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Summary. We have determined 4380 bases of the sequence from a cDNA clone 
containing the 3' end of feline calicivirus strain F9. We find four candidate 
open reading frames of which three are complete and comprise 245, 317 and 
2012 nucleotides. The fourth continues toward the 5' end. We have expressed 
the largest complete open reading frame in E. coli. Sera raised to this antigen 
react specifically with the capsid protein and its intracellular precursor molecule. 
N-terminal sequence analysis of purified, mature capsid protein confirms this 
assignment and has identified the position at which precursor is cleaved. 

Introduction 

The caliciviruses are a family of small, non-enveloped viruses which contain a 
positive-stranded RNA genome 7.5-8.3 kb in size. The 34 nm capsid is unique 
in structure among the animal viruses [5], and is composed of a major capsid 
protein 60-70kDa in size [18]. A second, smaller capsid component has been 
identified by some laboratories [1, 2]. The viruses replicate in the cytoplasm 
producing a nested set of 8, 3' co-terminal mRNAs [4, 15]. However there is 
as yet no clear indication of how these RNAs are produced from the genome, 
and only three open reading frames (ORFs) have been identified [4, 13]. 

Feline caliciviruses (FCV) comprise a single serotype although strains are 
readily distinguished by both polyclonal [11, 16] and monoclonal antibodies 
[23]. The vaccine strain F9 reacts most broadly but even this strain can elicit 
protection against only some 50% of field isolates [12]. This suggests that there 
is considerable variation in capsid proteins amongst FCVs and knowledge of 
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the way in which such var iat ion is achieved is required for the development  o f  
the next generat ion of  feline vaccines. 

We recently repor ted  the cloning o f  4 .5kb f rom the 3' end of  FCV strain 
F9 [4]. In order  to address bo th  the problems described above, we have de- 
te rmined the complete  sequence o f  clone pFC4.2 which comprises  4380 bases, 
and identified a total  o f  4 potential  ORFs.  One of  these has been identified as 
the capsid gene. This sequence overlaps that  a l ready published for strain CFI /  
68 FIV (FCV) [13]. Compara t ive  sequence analysis indicates that  the capsid 
protein  m a y  have bo th  conserved and  variable regions. 

Materials and methods 

Cells and virus 

Feline calicivirus strain F9 was obtained from Prof. O. Jarrett, Glasgow Veterinary School, 
and grown in feline kidney cells as previously described [3]. Infected cells were processed 
for polyacrylamide gel electrophoresis and Western blotting as previously described [3]. 

DNA cloning, manipulation and sequence determination 

The purification of virus particles and the derivation, identification and restriction map of 
clone pFC4.2 have been reported elsewhere [4]. This clone was sequenced by subcloning 
restriction fragments into the phagemid vector pTZ 18R. Nested set deletions were prepared 
by the method of Henikoff [ 10] using a reagent kit from Pharmacia Biotechnology according 
to the manufacturers instructions. Sequence determination was performed on rescued single- 
stranded templates, or double-stranded plasmids using Sequenase V2.0 obtained from 
United States Biochemicals. Sequences were determined in both senses and assembled using 
the Assemgel program (PC-Gene, Intelligenetics) and analysed with the same software 
package. 

Expression of eDNA 

Restriction fragments prepared from clone pFC4.2 were eluted from agarose gels by filter 
binding [8] and ligated into expression vectors of the pEX1-3 family [21]. These vectors 
contain a multiple cloning site situated downstream from a lambda promoter and b- 
galactosidase (b-gal) gene and allow the expression of inserted cDNA fragments as fusion 
proteins joined to the body of b-gal protein. Use of a host cell (popc2136) containing a ts 
lambda repressor protein allows cloning in a non-expressed form at 28 °C. Expression can 
be induced by transfer to the non-permissive temperature (42 °C). 

Ligated mixtures were introduced to popc2136 as described [9] and transformants were 
selected on ampicillin plates at 28 °C. Expression was induced, and colonies were screened 
for reactivity with feline antisera [20] to FCV kindly provided by Prof. O. Jarrett, University 
of Glasgow. Plasmids were extracted from selected bacteria and checked for reconstitution 
of the Pst-1 site. The reading frame expressed was confirmed using a synthetic oligonu- 
cleotide (5'-CCATCGCCATCTGCTGC-3'). This binds at position 2912 within the b-gal 
coding sequence to prime DNA sequencing through the MCS and into the inserted cDNA. 
Fusion proteins were prepared for antigen as described [7] and adjusted to a final con- 
centration of 1.3 mg/ml. 

Immunization protocols 

Four mice were immunized per recombinant antigen. Each was immunized on four oc- 
casions; the first consisted of 0.1 ml iv and 3 x 50 pl inoculations of antigen in FICA 
subcutaneously. 
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Subcutaneous immunizations were repeated at 14 and 30 days after starting the pro- 
cedure. A final inoculation was performed at 48 days by injection of 25 gl in FICA into 
the footpad. Animals were bled from the tail vein before commencing this protocol and 
also 14 days after the third and fourth immunizations. 

Results 

Sequence determination 

The sequence of clone pFC4.2 was analysed for potential coding regions (Fig. 1) 
by the method of Shepherd [19]. This method examines the distribution of 
purines and pyrimidines in each codon of all three potential frames. Coding 
regions show a bias in the position of these residues which can be detected by 
the program, absence of termination codons also has an effect. Predicted coding 
areas are displayed as a horizontal line superimposed on the position of 
termination codons in each frame. However the method is only a prediction, 
and sequence variation prevents perfect alignment between predicted coding 
areas (horizontal lines) and potential open reading frames (identified by absence 
of termination codons). For these reasons the horizontal line is not continuous 
and sudden changes are observed in the frame which is identified as most likely 
to be coding, e.g., at residue 850. These could be spurious, or alternatively 
suggest the existence of an overlapping gene. Such features do not imply that 
ribosomes would change frame at these points during translation. If the un- 
derlying ORF is continuous, it should be translated continuously. In the absence 
of any sequence reported from the 5' end of the virus it is appropriate to refer 
to those potential ORFs identified in the sequence in order of their location 
from the 3' end. 

(4) (I) 

(3)__~ 

1 800 1600 2400 3200 4000 

Fig. I. Coding analysis of clone pFC42 performed by the method of Shepherd [19], using 
the PC-gene software package. Reading frame is indicated at the left hand side, vertical 
bars indicate the position of termination codons in each frame. Predicted coding regions 
are indicated by horizontal lines although statistical variations prevent these from being 
unbroken. ORFs discussed in the text are indicated in parentheses, numbered from the 3' 
end: ORF 1, 4017-4334; ORF 2, 2005-4017; ORF 3, 2 (no initiation)-1999; ORF 4, 1722- 

1967 
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The small ORF described in our previous report is visible in frame 3 at the 
extreme 3' end of the virus (ORF 1), and the second is clearly visible extending 
away from this ORF in frame 1 (ORF 2). The two frames overlap by a single 
base. The first potential AUG initiation codon in ORF 2 occurs at position 
2005 and termination should occur at position 4017. Thus ORF 2 could encode 
a protein of 671 residues and 73,441 in molecular weight. ORF2 is separated 
by 4 bases from the 3' end of a third potential ORF in frame 2, which extends 
beyond the sequence presented here (ORF 3). This specifies aminoacids anal- 
ogous to those determined by Neill [13] and which are thought to comprise 
non-structural poly~eptides of the virus. 

Towards the 3' terminus of ORF 3 is an area in which frames 2 and 3 appear 
equally likely to specify protein as determined by this method. In this region, 
a small potential ORF in frame 3 (245 n) overlaps the 3' end of ORF 3. We 
term this potential coding region, which has not been reported previously in 
FCV, ORF 4. This area could encode an 82 residue protein. All these potential 
ORFs are also present in the sequence of strain CF1/68 FIV [13, 14], and 
coding analysis by this method indicates that they could be functional in both 
viruses. The nucleotide sequence of clone pFC4.2 (strain F 9) is presented as 
Fig. 2, the theoretical translation products in each of the ORFs discussed above 
are indicated. 

Expression and identification of the ORF2 gene product 

In order to identify the gene products from ORF 2, the 3' Pst- 1 fragment, 2340- 
4380 was ligated into the expression vector pEX. Recombinant clones were 
identified by reaction with feline antisera to FCV. Sequence analysis confirmed 
that the ORF 2 construct is expressed from residue 112 in the predicted sequence 
ORF2 could specify a protein of 73,441 in molecular weight. FCV infected 
cells contain at least three proteins of this size; two non-structural proteins, 
and the capsid precursor protein cpP76 [3]. 

We have derived monoclonal antibodies specific for the feline calicivirus 
capsid protein [6]. Both of these recognized the b-gal-ORF 2 fusion protein in 
Western blots, but had no reaction with other expressed ORFs or with the b- 
gal produced from a colony which contained FCV sequences inserted in the 
incorrect frame (data not shown). This suggested that ORF 2 could specify the 
capsid protein. This conclusion was confirmed by immunizing mice with the 
ORF 2 fusion protein or with the control b-gal antigens described above. The 
resulting sera were used in a Western blot. Proteins were prepared from mock- 
infected CRFK cells, and also from FCV-infected cultures. The infected celt 

Fig. 2. Sequence determined from clone pFC42. This clone is 4380 bases long excluding 
synthetic homopolymer tails. Translation products in each frame are indicated, and the 

site of cleavage by Pst-1 is indicated 
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CATCCACATGGGCCACGGTGTTTACGCATCCGTAGCTCACGTGGTGAAAGGGGATTCATTTTTCTTGGGTGA 72 

- - - I  H M G H G V Y A S V A H V V K G D S F F L G E 
ORF 3 ( c o n L i n u a t i o n )  

AAGGATTTTTGATCTTAAGACTAATGGTGAATTTTGCTGCTTTCGCAGCACGAAAATTCTACCTAGTGCTGC 1 4 4  

R I F D L K T N G E F C C F R S T K I L P S A A 

ACCTTTCTTTTCTGGGAAGCCCACTCGTGATCCGTGGGGATCCCCCGTGGCAACTGAGTGGAAGCCTAAAAT 216 

P F F S G K P T R D P hi G S P V A T E W K P K M 

GTACACAACAACCTCTGGAAAGATTCTGGGGTGCTTTGC AACAACTTCAACTGAAACTCACCCGGGAGACTG 288 

Y T T T S G K I L G C F A T T S T E T H P G D C 

TGGCCTCCCATATATTGATGACAACGGGAGGGTGACCGGCCTCCACACTGGC TCTGGGGG ACCCAAAACCCC 360 

G L P Y • D D N G R V T G L H T G S G G P K T P 

AAGTGCCAAGTTGGTGGTGCCATAT(}TGCATATTGACATGAAGACTAAATCCG TC ACTGCTCAAAAGTATGA 4 3 2  

S A K L V V P Y V H I D M K T K S V T A Q K Y D 

CGTAACAAAGCCTGATATAAGTTACAAAGGCTTAATTT(~TAAGCAATTGGATGAGATTAGGATTATACCAAA 5 0 4  

V T K P D I S Y K G L ]~ C K Q L D E [ R ~[ l P K 

AGGCACACGTCTCCATGTCTCCCCAGCCCACACTGAGGATTATCAAGAATGCTCACACCAACCCGCATCACT 576 

G T R L H V S P A H T E D Y Q E C S H Q P A S L 

TGGAAGCGGGGATCCCCGCTGT(~CAAAATCTCTCAC'I~GCTATAGTTGTTGATTCTCTAAAACCATACTGTGA 6 4 8  

G S G D P R C P K S L T A I Y V D S L K P Y C E 

GAACGTTGAGGGTCCTCCACATGATGTTTTGCACAGAGTTCAAAAGATG CTTA TCGACCACCTTTCAGGCTT 720 

N V E G P P H D V L H R V Q K ld L I D H L S G F 

TGTCCCTATGAACATTTCCTCGGAAACCTCTATGCTCTCAGCTTTCCACAAACTCAATCATGATACTTC CTG 792 

V P M N 1 S S E T S M L S A F H K L N H D T S C 

TGGACCATACTTGGGT(}GCAGAAAGAAAGATCACATG(~CTAACGGTGAGCCGGACAAGCAGTTATTGGATCT 8 6 4  

G P Y L G G R K K D H M A N G E P D K Q L L D h 

CCTGTCTGCA AAAT(]GAAATTGGCAACCCAAGGCATAGCACTACCACATGAGTACACAATTGGGCTAAAGGA 936 

L S A K W K L A T Q G r A L P H E Y T I G L K D 

cGAGTTAAGGCCCGTGGAGAAGGTTAG'rGAAGGGAAGAGAAGGATGATTTGGGGTTGTGATGTTGGCGTCGC 1 0 0 8  

E L R P V E K V S E G K R R M i W G C D V G V A 

TACTGTCTGTGCAGCTGCGTTCAAGGGTG'I'TAG(:GATGCCATCACAGCAAACCACCAGTACGGGCCTATACA 1080 

T V C A A A F K G V S i) A 1 T A N H Q Y G P .[ Q 

GGTTGGTATCAACATC~ATAGCCCCAGCGTCGAAGCGCTGTTCCAAAGGATCAAAAGCGCGGCCAAGGTATT 1152 

V G I N M D S P S V E A h F Q R I K S A A K V F 

TGCGGTCGATTATTCCAAATGGGATTCGACCCAATCGCCTCGTGTCAGTGGAGCTTCAATTGACATCCTTCG 1 2 2 4  

A V D Y S K W D S T Q S P R V S A A S I D I L R 

TTACTTTTCCGATCGCTCTCCAATTGTTGACTCAGCCTCTAACACACTGAAGAGCCCTCCTGTTCCAATCTT 1 2 9 6  

Y F S D R S P I V D S A S N T L K S P P V A I F 

TAATGGTGTTGCTGTAAAAGTGTCCTCTGGCTTACCATCTGGAATGCCTCTTACCTCAGTAATCAATTCCCT 1 3 6 8  

N G V A V K V S S G L P S G M P L T S V I N S L 
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TAATCATTGTCTGTATGTTGGGTGTGCCATTCTTCAATCCCTAGAAGCTAAGGCCATTCCCGTCACTTGGAA 1440 

N H C L Y V G C A I L Q S L E A K A I P V T W N 

CCTTTTCTCAACTTTTGATATCATGACTTACGGGGATGATGGTGTCTACATGTTTCCTATTATGTATGCAAG 1512 

L F S T F D I M T Y G D D G V Y M F P I M Y A S 

TATTAGTGACCAAATTTTTGGAAATCTTTCTTCCTATGGCCTGAAACCAACTCGGGTTGACAAGTCCGTTGG 1584  

I S D Q I F G N L S S Y G L K P T R V D K S V G 

AGCAATTGAGCCTATTGATCCTGACTCTGTTGTTTTCTTGAAGAGAACAATCACAAGGACACCTCAGGGGIVr 1656  

A [ E P I D P D S V V F L K R T I T R T P Q G I 

AAGGGGTTTACTTGATCGCAGCTCTATAATAAGACAATTCTATTATATTAAAGGTGAGAACTCCGATGACTG 1728 

R G L L D R S S [ I R Q F Y Y I K G E N S D D W 
ORF4 START M T 

GAAGAGCCCCCCAAAACATATTGACCCAACATCTCGAGGGCAACAGCTTTGGAATGCCTGTCTGTACGCTAG 1800  

K S P P K H I D P T S R G Q Q L W N A C L Y A S 
G R A P Q N I L T Q H L E G N S F G M P V C T L 

CC AACA TGGCTTGGAGTTTTTCAACAAGGTTTACAGGC TGGCCGAGAGGGCTGTTGAATATGAAGAGC TGCA 1872 

Q H G L E F F N K V Y R L A E R A V E Y E E L H 
A N M A W S F S T R F T G W P R G L L N M K S C 

CTTTGAACCCCCAACATATGCTTCGGCTTTGGATCATTACAACAGCCAGTTCAATGGCGTGGAGGCGCGGTC 1944  

F E P P T Y A S A L D H Y N S Q F N G V E A R S 
T L N P Q H M L R L W I I T T A S S M A W R R G 

TGACCAGATCGACTCGAGTGGCATGACCGCCCTACACTGTGATGTGTTCGAAGTTTGAGCATGTGCTGAACC 2016 
ORF2 START M C S T 

D Q [ D S S G M T A L H C D V F E V - ORF3 END 
L T R S T R V A - ORF4 END 

TGCGCTAACGTGCTTAAATATTATGATTGGGACCCCCATTTCAAATTGGTAATCAACCCCAACAACTTCCTC 2066 
C A N V L K Y Y D W D P H F K L Y I N P N N F L 

TCTGTTGGCTTTTGTAGTAACCCTTTAATGTGTTGCTACCCAGAACTCCTTCCGGAATTTGGAACTGTTTGG 2 1 6 0  
S V G F C S N P L M C C Y P E L L P E F G T V W 

GATTGCGATGGGTCACCACTTGAAATTTACCTAGAATCAATACTTGGTGATGATGAATGGGCATCCACTTTT 2232 
D C D R S P L E I Y L E S I L G D D E W A S T F 

GACGCTGTTGACCCAGTCGTTCCCCCAATGCACTGGGGTGCTGCTGGAAAAATTTTCCAGCCACACCCCGGT 2304 
D A V D P V V P P M H W G A A G K I F Q P H P G 

Pst-I 
GTTCTCATGCACCATCTCATTGGTAAGGTTGCTGCAGGTTGGGACCCCGATCTGCGTCTAATTCGACTCGAG 2 3 7 6  
V L M H H L I G K V A A G W D P D L P L I R L E 

GCGGATGACGGGTCAATCACAGCACCCGAGCAAGGAACAATGGTTGGCGGCGTCATCGCTGAACCCAGCGCC 2448 
A D D G S I T A P E Q G T M V G G V I A E P S A 
Terminus of mature capsid 

CAGATGTCAACAGCTGCTGATATGGCCACCGGGAAAAGCGTTGATTCTGAGTGGGAGGCATTCTTCTCCTTT 2 6 2 0  
Q M S T A A D M A T G K S V D S E W E A F F S F 

CACACCAGCGTCAATTGGAGTAC ATCTGA AACCCAAGGAA AGATTCTCTTCAAAC AATCCTTAGCd3CCTTTG 2592 
H T S V N W S T S E T Q G K I L F K Q S L G P L 

CTCAACCCATATCTAGAACACCTTGCTAAGCTATATGTTGCGTGGTCTGGGTCGATTGAGGTTAGGTTCTCT 2664  
L N P Y L E H L A K L Y V A W S G S I E V R F S 

ATCTCTGGCTCTGGTGTCTTTGGTGGGAAGCTCGCAGCTATTGTTGTACCTCCTGGGGTTGATCCAGTGCAG 2736 
I S G S G V F G G K L A A I V V P P G V D P V Q 

AGTACTTCGATGCTACAATACCCCCATGTTTTGTTTGATGCTCGTCAGGTGGAACCAGTTATCTTCTGTCTT 2808 
S T S M L Q Y P H V L F D A R Q V E P V I F C L 

CCTGATCTAAGAAGCACCCTGTACCACCTTATGTCTGACACTGACACTACATCCTTGGTCATTATGGTGTAC 2880 
P D L R S T L Y H L M S D T D T T S L V I M V Y 

AATGATCTCATCAATCCCTATGCCAATGATGCCAACTCTTCTGGGTGTATTGTCACTGTCGAGACAAAACCT 2952  
N D L 1 N P Y A N D A N S S G C I V T V E T K P 

GGCCCTGACTTCAAGTTTCACCTCCTTAAGCCACCCGGATCTATGCTAA CCCA TGGCTCTATCCC TTCTGAT 3024 
G P D F K F H L L K P P G S M L T H G S l P S D 



Feline calicivirus 

TTAATTCCCAAAACATCTTCGCTCTGGATCGGTAACCGCTACTGGTCAGACATAACTGATTTTGTGATTCGG 3 0 9 6  
L I P K T S S L W I G N R Y W S D I T D F V  I R 

C C G T T T G T C T T C C A A G C A A A T C G T C A T T T T G A C T T T A A T C A A G A G A C C G C A G G G T G G A G C A C A C C A C G G T T T  3 1 6 8  
P F V F Q A N R H  F D F N Q E T A G W S T P R F  

CGGCCTATATCTGTTACCATTACTGAACAGAACGGAGCAAAATTGGGCATTGGGGTGGCAACAGATTACATA 3240 
R P I  S V T  I T E Q N G A K L G I  G V A T D Y I  

GTC-CCTGGAATCCCTGATGGCTGGCCTGACACCACAATTCCTGGGGAGTTGATACCAGCTGGTGATTACGCA 3312 
V P G I  P D G W P D T T  I P G E L  I P A G D Y A  

ATCACCAATGGTACTGGCAATGACATCACCACGGCTACAGGATATGACACTGCTGATATAATTAAGAACAAT 3384 
I T N G T G N D  I T T A T G Y D T A D I  I K N N  

ACCAACTTTAGGGGCATGTACATATGTGGTTCGCTCCAGCGTGCCTGGGGTGATAAGAAAATTTCCAACACT 3456 
T N F R G I q Y  £ C G S  L Q  R A W G  D K K  I S N T 

GCCTTTATCACCACTGCCACCCTAGA'~GGTGACAACAACAACAAGATCAATCCCTGTAATACCATAGACCAG 3528 
A F I T T A T L D G D N N N K I N P C N T  i D Q  

TCAAAGATCGTCGTGTTTCAAGACAACCATGTTGGAAAGAAAGCGCAAACCTCAGACGATACATTGGCCCTG 3600 
S g I V V F Q D N H V G K K A Q T S D D T L A L 

CTTGGTTACACTGGCATTGGTGAGCAGGCCATCGGGTCTGATAGGGACCGGGTTGTGCGCATCAGCACTCTC 3672 
L G Y T G  1 G E Q A I G S D R D R V V R I  S T L  

CCTGAAACTGGTGCTCGAGGCGGTAACCACCCAATTTTCTACAAGAACTCCATTAAATTGGGATATGTAATT 3744 
P E T G A R G G N H P  I F Y K N S  I K L G Y V  I 

AGGTCTATTGATGTCTTTAATTCACAAATCTTGCACACTTCCAGACAGTTATCGCTAAATCATTACCTACTC 3816 
R S I  D V F N S Q  [ L H T S R Q L S L N H Y L L  

CCACCTGATTCTTTTGCCGTCTATAGAA'rAATTGA('TCAAATGGCT(:GTGGTTTGATATTGGAATTGATAGT 3 8 8 8  
P P D S F A ' V  Y R I I D S N G S W F D t G | ID S 

( . } A T G G G T T C T C T T T T G T T G G T G T T T C T G G C T T T G G T A A A T T A ( I A A T T T C C C ( : T T T C T ( i C C T C C T A ( ' A T G G G A  3 9 6 0  
D G F S F V G V S G  F G g  L E F P L S A S Y M G  

ATA C AATTGGC AAAGATC .C .G( IC TTGC C TC TAACATTAGGA()TCCCATGACTAA(2 ,TTATGAATTCAA T A T T A G  4 0 3 2  
I Q L A K l R L A S N 1 R S P M T K h - ( ) R F 2  END 

O R F I  S T A R T  M N S [ L 

G C C T G A T T G A T A C T G T T A C T A A C A C r F A T T G ( ~ T A A A G ( Y P C A G C A G A T T G A A T T G G A C A A A G C T G C A ( : T T G G T C  4 1 0 4  

G L I D T V T N T I G K A Q O [ E L l) K A A L G 

A A C A G C G T G A A T T G G C T C T C C A G C G C A T T G G C T T G G A C C G C C A A G C C T T A A A C A A C C A A G T T G A G C A G T T T A  4 1 7 6  

(9 Q R E L A L @ R I G l, D R Q A L N N ~ V E (~ F 

ACAAAATTCTTGAGCAAAGG(~TA CAAGGCCCAATCCAATCC(ITTCGC(YI'TGCGC(~CGCGGCTGGATTTAGGG 4 2 4 8  

N K i L E ~ R Y 0 G P I Q S V R L A R A A G F R 

T T G A C C C T T A C T C A T A C A C A A A C C A A A A  C T T T T A T G A C G A T C A A T T A A A T G C A A T T A G A C T A T C A T A T A A A A  4 3 2 0  

V D P Y  S Y T N O N  FY D D O L N A  [ R L S Y K  

ATTTGTTTAAAATTTGATCATATATCCCTTTGGGCTGCCGCACCTGCGCCTAA(~C(X~AGGG(poly A} 4380 

N I, F IK [ - ( I R F I  END 

229 
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Fig. 3. Reactivity of murine sera. FCV-infected or mock-infected CRFK cell proteins were 
prepared for electrophoresis and analysed in triplicate by Western blotting. 1 FCV-infected 
CRFK cells harvested at 4 h pi (37 °C 1-3 h, 42 °C 3-4h), 2 FCV-infected CRFK cells 
harvested at 4 h pi (37 °C 1 4  h); 3 Mock-infected CRFK cells. Panels were developed with 
the following sera: A Murine sera from animals immunized with b-gal fused to ORF-2 in 
the incorrect frame (negative control); B Murine sera from animals immunized with b-gal 
fusion protein expressing ORF 2 prepared as described in the text; C Feline serum from a 
cat immunized with FCV. A and B Stained with colloidal gold-conjugated anti-murine 
immunoglobulin and staining was enhanced by silver precipitation (Cambio, Cambridge). 
C Developed using goat anti-feline immunoglobulins which were then detected with per- 
oxidase-conjugated anti-goat immunoglobulins. The capsid protein cP62, and its precursor 
cpP76 are marked (4). Lower molecular weight virus-specific proteins, P39, P36 and P27 

are also indicated for reference 

antigens were of  two types; cultures mainta ined th roughou t  infection at 37 °C, 
and also cells infected at 37 °C, and subsequently transferred to 42 °C at 3 h pi. 
This procedure  allows the accumulat ion of  normal ly  short-lived precursor mol- 
ecules [3]. Replicate blots o f  proteins f rom all three sources were then im- 
munos ta ined  with feline serum, O R F  2-specific or control  murine  sera described 
above. Bound  murine  ant ibody was detected using a colloidal-gold conjugated 
ant i-murine immunoglobul in  in combina t ion  with silver precipitation enhance- 
ment.  Bound  feline ant ibody was detected using an ant ibody sandwich tech- 
nique, culminat ing in a peroxidase-conjugated detector antibody. This proce- 
dure resulted in greater background  staining of  panels A and B, compared  to 
panel C (Fig. 3). The resulting blots show that  the O R F 2 - i m m u n i z e d  mice 
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developed antibodies to the capsid protein cP62. The specificity of this reaction 
was confirmed since this serum also stained the capsid precursor protein cpP76, 
observed in the FCV-infected cultures maintained at elevated temperature. This 
effect is not visible in Fig. 3 C because the capsid protein precursor can be 
masked by other virus proteins migrating in this area of the gel [3]. 

Identification of the N-terminus of the mature capsid protein 

The mature capsid protein is cut from a larger precursor and some 11 kDa are 
removed. This cleavage could take place at the N terminus, C terminus or both. 
We therefore purified the virus by sedimentation [4], and transferred virus cP62 
to Pall Pro-blot membranes by Western blot. This was sent for polypeptide 
sequencing at the University of Leicester, Dept. of Biochemistry. The sequence 
determined was Ala Asp Asp Glu Ser Ile Thr which was found at position 125 
in the sequence predicted from ORF 2 (Fig. 2). The fusion protein formed to 
express this ORF and which should contain residues 1 t2-674, thus contained 
all the information present in the mature virus capsid protein. 

Comparative sequence analysis 

During the preparation of this report, the sequence of the 3' end of FCV strain 
CFI/68 FIV (FCV) has been lodged in the EMBL database [14]. This sequence 
contains the same pattern of four potential ORF regions as that described here. 
The extent of nucleotide identity between the structural (ORF 2), and probable 
non-structural (ORF 3) genes of both strains is very similar; 80% and 78.8% 
respectively. Predicted protein sequences are even more closely related, 95.3% 
identity for ORF 1, 89.7% for ORF2, and 91.4% in the region of overlap 
between ORF 3 from both strains. Modification sites and functional motifs 
identified by Neill [13], are common to both strains, and we find that both 
capsid genes encode a potential ATP/GTP binding site [25] (Fig. 4). 

Antigenic variation between virus strains lies predominantly in the structural 
proteins of the virus. The capsid precursor proteins from both strains are 
compared in Fig. 4. Variation between the proteins is concentrated in two areas. 
The first of these is the N terminus preceding the cleavage site in the precursor 
molecule, positions 1-121 (13% mismatch). The cleavage site itself, and the 
adjacent region of the protein are relatively conserved and only 3.6% of the 
amino acids are different between residues 122 and 395. Residues 396-525 again 
show increased divergence with 23% of amino acid variation and include the 
insertion of three asparagine residues in the sequence derived from strain F 9, 
which are not present in strain CFI/68 FIV (FCV). The final section of the 
protein is once more relatively well conserved and has only 7.5% variation. 
Since the N-terminal region of variation is lost during maturational cleavage, 
antigenic variation between virus particles may be predominantly located in 
the central region described above. 
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Terminus of mature capsid 

- VLMHHLIGKVAAGWDPDLPLIRLEADDGSITAPEQGTMVGGVIAEPSAQM -150 
$ $ $ $ $ $ 

- VLMHHLICKVAEGWDPNLPLFRLEAI)DGSITTPEQGTNVGGVIAEPNAQM -150 

ATP/GTP Binding 
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- YDTADIIKNNTNFRGMYICGSLQRAWGDKKISNTAFITTATLDGDNNNKI -500 

- YDAATEIRNNTNFRGMYICGSLQRAWGDKKISNTAFITTGTVDGA---KL -497 

- NPCNTIDQSKIVVFQDNHVGKKAQTSDDTI,ALLGYTGIGEQAIGSDRDRV -550 

- IPSNTIDQTKIAVFQDTHANKHVQTSDDTLALLGYTGIGEEAIGADRDRV -547 

- VRISTLPETGARGGNHPIFYKNSIKLGYVIRSIDVFNSQILHTSRQLSLN -600 

- VRISVLPERGARGGNHPIFHKNSIKLGYVIRSIOVFNSQILHTSRQLSLN -597 

- HYLLPPI)SFAVYRIII)SNGSWFDIGIDSDGFSFVGVSGFGKLEFPLSASY -650 

- HYLLSPDSFAVYRIIDSNGSWFDIGIDNDGFSFVGVSSIGKLEFPLTANY -647 

-- MGtQLAK1RLASNIRSPMTKL -671 
* 

- MGIQLAK1RLASN1RSVMTKL - 6 6 8  

Fig. 4. Comparison of FCV capsid protein precursors. The proteins specified by ORF2 in 
strains F9 (671aa) and CFI/68 FIV (FCV) (688aa), were aligned using the PC-gene software 
Palign program. * Residues which differ between the two strains. The N-terminal of the 
mature capsid of the F9 strain, determined by sequencing; and a potential ATP/GTP binding 

site, identified by computer analysis, are indicated 

Discussion 

We have presented the sequence of  the 3' end of  feline calicivirus strain F 9. 
The distribution o f  potential coding regions is very similar to that observed in 
a second feline calicivirus whose sequence has been lodged during the prepa- 
ration of  this report. We have identified the major reading frame in this area 
as specifying the virus capsid protein. This specifies a protein of  73,441 in 
molecular weight which is in good agreement with the size of  76,000 determined 
for the capsid protein precursor [3-]. Cleavage o f  the capsid precursor protein 
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at residue 125 would remove 13,961 and is thus sufficient to account for the 
size decrease observed during capsid protein maturation. Any trimming at the 
C terminus cannot therefore be extensive. The predicted sequence contains a 
consensus sequence for nucleotide binding [25] which is conserved in the two 
strains sequenced. This is usually associated with polymerase proteins but could 
be used in this case for RNA binding. The protein does not have extensive 
similarity with any non-calicivirus sequences in the database (Swiss-Prot release 
13). Comparative sequence analysis suggests that the mature capsid protein has 
relatively conserved termini, but is more variable in the centre. This could suggest 
that the termini form the structural basis of the particle, whilst the centre is 
looped out to the surface of the virus, exposed to the immune system and subject 
to antigenic variation. However, sequence determination from more strains, 
and location of antibody binding sites will be required to confirm this point. 

An mRNA synthesized to express ORF 2, and which extends to the 3' 
terminus would be at least 2,375 bases long. The capsid protein is the most 
abundant virus-specific polypeptide in the infected cell and an mRNA of 2.4- 
2.7 kb has been identified as the most abundant message synthesized by this 
virus [4, 15]. It seems likely therefore that this corresponds to the transcript 
of the capsid gene identified here and would also allow the presence of a short 
leader RNA similar to that seen in corona- and toro-virus infections [22, 24]. 
However the mechanism of calicivirus RNA transcription has yet to be eluci- 
dated and it is not known whether such a leader exists. Furthermore, whilst 
an mRNA of an appropriate size (550 n) for the expression of ORF 1 has been 
detected; there are no obvious coding frames of a suitable size in the sequence 
presented here, to account for the mRNAs of 1.5 and 1.9 kb which have also 
been observed [4]. mRNAs larger than the presumptive capsid protein mRNA 
(2.4 kb) are known to be present, one of these could direct the translation of 
ORF 4. Since there are thought to be at least three of these, intermediate in 
size between the capsid mRNA and the genome, other ORFs may exist between 
the end of the clone sequenced here and the 5' terminus of the virus. 

The status of the potential ORFs numbered 1 and 4 in this analysis is less 
well established. The protein predicted from ORF 1 is the most well conserved 
sequence between the two strains compared here. This could indicate a vital 
role for this protein in replication. However the gene product from this region 
has not yet been identified. 

In contrast, the predicted product from ORF 4 is truncated from 82 residues 
in F9, to 73 residues in strain CFI/68 FIV (FCV). Initiation in the latter strain 
would occur at the second methionine residue in the sequence predicted from 
FCV strain F9. The proteins predicted would then have 41% identity in the 
area of overlap which is the highest degree of variation between any of the 
proteins predicted from both strains. 

A small ORF in this position, located at the junction of the two large genes, 
has been recently identified in human hepatitis E virus. This agent is a candidate 
calicivirus and shows generally similar gene organization in that a structural 
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protein gene is located at the 3' end of the genome and a large putative non- 
structural gene at the 5' end. The small ORF spans the two major reading 
frames and specifies a product which is detectable as a structural epitope on 
the particles [17]. It is possible therefore that the potential ORF 4 in FCV could 
represent a similar small structural protein for this virus. The relatively low 
conservation in amino acid sequence could then provide an additional mech- 
anism for antigenic variation between viruses. 
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