and by the
strong reactivity of H, which only expressed the differ-
ential residues (360-382) between fusions C and F.

DISCUSSION

According to the reactivity of the 11 MAbs in West-
ern blot experiments, two major antigenic domains, A
and B, can be defined in the N protein of TGEV (Fig. 5).
Domain A was located in the amino half of the protein
(residues 1-241) and domain B, within the C-terminal
half, including residues 174 to 360 of N. Domain A
appeared to be immunodominant and induced the syn-
thesis of seven of the 11 MAbs tested (3B.B5, 3B.B6,
3B.H3, 3C.D8, 3C.E4, 3D.C10, and 25-H7). All of
these MADbs recognized fusion protein B, but only 25-
H7 reacted to smaller fusions (I, J, and K), whose se-
quences are part of fusion B. It can thus be concluded
that the epitopes of the former six MAbs are most prob-
ably dependent on local protein conformation which is
present in fusion protein B, but absent in the smaller
derivatives of B (Fig. 5). Similar results indicating the
implication of local conformation have been described
for other viral proteins (Lenstra et a/., 1989; Jacobs et
al., 1990). However, MAb 25-H7 appears to be more
independent of structure and binds to the shorter chi-
maeras (I, J, and K} included in B. The smallest frag-
ment (K) recognized by this antibody is 82 residues
long. Using these data, it can be postulated that the
binding site of Mab 25-H7 is probably located between
residues 57 and 117 of the nucleoprotein, which is the
only region common to fusions |, J, and K. This se-
quence thus defined an epitope (residues 57-117)
within the major domain A (Fig. 5).

The antigenic domain B involved residues 174 to
360 of the nucleoprotein and was defined by the spe-
cific reaction of MAbs 3B.D10 and 3D.H10. These anti-
bodies only identified chimeric proteins C and F but not
their smaller derivatives (D, E, G, and H). These results
also point out the involvement of local conformation on
antigen recognition. The binding site of MAb 3B.D8
was further mapped between residues 241 and 349
(Fig. B), which is represented in fusion E, since this is
the smallest fragment which reacted to MAb 3B.D8.
This antibody thus defined an epitope (residues 24 1-
349) within domain B (Fig. 5).

It will be necessary to perform a more refined epitope
mapping for MAbs 3B.D8 and 25-H7, either using
smaller fusions or by the Pepscan method, to elucidate
their linear or conformational nature (Barlow et al.,
1986).

The epitope of MAb DA3 was mapped between resi-
due 360 and the carboxyl end (residue 382} of the nu-
cleoprotein. This antibody reacted in Western blots
with all fusion proteins expressing the carboxy ter-
minus of the protein (Fig. 4). Preliminary data were able
to map this epitope to between residues 360 and 373.

The results obtained in Western blot experiments
with the panel of 11 MAbs revealed, in most of the
cases, that a minimum length of N in the fusion pro-
teins was required for Mab recognition. This clearly
indicated the involvement of distant nucleoprotein resi-
dues which after SDS-PAGE and subsequent elec-
troblotting folded into the correct structures to be rec-
ognized by the specific MAbs. The conformation of the
coronavirus nucleocapsid has not yet been clearly elu-
cidated; nevertheless, electron microscopic data sug-
gest helical or tubular structures (Oshiro, 1973; Caul et
al., 1979; Kennedy and Johnson-Lussenburg, 1976).
The results of the immunoblots indicate that the frag-

Fic. 5. Antigenic map of TGEV nucleoprotein. Circles represent
the two antigenic domains A and B of N. The site-specific MAbs are
indicated in the corresponding circle. The squares represent sub-
sites based on the specific reaction of the MAbs shown inside. The
triangle represents the epitope of MAb DA3. The numbers indicate
the first and last nucleoprotein residues involved in the antigenic
sites, subsites, and DA3 epitope.
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ments of nucleoprotein expressed as $-galactosidase
fusions (i.e., B and C) fold into a similar conformation to
the one that triggered the synthesis of the murine
MADs.

Irrespective of the reasons why 8 out of 11 MAbs
reacted only to large fusions (expressing more than
200 residues of N) and not to smaller derivatives, our
results show the advantage of using gene fusions for
epitope mapping, over other methods using oligopep-
tides, which may fail to give clear results when com-
plex antigen structures are involved.

Our mapping results are consistent with the pub-
lished antigenic relationship among coronaviruses
(S&nchez et al., 1990) and showed that the antigenic
heterogeneity reported for the N protein of porcine re-
spiratory coronavirus (PRCV) relative to all TGEV iso-
lates is restricted to domain B, defined by MAbs
3B.D10 and 3D.H10. These antibodies did not bind to
5 of 8 PRCV isolates studied, one of which also did not
react to MAb 3B.D8, a marker of an epitope defined
within this antigenic determinant. These three MAbs
failed also to react to other coronaviruses except to
canine coronavirus (Sanchez et al., 1990). In contrast,
most of the MAbs reacting to the major domain A of
TGEV nucleoprotein also reacted to all PRCV isolates,
showing a high degree of conservation of this domain
between these two porcine coronaviruses.

ACKNOWLEDGMENTS

We are grateful to P. Britton for providing hyperimmune TGEV-anti-
serum, and to L. Saif for MAb 25-H7. J.M.M.A. and M.B. are recipi-
ents of fellowships from Ministerio de Educacién y Ciencia and
Fondo de Investigaciones Sanitarias, respectively. This research
was supported by the Biotechnology Action Programme of the Com-
mission of the European Communities Contracts BAP-0219-E
(Oviedo, Spain), BAP-0464-E (Madrid, Spain), and BAP-0235-UK
(United Kingdom). This work in the Oviedo laboratory was also sup-
ported by Fundacién Ramén Areces.

REFERENCES

BARiC, R. S., NELsON, G. W., FLEMING, J. O., DEaNs, R. J., Keck, J. G.,
CasTEEL, N., and STOHLMAN, S. A. (1988). Interactions between
coronavirus nucieocapsid protein and viral RNAs: Implications for
viral transcription. J. Virol. 62, 4280-4287.

BarLow, D. J., EbwaRrDs, M. S., and THORNTON, J. M. (1986). Continu-
ous and discontinuous protein antigenic determinants. Nature
322, 747-748.

Brian, D. A., Dennis, D. E., and Guy, J. S. {1980). Genome of porcine
transmissible gastroenteritis virus. J. Virol. 34, 410-415.

BRITTON, P., Garwes, D. J., MiLLsON, G. C., PAGE, K., BOUNTIFF, L.,
STEWART, F., and WALMSLEY, J. (1986). Towards a genetically engi-
neered vaccine against porcine gastroenteritis virus. /n '‘Biomo-

lecular Engineering in the European Community. Final Report.” (E.
Magnien, Ed.), pp. 301-313. The Netheriands.

BRITTON, P., CARMENES, R. S., PAGE, K. W., GARWES, D. 1., and PARRA,
F. (1988). Sequence of the nucleoprotein gene from a virulent Brit-
ish field isolate of transmissible gastroenteritis virus and its ex-
pression in Saccharomyces cerevisiae. Mol. Microbiol. 2, 83-99.

BurRNETTE, W. N. (1981). Western blotting: Electrophoretic transfer of
proteins from sodium dodecy! sulfate—polyacrylamide gels to un-
modified nitrocellulose and radiografic detection with radioiodin-
ated protein A. Anal. Biochem. 112, 195-203.

CauL, E. O., AsHLEY, C. R., FERGUSON, M., and EGGELSTONE, S. I.
(1979). Preliminary studies on the isolation of coronavirus 229E
nucleocapsids. FEMS Microbiol. Lett. 5, 101-105.

CoMmPTON, J. R., ROGERS, D. B., HoLMES, K. V., FERTSCH, D., REMENICK,
J., and McGowan, J. J. (1987). In vitro replication of Mouse Hepati-
tis Virus strain Ab9. J. Virol. 61, 1814-1820.

GARWES, D. ). (1982). Coronavirus in animals. /n 'Virus infections of
the Gastrointestinal Tract.” (D. A. J. Tyrrel and A. Z. Kapikian,
Eds.), pp. 315-359. Dekker, New York.

Garwes, D. J., and Pocock, D. H. (1975). The polypeptide structure
of transmissible gastroenteritis virus. J. Gen. Virol. 29, 25-34.
GARWES, D. J., Pocock, D. H., and Wiaszka, T. M. (1975). ldentifica-
tion of heat-dissociable RNA complexes in the porcine corona-

virus. Nature 257, 508-510.

GaRwWES, D. J., and ReynoLDs, D. J. {(1981). The polypeptide structure
of canine coronavirus and its relationship to porcine transmissible
gastroenteritis virus. J. Gen. Virol. 52, 1563-157.

GARWES, D. J., STEWART, F., and ELLEMAN, C. J. (1987). Identification
of epitopes of immunological importance on the peplomer of por-
cine transmissible gastroenteritis virus. /n ‘‘Coronaviruses’ (M.
Lai and S. Stohlman, Eds.), pp. 509-516. Plenum, New York.

HaNAHAN, D. (1985). Techniques for transformation of £. coli. In
“DNA Cloning: A Practical Approach. (D. M. Glover, Ed.}, Vol. I,
pp. 109-135. IRL Press, Oxford.

Jacoss, L., vaN DER ZEuST, B. A. M., and Horzinek, M. C. (19886).
Characterization and translation of transmissible gastroenteritis
virus mRNAs. J. Virol. 57, 1010-1016.

Jacoss, L., MELOEN, R. H., GIELKENS, A. J., and vaN OIrscHoT, J. T.
(1990). Epitope analysis of glycoprotein | of pseudorabies virus. J.
Gen. Virol. 71, 881-887.

IMENEZ, G., CORREA, |., MELGOSA, M. P., BuLLibo, M. J., and En-
JUANES, L. (1986). Critical epitopes in Transmissible Gastroenteritis
Virus neutralization. J. Virol. 60, 131-139.

Kapke, P. A., and Brian, D. A. (1986). Sequence analysis of the por-
cine transmissible gastroenteritis coronavirus nucleocapsid pro-
tein gene. Virology 151, 41-49.

KENNEDY, D. A., and JOHNSON-LUSSENBURG, C. M. (1976). Isolation
and morphology of the internal component of human coronavirus,
strain 229E. /ntervirology 6, 197-2086.

LaemmLl, U. K. (1970). Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227, 680-685.

LANGRIDGE, J., LANGRIDGE, P., and BERGQuIST, P. L. (1980). Extraction
of nucleic acids from agarose gels. Anal. Biochemn. 103, 264-271.

LENSTRA, J. A., KUSTERS, J. G., KocH, G., and vAN DER ZEDST, B. A. M.
(1989). Antigenicity of the peplomer protein of infectious bronchi-
tis virus. Mol. Immunol. 26, 7-15.

LuyTEs, W., GEERTS, D., POSTHUMUS, W., MELOEN, R., and Spaan, W.
(1989). Amino acid sequence of a conserved neutralizing epitope
of murine coronavirus. J. Virol. 63, 1408-1412.

ManiaTis, T., FriITscH, E. F., and SAMBROOK, J. (1982). ‘‘Molecular
Cloning: A Laboratory Manual.” Cold Spring Harbor Laboratory,
Cold Spring Harbor, NY.

NAKANAGA, K., YaManoucHI, K., and FuiwaRra, K. (1986). Protective



174 ALONSO ET AL.

effect of monoclonal antibodies on lethal mouse hepatitis virus
infection in mice. /. Virol. 59, 168-171.

OsHIRO, L. S. (1973). Coronaviruses. /n A. J. Dalton and F. Haguenau
{ed.), “Ultrastructure of Animal Viruses and Bacteriophages: An
Atlas (A. J. Dalton and F. Haguenau, Eds.), pp. 331-343. Aca-
demic Press, New York.

RASSCHAERT, D., GELFI, J., and LAUDE, H. (1987). Enteric coronavirus
TGEV: partial sequence of the genomic RNA, its organization and
expression. Biochimie 69, 591-600.

RUTHER, V., and MUOLLER-HILL, B. {(1983). Easy identification of cDNA
clones. EMBO J. 2, 1791-1794.

SANCHEZ, C. M., JIMENEZ, J., LAviapA, M. D., CORRreA, 1., SURE, C.,
BuLLiDO, M. J., GEBAUER, F., SMeERDOU, C., CALLEBAUT, P., ESCRI-
BANO, J. M., and ENJUANES, L. {1990). Antigenic homology among
coronaviruses related to Transmissible Gastroenteritis Virus. Virol-
ogy 174, 410-417.

SETHNA, P. B., HUNg, L., and BriaN, D. A. (1989). Coronavirus sub-

genomic minus-strand RNAs and the potential for mRNA repli-
cons. Proc. Natl. Acad. Sci. USA 86, 56626-5630.

STeRN, D. F., and SEFTON, B. M. (1984). Coronaviruses multiplication:
the locations of genes for the virion proteins on the avian in-
fectious bronchitis virus genome. J. Viro/. 50, 22-29.

STOHWMAN, S. A., BARIC, R. S., NELsoN, G. N., SoE, L. H., WELTER,
L. M., and Deans, R. J. (1988). Specific interaction between coron-
avirus leader RNA and nucleocapsid protein. J. Virol. 62, 4288-
4295,

STuRMAN, L. S., and HowMEs, K. V. (1983). The molecular biology of
Coronaviruses. Adv. Virus Res. 28, 35-112.

Toozk, S. A., and STANLEY, K. K. {1986). Identification of two epitopes
in the carboxy terminal 15 amino acids of the E1 glycoprotein of
mouse hepatitis virus A9 by using hibrid proteins. /. Virol. 60,
928-934.

WEsLEY, R. D., Woops, R. D., and CHEUNG, A. K. {1990). Genetic
basis of the pathogenesis of transmissible gastroenteritis virus. J.
Virol. 64, 4761-4766.



