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The sequence of the 3'-terminal 2,486 bases of the feline calicivirus (FCV) genome was determined. This
region of the FCV genome, from which the 2.4-kb subgenomic RNA is derived, contained two open reading
frames. The larger open reading frame, found in the 5’ end of the subgenomic mRNA, contained 2,004 bases
encoding a polypeptide of 73,467 Da. The smaller open reading frame, encoded in the 3’ end of the mRNA, was
composed of 318 bases, encoding a polypeptide of 12,185 Da. The AUG initiation codon of the second open
reading frame overlapped the UGA termination codon of the first, with the sequence AUGA. The nucleotide
sequence of the region containing this overlap resembles the —1 frameshift sequences of the retroviruses. The
5’ end of the 2.4-kb subgenomic RNA was mapped by primer extension analysis. There were two apparent
transcription initiation points, both of which were 5’ to the AUG initiation codon of the large open reading
frame. Transcription from these sites yielded RNA transcripts with 5’ nontranslated leader regions of 17 and
18 bases. The total length of the 2.4-kb subgenomic RNA was 2,375 bases (from the 5'-most start site) excluding
the poly(A) tail. Edman degradation of the purified capsid protein of FCV showed that the capsid protein was
encoded by the large open reading frame. Western immunoblot analysis of FCV-infected cells using a feline
anti-FCV antiserum demonstrated that translation of the capsid protein was detectable at 3 h postinfection and

continued to accumulate until 8 h postinfection, the last time examined.

Little is known concerning the molecular biology of the
caliciviruses. Members of this family include vesicular ex-
anthema virus of swine, San Miguel sea lion virus, and feline
calicivirus (FCV) (28). These are small, nonenveloped vi-
ruses that possess a single-stranded, plus-sense RNA ge-
nome and only a single capsid protein (1, 30). These viruses
also produce a major subgenomic mRNA (9, 24). The
genomic RNA has been shown to have a protein (VPg) of
10,000 to 15,000 Da covalently attached to the 5’ end (4, 29).
It is unknown whether the subgenomic mRNA has a VPg,
although it has been demonstrated that there is no cap
structure (10). Estimates of the size of the capsid proteins
from the various family members range from 60,000 to
71,000 Da (28). Fretz and Schaffer (11) reported that the
capsid protein of San Miguel sea lion virus serotype 2 is
synthesized as an 86,000-Da precursor polypeptide that is
processed posttranslationally to yield the mature capsid
protein of 65,000 Da (cp65). Carter (6) demonstrated the
capsid protein in FCV-infected cells was synthesized as a
76,000-Da precursor and is post- or cotranslationally proc-
essed to the mature 62,000-Da capsid protein. The fate of the
remainder of the polypeptide is unknown.

Recent studies have shown that the virus-specific poly-
adenylated RNAs in FCV-infected cells are coterminal,
nested transcripts with common 3’ ends (24). Transcription
of the viral RNAs was detected at 2 h postinfection, with
steady-state levels being reached at 4 h postinfection. Stud-
ies involving sucrose gradient density centrifugation of ra-
diolabeled RNA (2, 9) and Northern (RNA) blot analysis (24)
have shown that the 2.4-kb subgenomic RNA, which is
derived from the 3’-terminal 2,400 bases of the genomic
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RNA, is abundant in calicivirus-infected cells. On the basis
of this abundance, Ehresmann and Schaffer (9) hypothesized
that the subgenomic RNA encodes the viral capsid protein.
A similar inference was drawn by Black et al. (2) from an in
vitro translation study. However, to date there has been no
definitive evidence in support of this assertion.

This report is the first to establish that the 2.4-kb subge-
nomic RNA encodes the capsid protein of FCV. Comparison
of the amino acid sequence of a portion of the capsid protein
of FCV with the derived amino acid sequence from the large
open reading frame (ORF) encoded in the 3’-terminal 2,400
bases of the FCV genomic RNA demonstrates that these
sequences encode the capsid protein. Studies on the expres-
sion of the capsid protein gene during replication of FCV are
also described.

MATERIALS AND METHODS

Materials. All restriction endonucleases, Escherichia coli
DNA polymerase I, Klenow fragment, T4 DNA ligase,
exonuclease III, mung bean nuclease, T7 and SP6 RNA
polymerases, and EcoRI synthetic linkers were purchased
from New England BioLabs, Inc. (Beverly, Mass.) and used
as specified by the supplier. Reverse transcriptase was
purchased from Bio-Rad (Richmond, Calif.) and used as
directed by the supplier. [a->2P]dATP and [a->?PJUTP were
from ICN Radiochemicals, Inc. (Irvine, Calif.), and
[a-**S]JdATP was from New England Nuclear (Boston,
Mass.). Feline anti-FCV antiserum was a kind gift of G.
Erickson (Animal and Plant Health Inspection Service, U.S.
Department of Agriculture). This antiserum was derived
from a cat following an active FCV infection.

Strains and medium. FCV strain CFI/68 FIV (hereafter
referred to as FCV; American Type Culture Collection) was
used throughout this study. FCV was propagated in Cran-
dell-Reese feline kidney cells by using F-15 Eagle’s minimal



VoL. 65, 1991

FCV CAPSID PROTEIN GENE 5441

A. cONA CLONES 200tp
pev2 "
pCv?
omcm  —————— FOLY (A)
C_B-—=—"""" % HoKP H B EE B
mw Qj A A ) —t L A I A : A e my(‘)
AT6 AT6A TeA
B. SEQUENCE 200
- » - —

4

FIG. 1. Physical map and sequencing strategy of the 3'-terminal 2,486 bases of the FCV genomic RNA. (A) Positions of the cDNA clones
pCV2 and pCV7 within the 3’ end of the FCV genome. The entire genomic RNA is not illustrated. The restriction map of the 3’-terminal 2,486
bases is shown. Restriction sites: B, BamH]I; Be, Bcll; C, Clal; E, EcoRI; H, Hindlll; K, Kpnl; P, Pvull; S, Sall; Sp, Sphl. Positions of the
initiation (ATG) and termination (TGA) codons are indicated beneath the restriction map. (B) Strategy for sequencing of pCV2 and pCV7.

essential medium supplemented with 0.25% lactalbumin
hydrolysate and 10% fetal calf serum. Infection of cells for
RNA preparation, virus purification, and preparation of
protein lysates for Western immunoblot analysis were done
as previously described (24).

E. coli DH1 (12) was used for plasmid propagation. Strain
JM107 was used to propagate M13mp18 and M13mp19 (34)
for use in DNA sequence analysis and in vitro deletion
generation. JM107 was maintained on minimal medium as
previously described (34).

RNA purification and Northern blot analysis. Total cellular
and poly(A)* RNA from noninfected and FCV-infected cells
was purified and analyzed by Northern blot analysis as
previously described (24). Strand-specific FCV RNA probes
were prepared by first subcloning the 1.3-kb EcoRI FCV
cDNA clone contained in pCV3 (24) into pSP72, an RNA
transcription vector containing both SP6 and T7 RNA poly-
merase promoters (Promega, Madison, Wis.), yielding
pCV16. These probes hybridized to both the genomic and
2.4-kb subgenomic RNAs. The plus-strand RNA probe was
transcribed with SP6 RNA polymerase following BglIl lin-
earization of the plasmid. The minus-strand RNA probe was
generated with T7 RNA polymerase preceded by lineariza-
tion of the plasmid with Xhol. The labeling reactions were
done as described by the enzyme supplier in the presence of
50 uCi of [a-3?P]JUTP.

DNA sequence analysis. The FCV cDNA clones pCV2 and
pCV7 were sequenced by the dideoxy-chain termination
procedure as described by Williams et al. (33), using [a-3°S]
dATP. The construction of pCV2 and pCV7 has been
described (24). Sequencing of the cDNA clones was facili-
tated by the construction of an M13-FCV c¢DNA library of
nested deletions, using exonuclease III and mung bean
nuclease as described by Shade et al. (31). The accuracy of
the nucleotide sequence of the region containing the overlap
of the two ORFs was confirmed by amplification of this
region by the polymerase chain reaction (PCR) as described
by Kawasaki (16) following first-strand cDNA synthesis
using the genomic RNA as the template as previously
described (24). The PCR primers used were 5'-CTGCCTCC
TCCATGGGAATTC-3’, which hybridized to the minus
strand at nucleotides 2051 to 2072, and 5'-GCACTCCAACC
CATGGACTTGGATCG-3’, which hybridized to the plus
strand at nucleotides 2226 to 2251.

5’'-End analysis of the 2.4-kb RNA. Primer extension anal-

ysis was done to map the 5’ end of the 2.4-kb subgenomic
mRNA, using an oligonucleotide 20-mer, 5S'-GCCAAATT
CAGGTAGTAATT-3'. This primer hybridized to the FCV
RNAs at nucleotides 248 to 267 of Fig. 2. The primer ex-
tension reaction was done as previously described (17). A
dideoxy sequencing reaction, which was primed with this
synthetic oligonucleotide primer, was electrophoresed on
the same gel as a marker for transcription endpoint analysis.

FCV capsid protein sequence analysis. Since attempts to
sequence the intact capsid protein by automated Edman
degradation were unsuccessful, we concluded that the NH,
terminus was blocked, and a strategy was formulated to
generate fragments of the molecule for structural analysis.
Accordingly, a solution containing 50 pg (0.75 nmol) of the
capsid protein in 300 pl of phosphate-buffered saline (pH 7.2)
was treated with 1.0% (wt/wt) trypsin (Sigma T-8642). After
48 h at 25°C, the solution was lyophilized. Tryptic peptides
from the capsid protein were separated by reverse-phase
high-performance liquid chromatography (HPLC) on a Hy-
persil ODS column (25 by 0.46 cm) equilibrated in 0.15%
trifluoroacetic acid (TFA). The lyophilized digest was dis-
solved in 0.2 ml of 0.15% TFA and added to the column.
Peptides were eluted over a period of 3 h with a linear
gradient of increasing acetonitrile concentration from 0 to
100% in the same 0.15% TFA solvent. Separation of peptides
was monitored continuously at 220 nm, and fractions corre-
sponding to peaks of material were collected and lyophilized
prior to sequence analysis in a model 470 Applied Biosys-
tems Inc. gas-phase protein sequenator. This instrument was
fitted with an on-line HPLC system for separation and
quantitation of phenylthiohydantoin amino acids liberated at
successive cycles of the Edman procedure.

Western immunoblot analysis. FCV capsid protein synthe-
sis was analyzed by polyacrylamide gel electrophoresis and
Western blot analysis. Protein lysates were prepared hourly
from noninfected control cells and from FCV-infected cells
beginning at 3 h and continuing until 8 h postinfection.
Lysates were prepared as described by Carter (6) and were
stored at —20°C until use. Approximately 20 pg of total
protein from each lysate was electrophoresed on a 12%
polyacrylamide gel. Following electrophoresis, the proteins
were blotted to nitrocellulose, using a semidry blotting
apparatus (Bio-Rad) as specified by the manufacturer. The
blots were probed with a feline anti-FCV antiserum, and
positive reactions were detected by goat anti-feline immu-
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TTCTTACAGCACAGCCTTGGAGCATTACAACAGCCAATTTAATGGTGTGGAGGCGCGGAC
TGACCAGATCGATACGAGTGGCATGGCCGCCCTTCACTGTGATGTGTTCGAAGTTTGAGC

ATGTGCTCAACCTGCGCTAACGTGCTTAAATACTATGATTGGGATCCTC@CATCAAATTG
METCysSerThrCysAlaAsnValLeuLysTyrTyrAspTrpAspProHisIleLysLeu

GTAATCAACCCCAACAAATTTCTACATGTTGGCTTCTGCGATAACCCTTTAATGTGTTGT
ValIleAsnProAsnLysPheLeuHisValGlyPheCysAspAsnProLeuMetCysCys

TATCCTGAATTACTACCTGAATTTGGCACCATGTGGGATTGTGATCAATCGCCACTCCAA
TyrProGluLeuLeuProGluPheGlyThrMetTrpAspCysAspGlnSerProLeuGln

GTCTACCTTGAGTCAATCCTGGGTGATGATGAATGGTCCTCCACTCATGAAGCAATTGAC
ValTyrLeuGluSerIleLeuGlyAspAspGluTrpSerSerThrHisGluAlaIleAsp

CCAGTTGTGCCACCAATGCATTGGGATGAAGCCGGAAAAATCTTCCAACCACACCCTGGC
ProvValValProProMetHisTrpAspGluAlaGlyLysIlePheGlnProHisProGly

GTCCTTATGCATCACCTCATCTGTAAGGTTGCAGAAGGATGGGACCCAAACCTGCCACTT
ValLeuMetHisHisLeulleCysLysValAlaGluGlyTrpAspProAsnLeuProLeu

TTCCGCTTGGAAGCGGACGATGGTTCCATCACGACACCTGAACAGGGAACAATGGTTGGT
PheArgLeuGluAlaAspAspGlySerIleThrThrProGluGlnGlyThrMetvalGly

GGAGTCATTGCTGAGCCCAACGCCCAAATGTCAACCGCAGCTGACATGGCCACTGGGAAA
GlyValIleAlaGluProAsnAlaGlnMetSerThrAlaAlaAspMetAlaThrGlyLys

AGTGTGGACTCTGAGTGGGAAGCCTTCTTCTCCTTTCACACTAGTGTGAACTGGAGCACA
SerValAspSerGluTrpGluAlaPhePheSerPheHisThrSerValAsnTrpSerThr

TCTGAAACTCAGGGGAAGATACTCTTTAAACAATCCTTAGGACCATTGCTCAACCCCTAC
SerGluThrGlnGlyLysIleLeuPheLysGlnSerLeuGlyProLeuLeuAsnProTyr

CTTACCCATCTTGCAAAGCTGTATGTTGCTTGGTCTGGTTCTGTTGATGTTAGGTTTTCT
LeuThrHisLeuAlaLysLeuTyrValAlaTrpSerGlySerValAspValArgPheSer

ATTTCTGGATCTGGTGTCTTTGGAGGGAAATTAGCTGCTATTGTTGTGCCGCCAGGAATT
IleSerGlySerGlyValPheGlyGlyLysLeuAlaAlaIleValValProProGlyIle

GATCCTGTTCAAAGTACTTCAATGCTGCAATATCCTCATGTCCTCTTTGATGCTCGTCAA
AspProvValGlnSerThrSerMetLeuGlnTyrProHisValLeuPheAspAlaArgGln

GTTGAACCTGTTATCTTTTCCATTCCCGATCTAAGAAGCACCTTATATCACCTTATGTCT
ValGluProValIlePheSerIleProAspLeuArgSerThrLeuTyrHisLeuMetSer

GACACTGATACCACATCGTTGGTAATCATGGTGTACAATGATCTTATTAACCCCTATGCT
AspThrAspThrThrSerLeuValIleMetValTyrAsnAspLeulleAsnProTyrAla

AATGACTCAAACTCTTCGGGCTGCATTGTCACTGTGGAAACTAAACCGGGGCCAGATTTC
AsnAspSerAsnSerSerGlyCysIleValThrValGluThrLysProGlyProAspPhe

AAGTTTCACCTCTTAAAACCTCCTGGGTCTATGTTAACTCACGGATCTATCCCATCTGAT
LysPheHisLeuLeuLysProProGlySerMetLeuThrHisGlySerIleProSerAsp

CTAATCCCAAAATCATCTTCGCTTTGGATTGGAAATCGGTTTTGGTCTGACATAACCGAT
LeuIleProLysSerSerSerLeuTrpIleGlyAsnArgPheTrpSerAspIleThrAsp

TTTGTAATTCGGCCTTTTGTGTTCCAGGCAAATCGACACTTTGATTTCAACCAAGAGACA
PheValIleArgProPheValPheGlnAlaAsnArgHisPheAspPheAsnGlnGluThr

GCAGGTTGGAGCACCCCAAGGTTTCGCCCAATTACTATCACTATCAGTGTTAAGGAGTCA
AlaGlyTrpSerThrProArgPheArgProlleThrIleThrIleSerValLysGluSer
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FIG. 2. Nucleotide and derived amino acid sequences of the 3'-terminal 2,486 bases of the FCV genomic RNA. Nucleotides in bold print

represe.nt'those bas;s found within the large ORF at the 5’ end of the FCV genome. Underlined nucleotide residues indicate the major
transcription start sites of the 2.4-kb subgenomic RNA. Amino acid residues in bold type are those that were confirmed by protein sequence

analysis.

noglobulin G-horseradish peroxidase-conjugated secondary
antibodies.

Computer software. DNA sequence analysis was done by
using PCS DNA analysis software (University of Iowa, Iowa
City) or the Bionet data base (Intelligenetics, Mountain
View, Calif.).

Nucleotide sequence accession number. The nucleotide

sequence shown in Fig. 2 has been submitted to GenBank
and assigned accession number M32819.
RESULTS

Sequence analysis of the 3'-terminal 2,500 bases. The 3’
2,489 bases of the FCV genome contained in the cDNA
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GCAAAGCTTGGTATTGGAGTGGCCACCGACTACATTGTTCCCGGCATACCAGATGGATGG
AlaLysLeuGlyIleGlyValAlaThrAspTyrIleValProGlyIleProAspGlyTrp

CCCGACACAACAATCCCAGGTGAGTTGGTACCTGTTGGTGACTATGCCATCACTAATGGC
ProAspThrThrIleProGlyGluLeuValProvValGlyAspTyrAlaIleThrAsnGly

ACCAACAATGATATCACCACAGCTGCGCAGTACGATGCAGCCACTGAGATTAGAAACAAC
ThrAsnAsnAspIleThrThrAlaAlaGlnTyrAspAlaAlaThrGlulleArgAsnAsn

ACCAATTTCAGAGGCATGTACATTTGTGGTTCTCTTCAAAGAGCTTGGGGGGATAAGAAG
ThrAsnPheArgGlyMetTyrIleCysGlySerLeuGlnArgAlaTrpGlyAspLysLys

ATTTCAAATACTGCTTTTATCACAACCGGCACGGTTGATGGAGCCAAATTGATACCCAGT
IleSerAsnThrAlaPheIleThrThrGlyThrValAspGlyAlaLysLeulleProSer

AATACCATTGACCAAACAAAAATTGCCGTATTCCAAGACACACATGCGAATAAGCATGTC
AsnThrIleAspGlnThrLysIleAlaValPheGlnAspThrHisAlaAsnLysHisVal

CAGACCTCGGACGACACATTGGCCCTGCTTGGTTATACTGGTATTGGTGAGGAAGCAATT
GlnThrSerAspAspThrLeuAlaLeuLeuGlyTyrThrGlyIleGlyGluGluAlalle

GGTGCTGACCGCGATAGAGTTGTGCGAATTAGCGTCCTCCCGGAACGTGGCGCACGTGGT
GlyAlaAspArgAspArgValValArgIleSerValLeuProGluArgGlyAlaArgGly

GGCAATCACCCAATCTTCCACAAAAACTCTATCAAGCTTGGTTATGTAATTAGGTCCATT
GlyAsnHisProIlePheHisLysAsnSerIleLysLeuGlyTyrValIleArgSerIle

GATGTGTTCAATTCTCAAATTCTGCATACCTCTAGGCAACTTTCCCTCAATCATTACTTA
AspValPheAsnSerGlnIleLeuHisThrSerArgGlnLeuSerLeuAsnHisTyrLeu

TTGTCGCCTGACTCCTTTGCTGTCTATAGGATTATTGACTCTAATGGATCCTGGTTTGAC
LeuSerProAspSerPheAlavValTyrArgIleIleAspSerAsnGlySerTrpPheAsp

ATAGGCATTGATAATGATGGATTTTCTTTTGTTGGTGTATCAAGTATTGGTAAATTAGAG
IleGlyIleAspAsnAspGlyPheSerPheValGlyValSerSerIleGlyLysLeuGlu

TTTCCTTTAACTGCCTCCTACATGGGAATTCAATTGGCAAAAATTCGACTTGCCTCTAAC
PheProLeuThrAlaSerTyrMetGlyIleGlnLeuAlalysIleArgLeuAlaSerAsn

ATTAGGAGTGTGATGACAAAATTATGAATTCAATTTTGGGCTTAATTGACACTGTCACGA
IleArgSerValMetThrLysLeuTER
METAsnSerIleLeuGlyLeulleAspThrValThrA
ACACAATTGGCAAAGCTCAACAAATCGAATTGGATAAGGCTGCACTTGGTCAGCAACGCG
snThrIleGlyLysAlaGlnGlnIleGluLeuAspLysAlaAlaLeuGlyG1lnGlnArgG
AGCTGGCACTCCAACGTATGAACTTGGATCGCCAGGCTCTAAATAATCAAGTGGAGCAAT
luLeuAlaLeuGlnArgMetAsnLeuAspArgGlnAlaLeuAsnAsnGlnValGluGlnP
TTAACAAACTGCTTGAGCAGAGGGTACAAGGCCCAATCCAATCTGTGCGCCTGGCACGCG
heAsnLysLeuLeuGluGlnArgValGlnGlyProIleGlnSerValArgLeuAlaArgA
CAGCTGGTTTCAGGGTCGACCCTTACTCATACACAAATCAAAACTTTTATGACGATCAAT
laAlaGlyPheArgValAspProTyrSerTyrThrAsnGlnAsnPheTyrAspAspGlnL
TAAATGCAATCAGACTATCATATAGAAATTTGTTCAAGAATTGATCACTTAACCCTTTGG
euAsnAlaIleArgLeuSerTyrArgAsnLeuPheLysAsnTER

GTGCCGCACTTGCGCCTAACCCCAGGG (POLY (A) -43)
FIG. 2—Continued.
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clones pCV2 and pCV7 were subjected to DNA sequence
analysis to predict the amino acid sequence of the polypep-
tide(s) encoded in this region of the FCV genome. The
physical map and sequencing scheme are illustrated in Fig.
1. From this sequence analysis, it was determined that this
region of the FCV genome contains two ORFs with the
potential of being translated. The largest, consisting of 2,004
bases, encodes a polypeptide of 668 amino acids with a mass
of 74,467 Da (Fig. 2). The second ORF was composed of 318
bases and encodes a polypeptide of 12,185 Da. The ORFs

overlapped at the termination codon of the large frame and
the AUG initiation codon of the smaller frame (Fig. 2). The
resulting overlap sequence was AUGA. Confirmation of the
accuracy of the sequence of the overlap of ORFs came from
the sequencing of two clones obtained from the PCR ampli-
fication of the sequences surrounding the overlap from the
genomic RNA. There was no difference between the se-
quence of pCV7 and the PCR-derived clones. Following the
UGA termination codon of the second, smaller ORF, there
were 42 nontranslated bases before the poly(A) tail. Plasmid
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FIG. 3. Primer extension mapping of 5’ end of FCV 2.4-kb
subgenomic RNA transcripts. A synthetic 20-mer was used to prime
reverse transcription primer extension reactions of RNA derived
from FCV-infected cells (lane I) or from mock-infected control cells
(lane M). The synthetic oligonucleotide was also used to prime a
dideoxy sequencing region to serve as transcript endpoint markers.
The A, C, G, and T reactions are marked accordingly. The sequence
corresponding to the plus strand of the genomic RNA is illustrated
on the left (5), and the sequence of the minus strand (illustrated in
the sequencing reaction) is that on the right (3'). Positions of the
bands in the primer extension reaction in lane I are marked with
asterisks.

pCV7, which contains the 3’ end of the viral genome, had 43
adenine residues at the 3’ end, giving this as the minimum
length of the poly(A) tail (data not shown). Bases 1 through
118 in Fig. 2 are found at the end of a large ORF in the 5’ end
of the genomic RN A and encode the carboxy terminus of the
FCV RNA-dependent RNA polymerase-like polypeptide
(23). The nonstructural ORF and the ORF encoding the
capsid protein are separated by two noncoding bases.

Mapping the 5’ end of the 2.4-kb subgenomic RNA. The 5’
end of the 2.4-kb subgenomic RNA was mapped by primer
extension analysis (Fig. 3). A sequencing ladder primed with
the same oligonucleotide used in the primer extension is
included to provide endpoint determination. Two potential
transcription start sites were identified, denoted by asterisks
on the sequence. These two start points yielded 5’ nontrans-
lated leader regions of 17 and 18 bases. These start sites were
located within an upstream AUG triplet which was out of
frame from the large ORF. S1 protection analysis was done
to confirm the results obtained with primer extension. A
major band was observed, the 5’ end of which mapped to the
same location as that identified in the primer extension
analysis (data not shown). Lane M contains the primer
extension reaction of RNA derived from mock-infected
control cells and contains no specific bands.

FCYV capsid protein sequence analysis. One of the tryptic
peptides was recovered by HPLC separation of the capsid
protein digest eluted from the column at 85 min in 41%

C 3 4 5 6 7 8

- .——-—--—-———-—- —Cp6E

FIG. 4. Expression of the viral capsid protein during infection by
FCV. Proteins from FCV-infected cells collected at hourly intervals
postinfection were electrophoresed on a 12% sodium dodecyl sul-
fate-polyacrylamide gel, blotted to nitrocellulose, and probed with a
feline anti-FCV antiserum. The capsid protein (cp695) is indicated at
the right. The proteins visible above cp65 are viral proteins p73 and
p75 (6).
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FIG. 5. Northern blot analysis of FCV RNAs using strand-
specific probes. Total cellular RNA from FCV-infected cells was
electrophoresed on formaldehyde-denaturing agarose gels, blotted
to nitrocellulose, and probed with strand-specific, radiolabeled RNA
probes. The probes used hybridize to both the genomic and 2.4-kb
subgenomic RNAs (18). The + and — indicate which transcribed
strand was used as the probe. (a and b) Genomic RNA probed with
the minus-strand and plus-strand probes, respectively; (c and d)
2.4-kb subgenomic RNA probed with plus-strand and minus-strand
probes, respectively.
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acetonitrile. Automated Edman degradation revealed a sin-
gle fragment with the sequence Leu-Gly-Ile-Gly-Val-Ala-
Thr-Asp-Tyr-Ile-Val-Pro-Gly-Ile-Pro-Asp-Gly, correspond-
ing to the region beginning with Leu-403 of the derived
capsid protein sequence (Fig. 2). This was a major tryptic
fragment, and the yield as determined from the sequence
analysis was in the range of 200 pmol, or an overall yield of
about 30%. Similar analysis of a fraction eluted at 70 min in
32% acetonitrile showed the sequence His-Phe-Asp-Phe-
Asn-GIn-Glu, corresponding to the region beginning with
His-373. Other fractions contained mixtures of peptides. For
example, the peak eluted at 59 min in 27% acetonitrile gave
data that could be interpreted as three sequences from the
derived capsid protein sequence: (i) beginning with Gly-560,
Gly-Gly-Asn-His-Pro-Ile-Phe; (ii) beginning with Ile-481,
Ile-Ser-Asn-Thr-Ala-Phe-Ile-Thr-Thr; and (iii) beginning
with Lys-480, Lys-Ile-Ser-Asn-Thr-Ala-Phe-Ile. The amino
acid residues identified by Edman degradation are illustrated
in bold type in Fig. 2.

Viral capsid protein synthesis. Synthesis of the viral capsid
protein was analyzed by Western blot analysis (Fig. 4). cp65
was detected in lysates prepared at 3 h postinfection and
continued to accumulate through 8 h postinfection, the last
time point analyzed. The capsid protein, as determined by
this analysis, was the most abundant viral protein observed.
The other viral proteins also began to appear at 3 h postin-
fection (not shown) and were essentially those previously
described by Carter (6).

Strand-specific Northern blot analysis. Strand-specific
probes were used to examine the times at which the various
RNAs appeared in FCV-infected cells and the relative
amounts of each RNA species. Figure Sa shows the genomic
RNA when probed with the minus-strand probe, and Fig. 5b
shows the genomic RN A minus strand when probed with the
plus-strand RNA probe. The genomic plus strand was de-
tected at 2 h postinfection and continued to accumulate until
6 h postinfection, at which time it reached its greatest
concentration. The amount of genomic plus strand de-
creased at 7 h postinfection, perhaps as a result of release of
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FIG. 6. Nucleotide sequence and secondary structure of the
possible —1 frameshift sequences of FCV. (A) Comparison of the
nucleotide sequences of the proposed ribosome-slippage sequences
of FCV with those of RSV and MMTYV. (B) Hairpin loop structure
of FCV immediately following the proposed slippery sequences that
may provide for a —1 frameshift to allow regulated translation of the
second ORF at the 3’ end of the 2.4-kb subgenomic mRNA. The
AUGA overlap of the two reading frames of the 2.4-kb subgenomic
mRNA is underlined.

progeny virus. The genomic minus strand was not detected
until 3 h postinfection and appeared to be present at a
slightly higher copy number than was the plus strand. After
its appearance at 3 h postinfection, the minus strand contin-
ued to increase in copy number through 7 h postinfection.
The concentration of the minus strand at 7 h postinfection
was similar to that of the plus strand at 6 h postinfection.
Figures Sc and d show the 2.4-kb subgenomic RNA when
probed with the minus-strand and the plus-strand RNA
probes, respectively. The 2.4-kb plus-strand transcript was
detected at 2 h postinfection, and maximum levels were
observed at 4 h. The RNA was also beginning to show
degradation at 7 h postinfection. However, the minus strand
did not appreciably accumulate in any of the time intervals
examined with the exception of a slight increase in concen-
tration at 7 h postinfection. Both the plus- and minus-strand-
probed blots were exposed on the same film, and the 2.4-kb
message in Fig. Sc was overexposed to increase the signal of
the minus-strand transcript in Fig. 5d. This illustrates the
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difference in copy number between the 2.4-kb plus and
minus strands.

DISCUSSION

Elucidation and characterization of the replication scheme
of the caliciviruses has lagged behind that of other viruses.
Until recently, only the number and sizes of the polypeptides
and RNA species produced during FCV infection had been
reported (2, 5, 7, 9, 10, 18, 25, 26, 30, 32). This work is the
first to show that the capsid protein of FCV is encoded in the
3’ end of the genomic RNA and thus the 2.4-kb subgenomic
RNA. Sequence analysis of this region of the FCV genome
revealed the presence of a large ORF that can encode a
polypeptide of 73,467 Da (Fig. 1). This value is in agreement
with the size of the 76,000-Da capsid precursor protein of
FCYV that was demonstrated by Carter (6). Confirmation that
the large ORF within the 3’-terminal 2,500 bases of the FCV
genome encoded the capsid protein of FCV was obtained
through sequence analysis of purified capsid protein. It was
determined from this analysis that the amino acid sequence
derived from the nucleotide sequence of the FCV cDNA
clones matches the amino acid sequence experimentally
derived from purified capsid protein (Fig. 2). It is unknown
at what point(s) the precursor protein is processed or how
many processing steps are required to produce the mature
capsid protein.

Primer extension mapping was used to map the 5’ end of
the 2.4-kb subgenomic RNA. This analysis revealed that the
2.4-kb subgenomic RNA contained the entire ORF encoding
the FCV capsid protein. The length of the 5’ leader region
was 17 to 18 bases. It is not known whether both are actual
start sites or one is an artifact of the primer extension
reaction. The 2.4-kb subgenomic RNA is not capped (10),
but it is not known whether there is a VPg covalently
attached to the 5’ end that may hinder the reverse tran-
scriptase from reaching the end of the mRNA. DNA se-
quence analysis of this region of the FCV genomic RNA
contained in pCV2 revealed that there was an upstream
AUG triplet which was out of frame from the capsid ORF.
The 5’ ends of the transcripts began within this AUG triplet.
This ensures that the AUG initiation codon of the capsid
ORF will be the first encountered by the scanning 40S
ribosomal subunit as proposed by Kozak (20, 21), which
would allow for efficient translation of the capsid protein
ORF. The AUG initiation codon of the large ORF was not a
good fit with the Kozak consensus sequence, with a U at the
+4 position. However, there was an A at —3, which is

GENOMIC RNA

NON-STRUCTURAL PROTEINS

CAPSID PROTEIN

2c ? e
N : —— ] POLY(A)
y; 1
y |
. CAPSID PROTEIN 2 1 porvia

SUBGENOMIC RNA

FIG. 7. Proposed genome structure of FCV. 2C, 3C, and 3D represent coding positions of 2C-, 3C cysteine protease-, and 3D
RNA-dependent RNA polymerase-like polypeptides (19). Question marks represent areas of apparent coding sequences for which the
function of the polypeptide product is unknown. The periods at the 5’ end of the genomic RNA indicate the region of the genome for which

there are currently no sequence data available.
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probably more important than the nucleotide at +4 in
determining initiator strength (22). Efficient translation has
been observed in other viral systems with 9- and 10-base
leader regions (8, 27). Consequently, the length of the 5’
leaders probably provide ample space for ribosome binding
and scanning to begin to allow efficient translation of the
capsid reading frame.

Western blot analysis of FCV-infected cells using a feline
FCV antiserum demonstrated that the capsid protein (65,000
Da in this strain of FCV) is detectable at 3 h postinfection.
This is approximately 1 h after the 2.4-kb subgenomic RNA
is first detectable (24). The largest apparent 1-h increase in
capsid protein accumulation occurs between 3 and 4 h
postinfection, the time at which the 2.4-kb mRNA is actively
being synthesized and reaches steady-state levels (24). The
capsid protein continues to accumulate to at least 8 h
postinfection, the last time period analyzed in this study.

Northern blot studies of FCV-infected cells were done by
using strand-specific probes to examine the appearance and
accumulation of both the viral plus and minus strands and
also to determine relative proportion of each. The genomic
plus strand is detectable at 2 h postinfection whereas the
minus strand appears at 3 h postinfection, after which they
accumulate at similar rates. There was a decrease in the
amount of genomic plus-strand RNA at 7 h postinfection,
presumably as a result of the release of progeny virus from
the cells. The genomic minus-strand RNA showed no such
decrease. The minus strand appears to be present at a higher
copy number at 3 h postinfection. This may represent a point
at which the genomic minus strand is preferentially synthe-
sized. A great difference was observed between the signals
obtained from the 2.4-kb RN A probed with the minus strand
and that probed with the plus strand. The 2.4-kb subgenomic
RNA minus strand was present as only a very minor species
compared with the plus strand, indicating that the minus
strand probably plays no major role in the replication of
FCV. It may be present as an artifact, created when the
2.4-kb subgenomic plus strand hybridizes to the genomic
minus strand, with the ends being blunted by nuclease
activity or perhaps by shearing forces during RNA isolation.

Sequence analysis of the FCV cDNA clones revealed the
presence of a second, smaller ORF located 3’ to the first
ORF. This second ORF overlapped the first, with the
termination codon of the large ORF making up part of the
sequence of the initiation codon of the second ORF. Because
the caliciviruses produce a subgenomic mRNA, it is possible
that this ORF is contained within a small, undetected sub-
genomic mRNA. Northern blot analysis using the 3’ 300
bases of the FCV genome as a probe failed to detect any
small subgenomic RNA which might encode this small ORF.
If this OREF is translated, it is possible that translation occurs
through a frameshift mechanism that is similar to that
described in the translation of retroviral polypeptides from
overlapping ORFs. The nucleotide sequence of the region
containing the ORF overlap in FCV shows some sequence
similarity to the —1 frameshift sequences of Rous sarcoma
virus (RSV) (14) and the pro-pol —1 frameshift sequences of
murine mammary tumor virus (MMTYV) (13, 15), as illus-
trated in Fig. 6A. The FCV sequences contain a region
similar to the “‘slippery’’ sequences of RSV and MMTYV and
also a hairpin loop structure which may function to slow the
translating ribosome at the slippery sequences (Fig. 6B).
There is also the possibility of the formation of a pseudoknot
structure (3) by the hybridization of nucleotides 2308
through 2318 of Fig. 2 to the nucleotides of the loop as
illustrated in Fig. 6B. The formation of these secondary
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structures would represent a means of controlling the
expression of this ORF at the translational level.

The function of the polypeptide encoded in the second
ORF is unknown. The —1 frameshift sequences of the
retroviruses serve to regulate the translation of specific
polypeptides encoded by these viruses which are required at
low copy number. This would indicate that the polypeptide
encoded by this second ORF may be required at lower copy
number than is the capsid protein. Similar ORFs in several
plant viruses (19) have been hypothesized to encode nucleic
acid-binding proteins, based on the presence of conserved
cysteine residues that may function in the formation zinc
fingers. The second ORF of FCV encodes no cysteine
residues but does contain a high proportion of basic and
other charged amino acid residues. This feature indicates
that this polypeptide may also function as a nucleic acid-
binding domain and may be required attached to the capsid
protein at low copy number, perhaps for the assembly of the
virus particle.

Enough data are now available to propose a model for
genomic organization of FCV. This model is illustrated in
Fig. 7. With the evidence presented in this report, it is now
apparent that the capsid protein is encoded within the
3’-terminal 2,400 bases of the FCV genomic RNA. This ORF
is also transcribed into a subgenomic mRNA which probably
represents the major template used to translate the capsid
protein. An earlier report (23) demonstrated that a large ORF
in the 5’ end of the genomic RNA encoded apparent non-
structural polypeptides which are similar to picornavirus
nonstructural proteins. These nonstructural polypeptides
include the 2C, the 3C cysteine protease, and the 3D
RNA-dependent RNA polymerase. The positions of the
sequences encoding these nonstructural proteins are indi-
cated in Fig. 7 as 2C, 3C, and 3D. The ORF encoding these
nonstructural polypeptides in FCV is separated by two
noncoding bases from the large ORF encoding the capsid
protein (23) (Fig. 2). The question marks in Fig. 7 denote
areas that apparently encode polypeptides, but the identity
and function of these polypeptides remain unknown. The
periods at the 5’ end of the genomic RNA represent se-
quences for which there are no sequence data currently
available. The identity and number of polypeptides encoded
in this region and the nature of the 5’ nontranslated se-
quences of the FCV genomic RNA remain to be determined.
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