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aBsTRACT. The nucleotide sequence of the 5’-end of feline calicivirus (FCV) Japanese F4 strain genome was determined. This region
had 5311 bases and contained a large open reading frame (ORF1) encoding the non-structural proteins. The nucleotide sequence of the
ORF1 region was highly conserved as compared with that of FCV F9 strain. When the deduced amino acid sequence of the ORF1 was
compared with those of FCV F9 and CFI strains, the sequence was also highly conserved (88.9% and 88.8%, respectively). Functional
motifs of the non-structural proteins were common to these strains. There were 2C polypeptide-, 3C cysteine protease- and 3D
RNA-dependent RNA polymerase-like regions. The N-terminal region of 2C-like region continued upstream from the region identified
by Neill [Virus Res. 17: 145-160]. Furthermore, the presence of 2B-like region was suggested in the upper stream of the 2C-like region,
although the function of the region is unknown. When Kyte and Dolittle hydrophobicity profiles of the predicted amino acid sequences
of the ORF1s of FCV F4 and F9 were computed and compared, both the profiles had striking similarities. In the region between residues
950-1000, there was a high rate of basic amino acid residues, suggesting that the polypeptide in this region of FCV may have a nucleic

acid-binding function.—KEy worps: Caliciviridae, feline calicivirus, non-structural protein, nucleotide sequence.

The Caliciviridae is a family of small non-enveloped
viruses that possess a single-stranded, positive-sense RNA
genome (7.6 kb) and a single capsid protein [21]. These
viruses also produce a major subgenomic mRNA during
their replication [21]. The genomic RNA has been shown
to have a protein (VPg) covalently attached to the 5’-end
[3, 22]. Members belonging to this family are feline
calicivirus (FCV), vesicular exanthema of swine virus, San
Miguel sea lion virus and rabbit hemorrhagic disease virus
[12, 21].

Recently, several studies with regard to the molecular
biology of FCV were carried out. Neill and Mengeling [15]
first cloned cDNAs from FCV strain CFI/68 FIV (FCV
CFI), which was isolated in the United States. Neill [13]
determined the nucleotide sequence of the central region
of FCV genome and found a large open reading frame
(ORF) which terminated at 2.4 kb from the 3’-extreme of
the genome. The deduced amino acid sequence of the
region was suggested to encode three picornavirus-like
non-structural  proteins, = RNA-dependent = RNA
polymerase, cysteine protease and 2C polypeptide. Neill
et al. [16] also performed the nucleotide sequence of the
capsid protein gene of FCV CFI. Tohya et al. [27]
analyzed the nucleotide sequence of the 3’-end of the
Japanese F4 strain of FCV (FCV F4) from a cloned cDNA
of 3.5 kbp and found three ORFs. They suggested that
one of the largest ORFs in the cDNA encodes a capsid
precursor protein and have a significant homology with
VP3 of picornaviruses. Furthermore, Shin et al. [24]

* CoRRESPONDENCE TO: Dr. Mikam1, T., Department of Veterin-
ary Microbiology, Faculty of Agriculture, The University of
Tokyo, 1-1-1 Yayoi, Bunkyo-ku, Tokyo 113, Japan.

J. Vet. Med. Sci. 56(6): 1093-1099, 1994

carried out the expression of the capsid protein gene of
FCV F4 in a transient expression system for antigenic
analysis of the protein using a panel of monoclonal
antibodies to FCV which were previously produced and
characterized [26]. Carter et al. [4] reported the complete
nucleotide sequence of FCV RNA using F9 vaccine strain
(FCV F9) whose origin was the U.S. and confirmed two
large ORFs (ORF1 and ORF2) and one small ORF
(ORF3). From these studies, it was suggested that ORF1
and ORF2 encode the non-structural proteins and the
capsid protein, respectively. The ORF3 encodes a puta-
tive small protein which was implied to have a possible
nucleic acid-binding function [14]. However, the nuc-
leotide sequence of ORF1 of FCV F4 remains incomplete.

In this communication, we report the nucleotide sequ-
ence analysis of cloned cDNAs representing the ORF1 of
FCV F4 RNA. Within the sequence of the 5-terminal
5311 nucleotides (nt), a large ORF encoding the non-
structural proteins of FCV was found. The deduced amino
acid sequence of this ORF was compared with those of the
other FCV strains reported by Carter et al. [4] and Neill
[13].

MATERIALS AND METHODS

Cloning of the central region of the FCV F4 genome: The
plasmid pFCV148 is one of the five clones produced in the
previous study [27]. Restriction analysis indicated that
pFCV148 contains 5.4 kbp of cDNA insert representing
the sequence of the 3’-end of FCV F4 genome (Fig. 1A).
In the previous study, the 3.5 kb nucleotide sequence of
the 3’-end of FCV F4 genome has been analyzed by the
use of pFCV119 [27]. The region (1.9 kbp) in the insert of
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Physical map and sequencing strategy of the 5-terminal 5311 bases of the FCV genome. (A) Positions of three ORFs of

FCV genome and the cDNA clones pFCV119, pFCV148 and pFCV208 are shown. The restriction sites are indicated. The three
fragments were prepared for deletion cloning. (B) Positions of the primers with respect to the genome are shown.

pFCV148 which does not overlap with the insert of
pFCV119 was supposed to represent the central region of
the FCV genome (Fig. 1A). Three fragments were
obtained from pFCV148; fragment-1 (PsiI-Xhol), frag-
ment-2 (Pstl-EcoRI) and fragment-3 (EcoRI-BamHI)
(Fig. 1A), and were further subcloned into the pBluescript
(SK(+/-))(Stratagene, Heidellberg, FRG).

Cloning of the 5’-end of the FCV F4 genome: Crandell-
Reese feline kidney (CRFK) cell line was grown in Eagle’s
minimum essential medium containing 10% tryptose
phosphate  broth, 8% heat-inactivated fetal calf
serum(FCS) and antibiotics. The maintenance medium for
harvesting the virus RNA was free of FCS. Total RNA
was isolated from FCV F4-infected CRFK cells at 4 hr
post-infection by the method described previously [5].

The total RNA (1 ug) was reverse-transcribed in the
presence of the antisense oligonucleotide primer, primer-1
(5-ATAAACCTTCTTCCGTTAAA-3; nt 2271 to 2252
of FCV F4) (Fig. 1B). The RNA was denatured at 70°C
for 10 min and cooled on ice. The first-strand synthesis of
c¢DNA was performed in a total volume of 16.8 ul
containing 75 mM KCl, 50 mM Tris-HCl (pH 8.3), 5 mM
MgCl,, 0.01 M dithiothreitol, 10 mM each deoxynuc-
leoside triphosphate (ANTPmix), 0.5 U RNase inhibitor
(Promega Corp., Madison, Wis.), 10 U of Moloney
murine leukemia virus reverse transcriptase (GIBCO
BRL Life Technologies Inc., Gaithersburg, Md.) and 50
pmot of primer-1. The reaction mixture was incubated at
45°C for 2 hr.

Polymerase chain reaction (PCR) amplification using
the synthesized cDNA as a template was carried out after

addition of 50 pmol of primer-1, 50 pmol of primer-2 the
sense oligonucleotide primer (5-GTAAAAGAAATT-
TGAGACAA-3’; nt 1 to 20 of FCVF9) and 1U Thermus
aquaticus DNA polymerase (Taq polymerase; Perkin-
Elmer Cetus, Norwalk, Conn.) in 50 u! of buffer (50 mM
KCl, 10 mM Tris-HCI [pH 8.3], 1.5 mM MgCl,, 0.1%
Triton X-100; supplied by Perkin-Elmer Cetus). The
reaction mixture was overlaid with one drop of mineral oil
(SIGMA Chemical Co., St. Louis, Mo.) and cycled 25
times for 1 min at 94°C, 1 min at 52°C, and 2 min at 72°C in
a DNA thermal cycler (Perkin-Elmer Cetus) [18]. After
amplification, only a single band of 2.3 kbp was detected
by electrophoresis.

The synthesized cDNA (pFCV208) was ligated into the
TA cloning pCR vector according to TA cloning system
(Invitrogen, San Diego, CA) and used to transform
competent E. coli cells supplied in the system. The
transformed bacteria containing recombinant plasmids
was screened by blue-white color reaction.

To determine the 5’-end sequence of FCVF4 genome,
especially 20 bases of the extreme 5-end of the genome,
rapid amplification of cDNA end (RACE) method [7] was
performed. Annealing of the antisense oligonucleotide
primer-3 (5-ATCAGGGATGTCACTAGAAG-3, nt
220 to 201 of FCVF4) with FCVF4 RNA and first strand
cDNA synthesis were performed as described above.
After the cDNA molecules were added homopolymeric
tails of dATP at the 3’-ends by terminal deoxynucleotide
transferase (GIBCO BRL Life Technologies Inc., Gaith-
ersburg, Md.), PCR amplification was carried out using
(dT)y-adaptor (5-GACTCGAGTCGACATCGATTTT-
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TTTTTTTTTTTTT-3") and adaptor (5-GACTCGAG-
TCGACATCGA-3’) primers, and the other antisense
primer-4 (5-TGCAGTTAGGACAAACGTCG-3’; nt
200 to 181 of FCVF4) in the condition described above.
The amplified product was ligated into the pCR vector.

Nucleotide sequencing: The fragments representing the
central region and the 5-end of FCV. genome were
deleted by exonuclease III (Stratagene, CA) to construct
the deletion clones. From these deletion clones, both

1095

strands of each insert were sequenced as single stranded
DNAs prepared by rescue with R408 helper phage and as
double stranded DNAs by dye-primer Taq sequencing
method according to the procedure recommended by
Applied Biosystems (ABI) (Foster City, CA) [20, 25]. For
pFCV208, two clones from separate PCR experiments
were sequenced in the reverse direction.

Computer analysis was carried out using the UWGCG
software (VAX-11/750) and DNA Strider (Christian
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# 1120
FCVF4 VIGKGGVKHE KIRTSTLRAV DRGYDVSFAE ESGPGTKFHK NAIGSLTDVC GEHKGYCVHM GHGVYASVAH VVKGDSYFLG
FCVF9 Kk KIKKKI KK KXRKNEKRH X kkkk Ak Rk ok kA AKKRIKK KKK IATHRI* KA KRR XATh* hkkkkkkkk ok kkkkkkPhkx
CFI Kkokkkkkkkk KRIKNKIKk* Kk kk ko dk Kk hckQoh ko ok kAh Kok Ak kA d Kk Kk kkh ok ke Ak ok PRor
3C cystein protease like region +# 1200
FCVF4 ERIFDVKTNG EFCCFRSTKI LPSGAPFFSG KPTRDPWGSP VATELKPKAY TTTSGKIVGC FATTSTETHP GDCGLPYIDD
FCVF9 Kok kk kT Kkkk kkkkkkkkdkk KX RQAKHKKKK Kkkkkkkkkk Kk kkgh I XM* Kk K kAKX Kk KXk kA FRKRKx Ak kR kk ok
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CFI *****;ASL* SGD* *CP* %% *XAkXkXKKKKK XAUXN** XK FTAHKkKkQR** *kkkkkkk k% *xGOD*GH[,G **kkk*k k[T *
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Fig. 2. Comparison of the amino acid sequences for ORF1 of FCV F4, F9 and CFI genomes. The asterisks in the F9 and CFI
sequences represent identity with the FCV F4 sequence. The sequences surrounding the functional motif and the active site
residues of the 2B, 2C, 3C and 3D regions are lined. The plus signs above the sequences indicate the position of the putative
active site of each region; the sharp marks above the sequences show amino acid residues thought to be important in the function
of the proteins [13]. The exclamation marks above the segments between 951 and 970 residues denote conserved basic amino acid

residues.

Marck).

Primer extension reaction: As a template, virion RNA
was extracted from FCVF4 virus particles by the method
described previously [10]. Primer-4 was labeled with
v-[**P] ATP using T4 polymerase kinase to prime reverse
transcription. After annealing of the labeled primer-4 with
FCVF4 RNA, primer extension reaction and polyacryla-
mide gel electrophoresis were conducted as described
previously [19].

RESULTS AND DISCUSSION

The 5°-5311 nt of the FCV genome contained in the

cDNA clones, pFCV148 and pFCV208, were subjected to
sequence analysis to predict the amino acid sequence of
the proteins encoded in this region of the FCV genome.
The physical map and sequencing scheme are illustrated in
Fig. 1. The sequence analysis of this portion of the FCV
genome was facilitated by construction of nested deletions
of the cDNA clones. Confirmation of the accuracy of the
sequence of pFCV208 came from the sequencing of two
clones obtained from the separate PCR amplifications.
There was no difference between the sequences of two
PCR-derived clones. The cDNA obtained by RACE
method was analyzed to determine 20 nt at the 5’-end of
FCVF4 genome. The sequence of this area was same as
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that of FCVF9. The exact 5-end of the genome was
confirmed by primer extension reaction (data not shown).
The computer analysis (DNA Strider) indicated the
existence of ORF1 which started at 20 bases from the

shown). The nucleotide sequence of the ORF1 region was
compared with that reported by Carter e al. [4]. Both
sequences were identical in nucleotide length and had
ATG and TGA codons for the large ORF at the same
positions. In this coding region, there were 1090 nt

5-end of pFCV208, continued through pFCV148 and

terminated at 1142 base from the 5’-end (data not shown). (20.6%) changes in 5292 nt.

The total length of ORF1 was 5292 bases (data not

2B
260 L2710 280 290 300 310
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1190 1200 1210 1220 1230
470 480 490 500 510
FCVF4 KRKAIGRKRQV PVCYILTGPPGCGKTTAAQALAKKLSDQE PSVINL--DVD
ST ISR I B S N R A
PV2 NYVQFKSKHRIEPVCLLVHGSPGTGKSVATNLIARAIAEKENTSTYSLPPDPS
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520 530 540 550 560
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PV2 HFDGYXQQGVVIMDDLNQNPDGADMKLFCOMVSTVEFIPPMAS---LEEKGIL
1290 1300 1310 1320 1330
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1340 1350 1360 1370 1380

Fig. 3. Amino acid alignment analysis of the deduced 2B- and 2C-like proteins of FCV F4 (amino acid residues 230
through 610 of Fig. 3) with the 2B and 2C polypeptides of poliovirus Sabin 2 (PV2) vaccine strain [28] using the FASTA
program of UWCGC. The sequences surrounding the 2B and 2C region are lined.
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amino acid residues

| 500 1000 1500 |
[ |
S ORF 1 3
2B 2C 3C 3D

Fig. 4. Proposed ORF1 structures of FCV. The 2B, 2C, 3C and 3D represent coding positions of 2B-, 2C-, 3C cysteine protease-,
and 3D RNA-dependent RNA polymerase-like polypeptides, respectively. The question marks represents an area of apparent
coding sequences for which the function of the polypeptide product is unknown.

consisting of 1763 amino acids with a molecular weight of
195,229 dalton. When the deduced amino acid sequence
of the ORF1 was compared with those reported by Carter
et al. [4] and Neill [13] (Fig. 2), the sequence was found to
be highly conserved (88.9% and 88.8%, respectively). In
the ORF1I, there is no highly variable region as indicated
in ORF2 among FCV strains [11, 23].

Functional motifs and active sites indentified by Neill
[13] are common to these strains (Fig. 2). Although N-
and C-terminal ends of each protein have not been
determined, there are 2C polypeptide-, 3C cysteine
protease- and 3D RNA-dependent RNA polymerase-like
regions in the deduced amino acid sequences of FCV F4.
The computer analysis (UWGCG) indicated that the
region of 2C-polypeptide continued upstream from the
region indentified by Neill [13]. Furthermore the presence
of 2B-like region was also suggested in the upper stream of
the 2C-like region.

Figure 3 shows the amino acid aligments between the
predicted amino acid sequence of the FCV F4 ORF1 and
non-structural proteins encoded by poliovirus Sabin 2
(PV2) vaccine strain [28]. The significant homology was
revealed between the amino acid sequences of the 2B and
2C regions of PV2 and the analogous regions of FCV. The
positions of the 2B and 2C regions in the ORF1 are also
suggested from these results. Although the function of
picornavirus 2B polypeptide has not been determined, the
polypeptide of FCV in the region might have similar
function of 2B polypeptide, if any.

The Kyte and Dolittle hydrophobicity profile [9] of the
predicted proteins specified by the ORF1 sequence of
FCV F4 were computed and compared with that of FCV
F9 [4]. The profiles of the proteins of FCV F4 and F9 had a
striking similarity each other (data not shown). This
similarity is discernible even in the region 700-1,000
located between 2C-like and 3C-like regions, although the
function of this region is still unknown. There are many
basic amino acid residues in the hydrophilic region
951-1,000. Especially, in the region 950-970, 7 basic
amino acid residues were all conserved among the three
strains (Fig. 2). This result suggested that the polypeptide
in this region of FCV may have a nucleic acid-binding

function [8].

Caliciviruses represent a poorly studied virus family.
Elucidation and characterization of the non-structural
proteins of the caliciviruses have lagged behind those of
other RNA viruses [1, 2, 6, 17]. Comparison of this
complete sequence of FCV F4 genome with the two
published FCV sequences [4, 13] revealed a considerable
degree of similarity. This relationship is evident in the
overall sequence homology and the conservation of
certain amino acid sequence motifs, indicating the exist-
ence of caliciviral 2B, 2C, 3C cysteine protease, and 3D
RNA-dependent RNA polymerase. The positions of the
sequences encoding these non-structural proteins in the
ORF1 are illustrated in Fig. 4. The question marks in Fig.
4 denote areas that apparently encode polypeptides, but
the identity and function of these polypeptides remain to
be unknown. For 2B-like region, more sequence informa-
tion and especially data on genome organization and
strategy of gene expression will provide better arguments
for identification of the function of the polypeptide. This
study was done to bring the molecular biology of the
caliciviruses up to date and to expand the work that has
been done. Further work on these important pathogens
will help not only to control and prevent calicivirus-
induced diseases but probably also to add new aspects to
our knowledge of the molecular biology and evolution of
positive-stranded RNA viruses.

Note: The nucleotide sequence data reported in this
paper will appear in the GSDB, DDBJ, EMBL and NCBI
nucleotide sequence databases with the following acces-
sion number D31836.
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