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We have cloned, sequenced and expressed the spike (S)
gene of canine coronavirus (CCV; strain K378). Its
deduced amino acid sequence has revealed features in
common with other coronavirus S proteins: a stretch of
hydrophobic amino acids at the amino terminus (the
putative signal sequence), another hydrophobic region
at the carboxy terminus (the membrane anchor), heptad
repeats preceding the anchor, and a cysteine-rich region
located just downstream from it. Like other represent-
atives of the same antigenic cluster (CCV-Insavc-1
strain, feline infectious peritonitis and enteric corona-
viruses, porcine transmissible gastroenteritis and res-
piratory coronaviruses, and the human coronavirus
HCYV 229E), the CCV S polypeptide lacks a proteolytic
cleavage site present in many other coronavirus S
proteins. Pairwise comparisons of the S amino acid
sequences within the antigenic cluster demonstrated that
the two CCV strains (K378 and Insavc-1) are 93-3%
identical, about as similar to each other as they are to the

two feline coronaviruses. The porcine sequences are
clearly more divergent mainly due to the large differences
in the amino-terminal (residues 1 to 300) domains of the
proteins ; when only the carboxy-terminal parts (residues
301 and on) are considered the homologies between the
canine, feline and porcine S polypeptides are generally
quite high, with identities ranging from 90-8 % to 96-8 %.
The human coronavirus is less related to the other
members of the antigenic group. A phylogenetic tree
constructed on the basis of the S sequences showed that
the two CCVs are evolutionarily more related to the
feline than to the porcine viruses. Expression of the CCV
S gene using the vaccinia virus T7 RNA polymerase
system yielded a protein of the expected M, (approxi-
mately 200K) which could be immunoprecipitated with
an anti-feline infectious peritonitis virus polyclonal
serum and which was indistinguishable from the S
protein synthesized in CCV-infected cells.

Coronaviruses are large, enveloped, positive-stranded
RNA viruses that cause respiratory, enteric and general-
ized disease in humans and domestic animals. Canine
coronavirus (CCV) was first isolated from the faecal
specimens of American military dogs with diarrhoeal
disease (Binn et al., 1974). It infects dogs of any breed or
age, causing depression, anorexia, vomiting and di-
arrhoea in young animals. The dogs generally recover
spontaneously 7 to 10 days after infection, but the
diarrhoea may persist for more than 2 weeks. Death may
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occur 1 to 3 days after the onset of disease, especially in
young pups (Carmichael & Binn, 1981). The virus
replicates in the enterocytes of the small intestine and has
been found in the intestinal lymph nodes. Vaccines to
protect against CCV disease are beginning to appear on
the market. Parenteral inoculation of dogs with CCV
(either attenuated or not) did not result in disease, but
the animals were not protected against oral challenge
(Carmichael & Binn, 1981).

Feline infectious peritonitis virus (FIPV) and feline
enteric coronavirus (FECV), transmissible gastroenteritis
virus of swine (TGEYV), porcine respiratory coronavirus
(PRCV) and CCV possess common antigenic deter-
minants localized on the three major virion proteins
(Horzinek et al., 1982; Sanchez et al., 1990). A human
coronavirus (HCV; strain 229E) also showed cross-
reactivity at the level of the nucleocapsid protein
(Horzinek et al., 1982), which led Siddell et al. (1983) to



1790 Short communication

(a) 20

40
CCV K378 ImILmLP-BﬂBVICTSN'NDCVQGNV‘TQLPGNENI IKDFLFH-~-TFKEEPSVVVG

CCV-Insave LS Q N G L
FECV VT LC HT SS R V A L R Q s GI
FIPV v LC HT LS N

TGEV KK FUV VVH ---PL Y¥GD FP SKLTNRTIGNQW L E’l‘ LNYSSRLPPNSD L
PRCV KK FVV VVM ---PL YGDKF!

HCV 229E F VAYA:

*

60 80 100
CCV K378 GYYPY-EVWYNCSRSATTTAYKDFSNIHAFYFDMEAMENSTGNARGKPLLVHVHGDPVSI

cev-Insave TTQQ Y

FECV T EY N F E

FIPV T R FQY N F E v

TGEV Y PTVQP F I NNSNDL VTLE LK V W AT- I WHQR-NVNYY

PRCV

HCV 229E L IA ===—-

140 160

CCV K378 IIYISAYRDDVQPRPLLKHGLLCITRNKIIDYNTFTSA--QWSAICLGDDRKIPFSVIPT

CCV-Insave v F DTV s N RD v
G Q E RN N DS TN R

FIPV - Q A\ RH N EQ NST T A

TGEV TVITTRNFNSAEG-—-==-- AI1 C GSPPTTT E5 LTCN GSE RLNHK--- PIC S

PRCV

HCV 229E Q

180 200 220
CCV K378 DN----GTKIFGLEWNDDYVTAYISDRSHHLNINNNWFNNVTILY SRSSSATWQKSAAYV
cCV-Insavc L E R L T T H

FECV Y EF G YNW L T EY
FIPV Y F G ¥ T L T EY A
TGEV NSEANC NMLY O FA E V LHGA YRISFE Q SGT --FGDMRAT LEVAGTL
PRCV
HCV 229E
240 280
CCV K378 ==-=-=-¥YQGVSNFTYYKLENTNGLKS~YELCEDYEYCTGYATNVFAPTVGGY IPHGFSFNNW
ccv-Insave A s D
FECV T F D
FIPV T 24 8 D
TGEV DLWWFNP ¥YDVS RV K TTV VSN T Q AS VA TTQP F SD
PRCV ——--TSV VSN T --Q AS VA TILP F SD
HCV 229E T NTS SV NG--- V SE VES D
* FE T T Ak ek ok Rkkk
300 320 340

CCV K378 FMRTNSSTFVSGRFVINQPLLYNCLWPVPSFGVAAQQFCFEGAQFSQCNGVSLNNTVDVI
ccv-Insave L E
FECV LL E s
FIPV LL I E N
TGEV LL L KL K EE ST G D AV
PRCV 1L L N KL K EEV & D Av
HCV 229E LL T SV D VVRSF 8 SGLRFTTGFVY N TGRGD K F SDVLS

R N N L LT . % * * . Ty

400
CCV K378 RFNLNFTALVQSGMGATVFSLNTTGGVILEISCYNDTVSESSFYSYGEISFGVTDGPRYC
ccv-Insave D P

FECV D v P I

FIPV D s s P I

TGEV ’.l'N K 'l‘ -~ D F P

PRCV D s P N

HCV 229E Y EENLR--R TIL -~K SY VV-FY T N LVSGD----AH P TVL NF
LT .. *, kL k k% * * Rk *k

420 440 460
CCV K378 FA---LYNGTALKYIGTLPPSVKEIAT SKWCHFYINGYNFFSTFPIDCISFHLTTGDSGA
a A

ccv-Insave YV
w

FECV

FIPV w G v
TGEV v H DV
PRCV v DV
HCV 229E VNTTIG E TSAFV A KT R FV RT RY TLGNVEAVN V AETTD

. e R kR R R, Rk, ARKRRNRR k| L kR kA

480 500 520
CCV K378 FWTIAYTSYTDALVQVENTAIKKVTYCNSHINNIKCSQLTANLONGFYPVASSEVGLVNK

ccv-Insave E

FECV E N

FIPV E N N

TGEV E T v I N 3

PRCV E TN w N s s

HCV 229E C VLA ADV N SQ S ANII V RLR D SFDVPD STSPIQSVELPV
L R O ST P R Ll L S e TS .. .

560

CcY K378 SWLLPSFYSHTSWITIDLGHKRSG ------ {GOPIASTLSNITLPHQDNNTDVYCIRS

cev-Insave =TvT P YH-AG I

FECV I FA AI

FIPV FTY A L

TGEV T I G H

PRCV N

HCV 229E I S VYHK FIVLYV FKPQSG GKCFNC PAGVNI A F~-==- NETKGPL VD’I'
ok kE C e e e N A -

S80 620
CCV K378 NRFSV~YFHSTCKSSLWDDVFNSDCTDVLYATAVIKTGTCPFSFDKLNNYLTFNKFCLSL
ccv-Insave Q v NN A D
FECV Q v I NI QE D
FIPV Q v I Q E
TGEV e v A NI KRN b
PRCV DO v N KRN D
HCV 229E SH TTK VAVYANVGR --S S N N G V FVK GSV F
%, . * ok ok kK ***** *, kk, . K L
640 660 680

CCV K378 NPVGANCKFDVAA~RTRTNEQVVRSLYVIYEEGDNIVGVPSDNSGLHDLSVLHLDSCTDY
¢cv-Insave L FG

FECV s
FIPV s
TGEV s v

PRCV 5 D 8
HCV 229E KDIPGG AMPIV NWRYSKYYTIG SWSD G T QPVE VSSFMNVT K
kkkk xh * . kk Rk %

e ® B ST .
700 720 740

CCV K378 NIYGITGVGIIRQTNSTLLSGLYYTSLSGDLLGFKNVSDGVIYSVIPCDVSAHAAVIDGA
CCV-Insavc v Q

FECV R Q
FIPV R R Q

TGEV R R Q T
PRCV R RI T Q I T
HCV 229E DVsS DFNIT T N KD TK TI I NPPDQLVVYQQ

vV vs
WRd,  mRR_ kR K k Kk, REK RE_RAEK Kk Kk kK,

60
CCV K378 IVGAMTSINSELLGLTHWITTPNFYYYSIYNYTNERTRGTAIDSNDVDC-EPIITYSNIG
ccv-Insave VEN - 1

FECV K

FIPV s v

TGEV 1 D F v

PRCV I DK PG v

HCV 225E v L E FTSY FSNVVEL K F A NGT -—-----rem==eo= N TDAVL SF
"k, .. Lk, * NS 1L

820 860
cCV K378 VCKNGALVFINVTHSD-GDVQPISTGNVIIPTNFTISVQVEYIQVYTTFPVSIDCSRYVCN
ccv-Insave A

FECV X T A
FIFV M ;Y
TGEV F
PRCV
HCY 229E AD SIIAVOPRNVSYDS SA v A 1S SWT 1 ITs 1IVV T
Ao, oe. . oL kR R K kRERRR R, Rk, Rk, Rkk%
920

CCV K378 GNPRCNKLLTQYVSACQT 1 EQALAMGARLENMEIDSMLFVSENALKLASVEAFNSTETLD
cCV-Insave

FECV v N

FIPV v N

TGEV V s

PRCV s

HCV 22%E V VE K T K D RNS SADVSE TFDK.K FT N S5 GD-----
Ik kk Rk kk RkR ARk EX  wkkk, K I

960 980
CCV K378 PIYKEWPNIGGSWLCGLKDILPSHNSKRKYRSAIEDLLFDKVVTSGLGTVDEDYRRCTGG

ccv-Insave sa

FECV

FIPV s G

TGEV E Y

PRCV F E D s

HCV 229E == N-wo——mee- SSVIPS TSG RVAG I SL A K K
*, * L, *, hhkkkdk kk Kk hhkkhRhhwr ktk, | ok

1020

CCV K378 YDIADLVCAQ‘{YNGIHVLPGVANDDKMAHYTASLAGGITLGSLGGGAVSI PFAIAVQARL

cev-Insave A v

FECV T A A v

FIPV A T A A v

TGEV A T a A v

PRCV A T a A v

HCV 229E S a DAER ¢ I A G TS- SL I
Akkk hk hkhkkkhkhhkdhd, |k kkk &k k& k% & hk kkk, k hkkk

1060 1 1100
cCcV K378 NYVALQTDVLNKNQQILANAFNQAIGNITQAFGKVNDAIHOTSQGLATVAKVLARVQDVY
cCV-Insavc
FECV
FIEV
TGEV s s R
PRCV s 8 R T
HCV 229E QE K AS KMI' VD TG T AQ TANTI
hkhkkkhhhkk, Rk _RAR _hk ¥, Wk % hkhkk kkk ok KAk * & kdkk

RR

E

112¢ 1160
CCV K378 NTQGQALSHLTLQLQNNFQAI S§SSISDI YNRLDELSADAQVDRLITGRLTALNAFVSQTL
CCV-Insavc

FECV V
FIPV v
TGEV I v
PRCV R Vv
HCV 229E Q NS N s TIQ

R( A v H
Lk Rk Rk kkkkARRAR Wk kRh | kR RRRARARAER KRR Rhk dh

Fig. 1. For legend see opposite.

propose that these coronaviruses belong to one antigenic
cluster. However, the cross-reaction was not reproduced
in a more extensive study (Sanchez ez al., 1990). The
CCV virion RNA potentially encodes nine protein
species: the 160K spike (S) glycoprotein, the 30K
membrane protein (M), the 43K nucleocapsid protein

(N), the 9K small membrane protein (SM) and five non-
structural polypeptides [designated 1b, 3a, 4, 7a and 7b
(Horsburgh et al., 1992) or 6a and 6b (Vennema et al.,
1992)].

CCV is the least characterized virus from this antigenic
group. Because the S protein of coronaviruses is generally
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Fig. 1. Amino acid sequence compatisons and evolutionary tree based
on the S proteins of dog, cat, swine and human coronaviruses. (a)
Comparison of the predicted amino acid sequence of the S protein of
CCV strain K378 with those from CCV strain Insavc-1 (Horsburgh er
al., 1992), from the feline coronaviruses FECV strain 79-1683 (accession
Q25539 Geneseq Database) and FIPV strain 79-1146 (de Groot ef al.,
1987 a), from the porcine coronaviruses TGEV (Jacobs e al., 1987) and
PRCYV (Rasschaert et al., 1990), and from the human coronavirus HCV
229E (Raabe et al., 1990). Residues not shown are identical to those of
CCV K378. Dashes have been introduced to obtain optimal alignment.
The putative amino-terminal signal sequence is printed in bold and the
putative membrane anchor (= = = =) is underlined. Potential N-
glycosylation sites N) and the cysteine-rich (C) region are indicated.
Consensus in the sequence is symbolized by an asterisk (complete
identity) or a dot (conserved amino acid changes); a blank space
indicates the absence of comservation. (b) Reconstruction of a
phylogenetic tree of the coronaviruses based on the S amino acid
sequences. For the calculation of distances between different S protein
sequences a ‘Unity Distance’ table was used by ‘Homologies/
Distances’. The gap penalty was set to the highest mismatch value in
the matrix (1-0).

considered to be a candidate antigen for the development
of recombinant DNA-based vaccines, we present here
the cloning and sequencing of the gene encoding the S
protein of CCV strain K378. We compared this sequence
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with that of the CCV strain Insavc-1 (Horsburgh et al.,
1992) and with other known S sequences of the antigenic
cluster to determine their evolutionary relationships. The
S gene was then expressed using the vaccinia virus T7
RNA polymerase system.

The CCV strain K378 (Barlough et al., 1984; obtained
from Dr H. Flore, Solvay-Duphar, Weesp, The Nether-
lands) was grown in Felis catus whole fetus (fcwf-D) cells
(obtained from Dr N. C. Pedersen). RNA was isolated
from virus-infected cells and poly(A)* RNA was used as
the template for cDNA synthesis (Gubler & Hoffman,
1983) using oligo(dT) and random hexamer primers
(Pharmacia). Poly(dC)-tailed cDNA was annealed to a
Pstl-digested, dG-tailed pUC9 plasmid (Pharmacia) and
the recombinants were used to transform Escherichia coli
strain PC2495. Ampicillin-resistant colonies were trans-
ferred onto nitrocellulose filters, lysed in situ (Sambrook
et al., 1989) and hybridized with the 32P-labelled S gene
of FIPV (de Groot et al., 1987a). Plasmid DNA was
obtained from 35 positive clones (Birnboim & Doly,
1979), and the inserts from these clones were analysed by
restriction enzyme mapping and Southern blotting, using
parts of the FIPV S gene as probes (results not shown).
Three overlapping cDNA clones were obtained that
covered the entire CCV S coding region. These were
sequenced using the MI13 dideoxynucleotide chain
termination procedure (Sanger et al., 1977). The nucleo-
tide sequences were assembled and analysed with the aid
of the computer programs of Devereux et al. (1984).

The nucleotide sequence obtained contains a single
open reading frame (ORF) of 4359 nucleotides and has
a coding capacity for a 1453 amino acid polypeptide of
predicted M, 160K. Twenty-seven nucleotides before the
start of the S ORF a CTAAAC sequence is found, which
serves as the minimal conserved signal for transcription,
as has also been observed for FECV, FIPV, TGEV,
PRCYV and CCYV Insave-1 (Horsburgh et al., 1992 ; Spaan
et al., 1988). The predicted S protein (Fig. 14) contains
31 potential N-glycosylation sites (Asn—X-Thr or Asn—
X-Ser). Assuming a mean contribution to the total M, of
2-1K per carbohydrate chain (Hunter et al., 1983), the
mature S glycoprotein would be approximately 220K.
This value is slightly larger than the apparent M, of CCV
S (see Fig. 2) which may indicate that not all potential
glycosylation sites are used. The CCV S protein has a
number of other features typical of coronavirus S
proteins. First, at the amino terminus of the polypeptide
a stretch of 20 mainly hydrophobic amino acids
represents the putative signal sequence which is probably
cleaved between Cys-18 and Thr-19 as this is the
predicted signal peptidase recognition site (von Heijne,
1986). Second, at the carboxy terminus (residues 1395 to
1415) a second hydrophobic region is observed which
probably serves as the membrane anchor (de Groot et
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Fig. 2. Expression of the CCV S protein. HeLa cells were infected with
the recombinant vaccinia virus vIF7-3 which produces the T7
polymerase (Fuerst et al., 1986) and were transfected 1 h later with
pTUGCCYVS (lane 4), pTUGFIPVS (lane 6), pTUG3 (lane 2) or were
mock-transfected (lane 1). At 16 h post-infection (p.i.) the cells were
labelled for 1 h with 100 pCi/ml L-[**S]methionine in methionine-free
medium. For comparison, CCV- and FIPV-infected fewf-D cells were
labelled similarly for 1 h starting at 6 h p.i. and subsequently incubated
in chase medium for 1 h (lanes 3 and 5, respectively). Cell lysates were
prepared and immunoprecipitations carried out using ascitic fluid
(A36) derived from an FIPV-infected cat according to Vennema et al.
(19904). Numbers at the left indicate the positions of marker proteins
run in the same gel; the arrow at the right indicates the position of the
S proteins.

al., 1987a) and is followed by a cysteine-rich region.
Furthermore, the C-terminal part contains two regions
with heptad repeat periodicity (residues 1068 to 1150 and
1336 to 1381) which were proposed to be essential
elements for the formation of the elongated stem
structure of this peplomer-forming protein (de Groot et
al., 1987b). Finally, the CCV S protein does not contain
any basic amino acid sequences related to the motifs
RRXRR or RRAHRR (where X is F, S, H or A) which
are the sites at which mouse hepatitis virus (MHV) and
infectious bronchitis virus (IBV) S proteins are proteo-

Table 1. Sequence comparisons of S proteins within the
CCYV antigenic cluster (identical and similar amino acid
residues)*

K378 Imsave-1 FECV FIPV TGEV PRCV HCV

K378 1000 933 932 924 828 896 517
Insave-1 952 1000 921 914 819 885 516
FECV 96-0 950 1000 953 841 90-0 520
FIPV 955 94-8 972 1000 834 %500 527
TGEV 893 885 902 900 1000 955 520
PRCV 935 926 940 939 973 1000 528
HCV 70-8 704 709 715 715 721 1000

* Percentages of identical (right above 100 % diagonal) and similar
(left below 100% diagonal) amino acid residues calculated from
pairwise sequence alignments of the different S proteins (UWGCG gap
program using gap penalty of 1-00 and gap length weight of 0-1).

lytically cleaved to yield the S1 and S2 polypeptides
(Spaan et al., 1988). Like the FIPV and TGEV S
proteins, the CCV S protein is probably not cleaved,
which is consistent with experimental data (see Fig. 2).
However CCV (like FIPV) is capable of inducing cell
fusion in feline and canine cells, which shows that protein
cleavage is not required for cell fusion activity. This
conclusion is in agreement with recent results reported
for MHV S which is normally cleaved. When cleavage
was prevented by mutation of the cleavage site, this did
not abolish the fusion potential of the expressed protein
(Stauber et al., 1993; Taguchi, 1993). Consistent with
this observation, cleavage site mutants of MHYV isolated
from persistently infected cells had also retained their cell
fusing capacity, albeit to a much lower extent (Gombold
et al., 1993).

The evolutionary relationships and conserved or
variable structural features were analysed using a
computer-based comparison of the CCV K378 spike
protein sequence with those of the S proteins of CCV
Insavc-1 (Horsburgh et al., 1992), FECV 79-1683
(accession Q25539 Geneseq Database), FIPV 79-1146
(de Groot et al., 1987 ), PRCV (Rasschaert et al., 1990),
TGEV (Jacobs et al., 1987) and HCV 229E (Raabe et al.,
1990); the results are shown in Fig. 1 (a) and Table 1. The
S sequences of the two CCV strains have 94 amino acid
differences (93-3 % identity) in addition to a one amino
acid deletion in the Insavc-1 strain (Ser at position 797).
They appear to differ about as much from each other as
they do from the feline coronaviruses. The similarities of
the two CCV S sequences with those of FIPV and FECV
(91-4 % to 93-2 % identity) are much higher than with the
two swine coronaviruses PRCV and TGEV (819% to
89-6 % identity). On the basis of its S sequence, HCV is
clearly less related to the other members of this antigenic
cluster (516 % to 52-8 % identity); clearly this virus has
evolved differently (see also Fig. 15).

It has been noted before (de Groot et al., 1987a;
Luytjes et al., 1987; Raabe et al., 1990) that most



Table 2. Sequence comparisons of N- and C-terminal
portions of S proteins*

K378 Insavc-1 FECV FIPV TGEV

K378 100-0 870 836 812 378
Insave-1 950 100-0 822 80-8 388
FECV 957 94-6 100-0 89-6 412
FIPV 953 941 968 1000 383
TGEV 93-6 922 94-3 941 1000
PRCV 92-0 90-8 925 928 965
HCV 515 512 51-5 5211 51-5

* Percentages of identical amino acid residues of different S proteins
calculated from pairwise sequence alignments of residues 1 to 300 (right
above 100% diagonal) and starting from residue 301 (left below 100 %
diagonal), using the UWGCG gap program with gap penalty 1-00 and
gap length weight 0-1.

variations in the coronavirus S proteins are found in the
amino-terminal domain. QOur sequence comparisons
confirm this point. Considering the data illustrated in
Fig. 1(a) the S proteins can be divided into a moderately
conserved amino-terminal domain and a highly con-
served carboxy-terminal domain. This distinction is
shown in Table 2 where the identities between the S
proteins have been calculated separately for the amino-
terminal 300 residues and for the remainder of the
polypeptides. In the amino-terminal domain the highest
identity scores are observed for the two canine viruses
(87-0 %) and for the two feline viruses (89-6 %). Pairwise
comparisons of the canine and feline sequences with each
other yielded identities varying from 80-8 to 83-6%. The
TGEYV S protein is considerably different from the canine
and feline S sequences in its amino-terminal domain
(from 37-8 to 41-2 % identity). In contrast, in its carboxy-
terminal part TGEV S protein can be considered to be
very closely related to these same canine and feline
viruses, with identities amounting to 922 to 94:3%.
These figures are only slightly lower than those obtained
when the feline and canine sequences are mutually
compared in this region (94:1 to 96-8 %). Interestingly,
the K378 strain of CCV is almost as closely related to
FIPV and FECV asitis to the Insavc-1 CCV strain in the
carboxy-terminal region of the S protein. When per-
centage similarities are compared over the whole protein
(Table 1), the K378 strain appears to be even more
similar to the feline viruses than to the other CCV strain.
This pattern of sequence similarities may reflect the
geographical origin of these coronaviruses: the two feline
coronaviruses and CCV K378 originate from the United
States whereas CCV Insavc-1 is a British isolate.

To construct a phylogenetic tree from the comparative
data (Fig. 1a) we have used a program that compares
sequences on the basis of distance matrix files using the
neighbour-joining method described by Saitou & Nei
(1987). It appears from the resulting tree (Fig. 15) that
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the canine coronaviruses are evolutionarily more closely
related to the feline than to the porcine coronaviruses.
The human coronavirus HCV 229E is more distant
within the antigenic cluster. IBV-M41 and MHV-A59
are most distantly related (data not shown), a finding
that is in keeping with the fact that these coronaviruses
belong to a separate antigenic cluster (Siddell er al.,
1983).

In order to express the CCV S ORF, the gene was
assembled from three overlapping cDNA clones. After
removal of the 5 non-coding region using a PCR
strategy (not shown), the coding region was cloned into
the PstI and EcoRlI sites of the polylinker of pBlueScript
KS~. From this plasmid a BamHI/EcoRI fragment was
cloned into the vaccinia virus T7 expression vector
pTUG3 (Vennema et al., 1991). In parallel, a BamHI
fragment encoding the FIPV S protein (de Groot et al.,
1987a; Vennema et al., 1990a) was also cloned into
pTUG3. The resulting constructs pTUGCCVS and
pTUGFIPVS were used to express the respective S
proteins. HeLa cells infected with the recombinant
vaccinia virus vIF7-3, which produces T7 RNA poly-
merase (Fuerst ez al., 1986) were transfected with the
plasmids and subsequently labelled with [**S]methionine
(Amersham). The expressed products were analysed
electrophoretically (Laemmli, 1970) after immuno-
precipitation using a polyclonal FIPV-specific antiserum.

As shown in Fig. 2, the CCV 8 construct specifically
induced the synthesis of a protein of M, approximately
200K (lane 4), which is close to the expected M, of the
glycosylated spike polypeptide (see above). No such
protein was detected after transfection with pTUG3
alone (lane 2) or after mock transfection (lane 1). The
product comigrated with the S proteins synthesized in
cells infected with CCV (lane 3) or FIPV (lane 5). The
CCYV expression product also comigrated with the FIPV
S gene product (lane 6), in agreement with their similar
predicted M, s. Collectively, these results prove that the
OREF cloned, sequenced and reconstructed indeed spec-
ifies the CCV S protein.

CCV causes gastroenteric disease in dogs, often
resulting in death of the more susceptible younger
animals (Carmichael & Binn, 1981). Several conventional
vaccines have been tested but none induced long-lasting
protection. With the notorious exception of FIPV,
antibodies to the S protein of which can enhance the
infection process (Vennema et al., 19905), the S protein
of coronaviruses generally appears to be the prime
candidate to be the basis for a vaccine (Spaan et al.,
1990). The bona fide expression of the CCV S gene
reported in this paper may therefore provide the basis for
the development of a recombinant vaccine which, when
suitably presented, e.g. through an adenovirus carrier,
may induce protection.
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