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Open reading frame 2 (ORF2) of the feline calicivirus (FCV) genome encodes a capsid precursor that is posttranslationally pro-
cessed to release the mature capsid protein (VP1) and a small protein of 124 amino acids, designated the leader of the capsid
(LC). To investigate the role of the LC protein in the virus life cycle, mutations and deletions were introduced into the LC coding
region of an infectious FCV cDNA clone. Three cysteine residues that are conserved among all vesivirus LC sequences were
found to be critical for the recovery of FCV with a characteristic cytopathic effect in feline kidney cells. A cell-rounding pheno-
type associated with the transient expression of wild-type and mutagenized forms of the LC correlated with the cytopathic and
growth properties of the corresponding engineered viruses. The host cellular protein annexin A2 was identified as a binding
partner of the LC protein, consistent with a role for the LC in mediating host cell interactions that alter the integrity of the cell
and enable virus spread.

Members of the family Caliciviridae are small nonenveloped
viruses that contain a positive-sense single-stranded RNA

genome. Feline calicivirus (FCV) is in the genus Vesivirus of the
family and has been an important model for studying calicivirus
replication because it grows efficiently in cell culture and has a
reverse genetics system (1–5). The RNA genomes of caliciviruses
range in size from �6.7 to 8.5 kb and typically encode 8 or 9 viral
proteins from two (Sapovirus, Nebovirus, and Lagovirus) or three
(Norovirus and Vesivirus) open reading frames (ORFs). A unique
ORF4 in the murine norovirus genome that encodes a protein
reported to downregulate the innate immune response has been
identified (6). The 5= end of the viral RNA genome is covalently
linked to a VPg protein; the 3= end of the genome is polyadenyl-
ated (2, 7–9). The infectious virion is composed of 180 copies of
the major capsid protein VP1 and 1 to 10 copies of the minor
structural protein VP2, which together form a capsid around the
VPg-linked genome (10–15). The genomic RNA serves as a tem-
plate for translation of the ORF1 polyprotein that is proteolyti-
cally cleaved by the viral protease to release the nonstructural pro-
teins (16, 17), and an �2.2- to 2.6-kb subgenomic bicistronic
RNA template is used for the translation of VP1 and VP2 (7, 18).
A genetic feature unique to members of the genus Vesivirus is
expression of the major capsid protein from ORF2 as a precursor
protein (5, 18–20). This precursor is processed in trans by the viral
protease to release two proteins: the leader of the capsid (LC) and
the mature capsid protein (VP1) (5, 19, 21, 22). The function of
the LC protein is not clear, but cleavage of the precursor to release
LC and VP1 is essential for the recovery of infectious virions (5).
Transient expression of the LC was reported to enhance replica-
tion of a human norovirus RNA replicon (23), and an increase in
the level of mRNA for the low-density lipoprotein receptor
(LDLR) was observed (24). We showed previously that the FCV
LC can tolerate the insertion of foreign proteins such as green
fluorescent protein and DsRed between amino acids 88 and 89,
and recombinant viruses expressing fluorescent markers were
used to visualize a calicivirus infection in real time (1).

In this study, we used sequence comparisons, transient-expres-
sion experiments, and reverse genetics to investigate the role of the

LC protein in the vesivirus life cycle. The FCV LC was shown to be
critical in the production of virus with characteristic cytopathic
effect (CPE) and in the spread in feline kidney cell monolayers,
and key amino acid residues involved in this activity were mapped.
Evidence was found for an interaction of the LC protein with
cellular annexin A2, a protein reported to be involved in the life
cycle of other positive-sense single-stranded RNA viruses.

MATERIALS AND METHODS
Viruses and cells. Feline calicivirus strain vR6, derived from the infectious
cDNA clone of the Urbana strain designated pR6, was described previ-
ously (4) and is designated the wild-type (wt) virus in this study. Crandell-
Rees feline kidney (CRFK) cells were grown in maintenance medium that
contained Dulbecco’s modified Eagle’s medium (Lonza Inc., Allendale,
NJ) with added penicillin (250 U/ml; Mediatec Inc., Manassas, VA), strep-
tomycin (250 �g/ml; Mediatec Inc.), and L-glutamine (2 mM; Mediatec
Inc.) and was supplemented with 10% heat-inactivated fetal bovine serum
(Invitrogen Inc., Carlsbad, CA).

Bioinformatic analysis of LC sequences. Eighty-eight LC sequences
of viruses in the genus Vesivirus from the GenBank database were used for
alignment in the program ClustalX 2.1 (25). To address the diversity in
nucleotide sequences and gene lengths, the program GeneDoc was used to
optimize the alignment (26).

A Bayesian phylogenetic tree was inferred using the software program
MrBayes 3.2 (27). The parameters employed included the general time-
reversible (GTR) model with a gamma distribution of substitution rates.
Convergence was achieved after 12 million generations. The first 25% of
the trees were excluded as burn-in, and tree topologies were calculated
from the consensus of the remaining tree samples. The tree was displayed
using FigTree software (28).

The amino acid identities between the sequences included in the anal-
ysis were calculated using the pairwise distances algorithm of the MEGA5
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program. The amino acid pairwise distances (p distances) were plotted on
the x axis, and the frequencies were represented on the y axis. The cutoff
value for differentiating between lineages was defined as the percentage
value that best discriminated between the intralineage and interlineage
distances.

Construction of recombinant full-length FCV cDNA clones. Stan-
dard recombinant DNA methods were employed to generate recombi-
nant FCV full-length (FL) clones, as described previously (1, 4). To intro-
duce a unique KpnI cleavage site into the 5= end of the FCV VP1 sequence
(downstream of the LC and VP1 border), the FL clone pR6 (4) was mod-
ified with a QuikChange XL site-directed mutagenesis kit (Stratagene, La
Jolla, CA), using the primer pair 5=-CTGCCCCAGAGCAAGGtACcGTG
GTTGGAGGAG (designated Urb-VP1-KpnI_F) and 5=-CTCCTCCAAC
CACgGTaCCTTGCTCTGGGGCAG (designated Urb-VP1-KpnI_R).
The sequences of the primers corresponded to nucleotides (nt) 5705 to
5735 of the FCV genome and included two synonymous nucleotide
changes (nucleotide changes are indicated by lowercase letters) to intro-
duce a unique KpnI site (underlined). A clone with the engineered KpnI
site was identified by sequence analysis and the resulting plasmid, pR6*,
was used in the construction of FL FCV clones with truncated or chimeric
LC protein coding sequences.

To construct FL clones with consecutive in-frame deletions extending
from the 5= and 3= ends of the LC region, sense and antisense primers were
used to amplify DNA fragments from the plasmid pR6*. Purified DNA
fragments were digested with BstBI and KpnI and ligated into the BstBI-
KpnI-linearized pR6* vector, replacing the LC coding sequence with trun-
cated LC sequences. Clones with the desired truncations were screened by
PCR and confirmed by sequence analysis, and the resulting plasmids were
designated pR6*-LC-�A–B, where A–B corresponds to the span of LC
amino acids deleted in a particular construct.

To generate a recombinant FL clone that expressed the LC as a fusion
protein with unique tags, PCR amplification was performed with a pCI-
NV-VP1 clone (29) as the template to produce a DNA fragment encoding
a FLAG tag and a 22-amino-acid sequence of the Norwalk virus VP1 that
is recognized by the monoclonal antibody NV10 (our unpublished data).
The fragment was bordered by an amino acid linker sequence (GGS) and
the PmeI and AflII restriction enzyme sites. The DNA fragment was pu-
rified, digested with PmeI and AflII, and ligated into the PmeI-AflII-lin-
earized pR6-LC vector. Clones with the desired mutation were screened
by sequence analysis, and the resulting plasmid was designated pR6-LC-
NV10 (see Fig. 8A).

To generate recombinant clones that contained an entire or partial
heterologous LC, San Miguel sea lion virus type 5 (SMSV-5) Hom-1 or
mink calicivirus 9 LC sequences were PCR amplified and cloned into the
pR6* vector using the unique BstBI and KpnI restriction sites (see Fig.
9A). A cDNA consensus clone of SMSV-5 Hom-1 was used as the starting
template for the SMSV LC clone (Sosnovtsev et al., unpublished data),
and cDNA generated from mink calicivirus 9 RNA (30) was the starting
template for the mink calicivirus LC clone.

To introduce alanine substitutions into the LC sequence of the FL
clone, a QuikChange XL site-directed mutagenesis kit (Stratagene) was
used with sense and antisense primers and pR6 as a template. The clones
were screened by sequence analysis, and those that were positive for the
substitution were selected as templates for PCR amplification of a region
that encompassed the unique BstBI and SpeI restrictions sites (upstream
and downstream, respectively, of the LC coding sequence). The purified
DNA fragments were then digested with BstBI and SpeI and ligated into
the BstBI-SpeI-linearized pR6 vector. The reconstructed clones were
screened by sequence analysis, and plasmids containing the desired sub-
stitutions were selected and designated pR6-LC-X#, where X corresponds
to the amino acid residue present in the wt Urbana strain, # indicates the
amino acid position within the LC coding sequence, and Z corresponds to
the acquired or engineered amino acid substitution at that position. FL
Urbana clones with the compensatory mutations were generated using the
same strategy of primer mutagenesis with the QuikChange mutagenesis

kit (Stratagene). The sequences of the oligonucleotides used in this study
are available upon request.

Recovery of virus. Virus was recovered from plasmid DNA with the
modified vaccinia virus Ankara (MVA)-T7 expression system, as de-
scribed previously (16). Briefly, confluent CRFK cell monolayers in 6-well
plates (approximately 2 � 106 cells) were infected with MVA-T7 (a gift
from Bernard Moss) at a multiplicity of infection (MOI) of 10 and incu-
bated for 1 h at 37°C. The supernatant was removed, and 2 ml of mainte-
nance medium was added to the cells. Transfections were carried out
using PolyJet DNA in vitro transfection reagent (SignaGen, Rockville,
MD) and prepared according to instructions from the manufacturer. Fol-
lowing incubation for 24 to 48 h at 37°C, medium from the transfected cell
monolayer was transferred to a fresh cell monolayer, and cells were mon-
itored for the development of viral CPE, which appeared as cell rounding
and detachment of cells from the surface.

To confirm that recovered virus originated from the engineered con-
structs, reverse transcriptase (RT)-PCR products derived from viral RNA
were analyzed by direct sequencing. RNA was purified using an RNeasy
minikit (Qiagen, Valencia, CA). To control for the presence of DNA from
the original plasmid used to synthesize the RNA for transfection, PCR was
performed on the isolated viral RNA in the absence of RT. For sequencing
analyses of the full-length genomes of passage 9 (P9) of vR6-LC-C40A and
P3 of pR6-LC-C40A,S29P,Y41C, the 5= ends were amplified with an In-
vitrogen 5= RACE system for rapid amplification of cDNA ends and then
sequenced.

Plaque assays. CRFK cells were seeded onto 6-well plates, and upon
confluence, the monolayers were infected with serial dilutions of virus
prepared in Dulbecco’s modified Eagle’s medium. Plates were incubated
for 60 min (at 37°C in 5% CO2) with gentle agitation every 15 min. The
inocula were removed, and monolayers were overlaid with 2 ml mainte-
nance medium containing 1% agarose (Invitrogen). The plates were then
incubated for approximately 48 h at 37°C in a humidified 5% CO2 incu-
bator. Cells were fixed with 10% formaldehyde, and the agarose overlay
was removed. The fixed cells were stained with 1% (wt/vol) crystal violet
solution and then washed.

Plaque size was calculated using the software program GraphClick
(Arizona Software). Statistical analysis of the differences in plaque sizes
was performed using Prism software from GraphPad (La Jolla, CA).

pCI plasmid construction. To construct eukaryotic expression
clones for transient-expression experiments, the LC sequence was
cloned into the pCI expression vector (Promega, Madison, WI). The
LC region was PCR amplified using pR6 as a template, with primers
that introduced a SalI restriction site at the 5= end and a stop codon
followed by a NotI restriction site at the 3= end. DNA fragments were
purified, digested with SalI and NotI, and ligated into a SalI-NotI-
linearized pCI vector. The clones were screened by sequence analysis,
and a plasmid containing the correct sequence was selected and desig-
nated pCI-LC (see Fig. 5).

pCI-LC clones that contained the red fluorescent protein mKate2
fused to the LC were generated in two steps. First, the mKate2 coding
sequence was PCR amplified using the pmKate2-N plasmid as a template
(Evrogen, Moscow, Russia) to include the bordering KpnI and AflII re-
striction sites and a linker sequence (GGSGGS). Then, the PCR-amplified
mKate2 was digested, purified, and ligated into the LC transposon inser-
tion site (TIS) of the pR6-LC FL clone between amino acids (aa) 88 and 89,
previously identified to tolerate insertions without abrogating the recov-
ery of virus (1). Individual colonies were screened by PCR to identify
plasmids that contained the insert. Colonies positive for the insert were
grown overnight and confirmed by sequence analysis. A plasmid contain-
ing the correct sequence was selected and designated pR6-LC-mK. The
LC-mKate fusion protein was amplified using pR6-LC-mK as a template,
with primers that introduced a SalI restriction site at the 5= end and a stop
codon followed by a NotI restriction site at the 3= end. DNA fragments
were purified, digested with SalI and NotI, and ligated into a SalI-NotI-
linearized pCI vector. The clones were screened by sequence analysis, and
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a plasmid containing the correct sequence was selected and designated
pCI-LC-mK.

Transient-expression assays. Transfections were performed with
the PolyJet DNA in vitro transfection reagent (SignaGen) according
to the instructions from the manufacturer. The viability of transfected
cells was assessed with the Invitrogen Live/Dead fixable dead cell
stain kit.

Detection of activated caspases in cells expressing LC. Activated
caspases were detected as described previously (31). Briefly, CRFK cells
transfected with pCI-mKate or pCI-LC-mKate were incubated with a 10
�M fluorescein isothiocyanate-Val-Ala-Asp-fluoromethylketone (FITC-
VAD-FMK) in situ marker (Promega) for 20 min at 37°C. The cells were
then washed with phosphate-buffered saline and directly analyzed by flu-
orescence microscopy.

Microscopy analysis. Fluorescence and immunofluorescence images
were visualized using a Leica DMI4000 B microscope (Leica Microsys-
tems, Buffalo Grove, IL), and images were captured with a QImaging
Retiga-2000R camera (Surrey, BC, Canada). Images were processed using
iVision 4.0.14 software (BioVision, Exton, PA). Confocal microscopy im-
ages were obtained with a Leica TCS-SP5 confocal microscope (Leica
Microsystems) equipped with a white laser and using a 63� 1.4-numeri-
cal-aperture oil immersion objective.

Immunoprecipitation assays. Confluent CRFK cells (�1 � 107) were
infected with vR6-LC-NV10 at an MOI of 5. Four hours postinfection
(hpi), infected and mock-infected cells were disrupted with lysis buffer
(150 mM NaCl, 1% Triton X-100, 50 mM Tris HCl [pH 8.0]). Samples
were mixed and incubated on ice for 30 min. The cell lysates were clarified
by centrifugation at 10,000 � g for 10 min at 4°C. Clarified lysates were
incubated with 1 �g of biotinylated NV10 antibody (our unpublished
data) for 30 min at 4°C. Prewashed magnetic MyOne streptavidin T1
Dynabeads (250 �g) (Invitrogen) were then added to the samples and
incubated at 4°C for 30 min. Recombinant LC was purified using a mag-
netic rack to isolate the magnetic beads, and the bead-protein complexes
were washed four times with lysis buffer. SDS-PAGE sample buffer (In-
vitrogen) was added to release the protein complexes from the beads,
which were then analyzed by SDS-PAGE. Bands of interest were excised
from the gel and submitted for mass spectrometry analysis. Data process-
ing and databank searching were performed with PD 1.2 and Mascot
software (Matrix Science, Beachwood, OH). The data were searched
against protein sequences deposited in the National Center for Biotech-
nology Information nonredundant protein database (NCBInr, April
2011) and a reverse-sequence decoy database. Proteins were identified
using a false-discovery rate cutoff of 1% and a minimum of two peptides
per protein.

Western blot analysis. Cell lysates were heated at 95°C for 5 min in 1�
Tris-glycine SDS sample buffer (Invitrogen) containing 5% �-mercapto-
ethanol. Western blot analysis was performed using 4 to 20% Tris-glycine
SDS-PAGE gels (Lonza). Proteins were transferred to nitrocellulose mem-
branes by dry blotting using an iBlot apparatus (Invitrogen), and mem-
branes were incubated with guinea pig anti-FCV virion serum, rabbit
anti-LC serum (1), or a murine monoclonal antibody specific for annexin
A2 (BD Biosciences, San Jose, CA). The binding of the primary antibodies
was detected with goat anti-guinea pig immunoglobulins (Kirkegaard &
Perry Laboratories, Gaithersburg, MD), anti-rabbit immunoglobulins
(Thermo Scientific, Waltham, MA), or anti-mouse immunoglobulins
(Thermo Scientific) conjugated with horseradish peroxidase (HRP), fol-
lowed by development with SuperSignal chemiluminescent substrate
(Thermo Scientific).

To reprobe, Western blot membranes were treated with Restore Plus
Western blot stripping buffer (Thermo Scientific), followed by incubation
with HRP-conjugated anti-�-actin monoclonal antibody. A SeeBlue
Plus2 prestained standard (Invitrogen) was used to estimate protein mo-
lecular weights.

RESULTS
Phylogenetic analysis of the leader of the capsid. Vesivirus LC
proteins are heterogeneous in size (14 to 18 kDa) and have marked
sequence diversity across the genus (Fig. 1). Linear sequence anal-
ysis using bioinformatic programs did not identify functional do-
mains or motifs in representative sequences from the four differ-
ent clusters. LC sequences do not share significant similarity with
any protein that has been submitted to GenBank. Despite the se-
quence diversity of LC sequences, two conserved regions were
identified and designated conserved region I (CR-I) and CR-II
(Fig. 1B). CR-I is a cysteine-rich region highlighted by three con-
served cysteines, and CR-II is a proline-rich region that contains
three conserved prolines.

A Bayesian phylogenetic analysis of 88 LC nucleotide se-
quences showed four main evolutionary clusters or lineages, des-
ignated here as FCV-like, vesicular exanthema of swine (VESV)-
like, canine calicivirus (CaCV)-like, and mink calicivirus-like
(Fig. 2A). Consistent with a previous report (32), isolate 2117,
which was identified as a contaminating agent in fetal bovine se-
rum, clustered closely with CaCV (Fig. 2A).

A graphic representation comparing the amino acid p-distance
values within all four clusters showed high levels of similarity
within clusters and a marked lack of similarity between clusters
(Fig. 2B). The amino acid p distances ranged from 0.02 to 0.23
within clusters and from 0.62 to 0.82 between clusters (Fig. 2B).

N- and C-terminal deletions of the LC and virus viability. In
order to facilitate the mutagenesis of LC within the FL clone pR6
cDNA backbone, two silent mutations were introduced at posi-
tions 5721 and 5724 of the virus genome (GGA5721¡GGT5721 and
ACA5724¡ACC5724) to generate a unique KpnI restriction site at
the beginning of the VP1 coding sequence. The newly generated
vector was designated pR6* (Fig. 3A) and contained BstBI and
KpnI restriction sites bordering the LC coding region that allowed
the replacement of wt LC with genetically modified LC. The pres-
ence of the new restriction enzyme sites did not affect the recovery
of virus from pR6*, and the silent mutations remained stable
when examined by sequence analysis of the recovered virus at
passage 3 (P3).

To determine whether all or part of the LC is essential for the
recovery of infectious virus, a series of 14 FL clones that contained
sequential 10-aa deletions in the LC protein, beginning from ei-
ther the N or C terminus, was generated (Fig. 3B). Cleavage of the
capsid precursor is essential for the recovery of infectious virus
(5), and the highly conserved C-terminal residues (FRLE) were
present to maintain the cleavage site (E/A). The MVA-T7-based
recovery system for FCV (33) was used to test the mutant FL
clones for the recovery of infectious virus. Following FL plasmid
transfection/MVA-T7 infection, cell culture medium was trans-
ferred to a fresh monolayer of CRFK cells (P1) at 24 to 48 h post-
transfection. The cells were monitored for CPE for up to three
passages. Table 1 summarizes whether overt CPE can be observed
at P3 for each construct. In addition, RNA was extracted from the
cell culture medium and RT-PCR was performed using FCV-spe-
cific primers as a more-sensitive detection method to detect low
levels of viral replication. No clear CPE was observed at P3 for any
of the deletion constructs, although two C-terminal deletion con-
structs (vR6*-LC-�111–120 and vR6*-LC-�91–120) were posi-
tive by RT-PCR. Sequence analysis of the amplicon generated
from the RNA of vR6*-LC-�111–120 confirmed that the replicat-
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ing virus lacked aa 111 to 120. RNA extracted from vR6*-LC-�91–
120 yielded a weak RT-PCR amplicon that was not sufficient for
sequence analysis.

The virus recovered from the vR6*-LC-�111–120 construct
was investigated further. While complete CPE was observed at P1
and P2 during the initial recovery experiment, no CPE was de-
tected by P3. However, evidence for continuing replication was
supported by positive immunofluorescence assay results at P3 and
P4 (Fig. 4A) and the detection of viral RNA by RT-PCR, as noted
above. Figure 4A depicts CRFK monolayers at 48 hpi for each
corresponding passage, highlighting the clearly visible CPE ob-
served at P1 and P2, in contrast to the intact monolayers observed
at P3 and P4. The plaque phenotype of the mutant virus recovered
from vR6*-LC-�111–120 at P1 was compared to that of the wild-
type Urbana FCV strain (Fig. 4B). The plaques generated from
vR6*-LC-�111–120 were approximately five times smaller than
those produced by wild-type virus (P � 0.0001) (Fig. 4C).

One possible explanation for the growth attenuation of vR6*-
LC-�111–120 in cell culture was reduced efficiency in cleavage of
the capsid precursor, which has been reported to severely affect
virus growth and limit viral replication to one virus life cycle (5). A
Western blot analysis using cell lysates from P2 of vR6*-LC-�111–
120 was performed to determine whether uncleaved capsid pre-
cursor protein can be detected. Using hyperimmune sera specific
to the Urbana virion, only mature cleaved capsid protein (60 kDa)

was detected, indicating that the C-terminal deletions did not af-
fect cleavage of the capsid precursor (Fig. 4D).

Transient expression of LC and LC-mKate in CRFK cells. The
deletional mutagenesis analysis suggested that expression of the
entire LC protein sequence was required to recover virus with
characteristic CPE. The complete LC coding sequence of the
Urbana strain was cloned into a pCI eukaryotic expression vector
to investigate the effect of LC expression alone on cells (Fig. 5A).
In order to monitor LC expression in live cells, a recombinant LC
protein was generated by cloning the red fluorescent protein
mKate into the TIS (between aa 88 and 89 of the coding sequence
of the LC), which was designated pCI-LC-mKate. We showed pre-
viously that the LC can tolerate both small (hemagglutinin [HA]
or FLAG) and large (green or red fluorescent protein) insertions
in this TIS without affecting the recovery of infectious virus (1). It
should be noted that the insertion of foreign sequences into the
TIS preserved expression of the entire LC sequence, albeit with the
N terminus (aa 1 to 88) and C terminus (aa 89 to 124) separated by
an in-frame insertion.

Expression of wt LC and LC-mKate in CRFK cells resulted in
the appearance of rounded cells similar to those observed during
viral infection (Fig. 5B). To test whether the cell-rounding pheno-
type was associated with cell death, a commercially available re-
agent that reacts with free amines in the cytoplasm of dead cells
and emits a green signal when exposed to UV light was added. The

FIG 1 Vesivirus LC sequences. (A) The organization of ORF2 from representative vesiviruses: FCV (Urbana), mink calicivirus 9 (MCV), VESV (Hom-1), and
CaCV. Sequences of the dipeptide cleavage sites and their positions between the LC and VP1 are indicated. The calculated molecular mass of each protein is
shown. (B) Amino acid alignment of the LC sequences of the four representative vesiviruses. Asterisks indicate residues conserved across all of the LC proteins
that were analyzed. CR-I and CR-II refer to conserved regions.
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FIG 2 Phylogenetic analysis of LC sequences. (A) Bayesian phylogenetic analysis of 88 LC nucleotide sequences showing the presence of four major clusters. (B)
Amino acid p distances within and between the four clusters.
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majority of cells positive for LC-mKate expression were positive
also for the reactive dye (Fig. 5C), indicating that overexpression
of the LC was toxic to CRFK cells and caused cell death. To deter-
mine if the cell death caused by transient LC expression was asso-
ciated with apoptosis, which is induced in FCV-infected cells (31,
34, 35), a cell-permeable fluorogenic peptide marker (FITC-
VAD-FMK) was employed to detect activated caspases in LC-
mKate-expressing cells. The majority of cells positive for LC-
mKate were positive also for activated caspases (Fig. 5D),
suggesting that apoptosis was induced in cells expressing LC.

Scanning alanine mutagenesis of conserved residues in the
LC. The sequence analysis identified two conserved regions (CRs)
in the analyzed LC sequences (Fig. 1B), which we designated CR-I
and CR-II. To evaluate the significance of these conserved regions
within the FCV LC N-terminal region, scanning alanine mutagen-
esis was performed. Eight new FL constructs, in which a single
conserved cysteine or proline residue was replaced by alanine (Fig.
6A), were generated and transfected into MVA-T7-infected cells.
Recovery of virus was monitored by CPE and RT-PCR for three
passages, as described above.

FIG 3 (A) Recombinant FL FCV clones with truncated LC sequences. The FCV genome is organized into three open reading frames (ORFs 1 to 3), with the ORF1
encoding nonstructural proteins 1 (NS1) through NS6/7. ORF2 encodes a capsid protein precursor that is cleaved by the viral proteinase (NS6/7) to yield LC and
VP1. ORF3 encodes minor structural protein VP2. Two silent nucleotide changes (lowercase letters) were engineered into the FL FCV plasmid pR6 near the
beginning of the VP1 coding sequence in ORF2 to create unique restriction enzyme site KpnI (boxed) in plasmid pR6* in order to facilitate cloning. Nucleotide
triplets corresponding to VP1 codons are underlined, and the encoded amino acids are indicated below. (B) Plasmid constructions containing engineered
deletions of the LC in the context of the FL genome. Amino acid numbers corresponding to the LC are indicated with arrows, regions conserved across all
vesiviruses are boxed (CR-I and CR-II), and the transposon insertion site (TIS) is indicated with a line. The names of the FL clones refer to the LC amino acids
that have been deleted.
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Replacement of any of the three prolines (at positions 81, 84,
and 85) in CR-II with alanine had no effect on the recovery of virus
(Table 1), and the CPE was similar to that of the wt. The genetic
stability of the recovered viruses was examined at P3 and no re-
versions were detected, indicating that these residues were not
essential for the recovery of infectious virus. Similarly, when D34
or P36 of CR-I was replaced by alanine, virus was readily recovered
and the substitutions were stable through P3. Replacement of all
three proline residues in CR-II with alanine residues did not result
in overt CPE, but low levels of replication were detected (Table 1).

Alanine substitutions introduced at position C33, C39, or C40
of CR-I resulted in failure to recover cytopathic viruses by P3,
although all three passages were positive by RT-PCR, indicating
low levels of replication (Table 1). Cell culture media from each of
the three viruses were passaged in an attempt to isolate a revertant
virus that would cause characteristic CPE. Viruses containing the
C33A and C39A substitutions were negative by RT-PCR at P6,
indicating that these mutations were deleterious for virus growth.
In contrast, the C40A mutant remained RT-PCR positive through
P9, at which point an overt CPE phenotype was restored (Table 2).
Sequence analysis of viral RNA from the C40A mutant at P9 re-
vealed that the alanine substitution remained stable but that two
new nonsynonymous mutations had been acquired in the LC cod-
ing sequence. A point mutation at position 5398 (codon 29 of the
LC) resulted in the replacement of a UCC (Ser) codon by a CCC
(Pro) codon, and a point mutation at position 5435 (codon 41 of
the LC) resulted in the replacement of a UAU (Tyr) codon by a
UGU (Cys) codon (Fig. 6B). Sequence analysis of the full-length
genome revealed that there were two synonymous mutations and
one nonsynonymous mutation in ORF1 (Table 3).

Sequence analysis was performed with several passages of the

revertant virus to examine if the substitutions in the LC arose
simultaneously or separately. A mixed population was observed at
codon 41 of the LC as early as P3, and the point mutation resulting
in the Y41C substitution was clearly dominant by P6 (Fig. 6B). The
substitution at codon 29 appeared following the acquisition of the
Y41C substitution around P6 and was fixed in the population by
P9 (Fig. 6B), when the characteristic CPE phenotype was restored.

In order to examine whether one or both mutations within the
LC coding sequence were sufficient to suppress the C40A muta-
tion, three new FL clones that introduced individual substitutions
(pR6-LC-C40A,S29P or pR6-LC-C40A,Y41C) or both (pR6-LC-
C40A,S29P,Y41C) in the context of the C40A background were
generated (Fig. 6A). Rapidly spreading virus was not recovered
from either of the individual constructs at P1 as judged by the lack
of visible CPE, although the presence of infected cells was more
readily detected when either the S29P or Y41C substitution was
present by immunofluorescence analysis (Fig. 6C). However,
when the two substitutions were present together, virus with char-
acteristic CPE was recovered at P1 (Fig. 6C). Full-length genomic
sequence analysis of P3 of vR6-LC-C40A,S29P,Y41C revealed that
no additional mutations were present in the genome (including
those listed in Table 3), indicating that these two substitutions in
the LC were sufficient to suppress the C40A mutation.

Effects of alanine substitutions on the cell-rounding pheno-
type. The importance of the conserved cysteines of CR-I and pro-
lines of CR-II of the LC in the cell-rounding phenotype that was
observed following transient expression of LC and LC-mKate was
examined. Images of the transient expression of LC-mKate in
CRFK cells were captured using modified pCI-LC-mKate clones
in which the conserved residues were replaced by alanine. As
shown above (Fig. 5B), a cell-rounding phenotype was consis-
tently observed when the wt sequence of the LC was expressed. In
contrast, expression of the mutagenized LC proteins resulted in a
heterogeneous phenotype in which cells positive for LC expres-
sion did not cause cell rounding (Fig. 7). These data established a
correlation between the ability of the LC to induce a cell-rounding
phenotype and virus spread, as viruses bearing these substitutions
did not grow well (Table 1). We next investigated whether the
compensatory mutations that allowed viruses with the C40A mu-
tation to become cytopathic were associated with cell rounding. A
pCI-LC-mKate clone that contained the C40A substitution in ad-
dition to the two compensatory mutations (S29P and Y41C) was
generated. Expression of this modified LC restored a homoge-
neous cell-rounding phenotype, further supporting a link be-
tween the cell-rounding phenotype induced by the LC and the
ability of FCV to spread efficiently.

Identification of host cellular partners of the LC. To identify
cellular proteins that interact with the LC during FCV infection, a
FL clone that fused two unique epitopes (FLAG and NV10, a 22-
amino-acid peptide in Norwalk virus VP1 that is recognized by the
monoclonal antibody NV10 [our unpublished data]) to the LC
coding region was generated (Fig. 8A). Two epitope tags were
included in order to allow for tandem affinity immunoprecipita-
tion if it was required. Infectious virus was readily recovered from
the recombinant FL clone, and the stability of the epitope inser-
tions was confirmed after P3.

Coimmunoprecipitation assays were performed using biotin-
ylated monoclonal antibody NV10 in combination with strepta-
vidin-conjugated beads to purify the recombinant LC. A 36-kDa
protein coprecipitating with the recombinant LC was consistently

TABLE 1 Effects of LC deletions and alanine substitutions of conserved
LC residues on virus recovery

Construct

Passage 3 results

CPE RT-PCR

pR6*-LC-�2–10 � �
pR6*-LC-�2–20 � �
pR6*-LC-�2–30 � �
pR6*-LC-�2–40 � �
pR6*-LC-�2–50 � �
pR6*-LC-�2–60 � �
pR6*-LC-�2–70 � �
pR6*-LC-�111–120 � �
pR6*-LC-�101–120 � �
pR6*-LC-�91–120 � �/�a

pR6*-LC-�81–120 � �
pR6*-LC-�71–120 � �
pR6*-LC-�61–120 � �
pR6*-LC-�51–120 � �
pR6-LC-C33A � �
pR6-LC-D34A � �
pR6-LC-P36A � �
pR6-LC-C39A � �
pR6-LC-C40A � �
pR6-LC-P81A � �
pR6-LC-P84A � �
pR6-LC-P85A � �
pR6-LC-P81A,P84A,P85A � �
a �/�, a faint PCR amplicon was detected by gel electrophoresis.
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observed when the pulled-down protein complex was analyzed by
SDS-PAGE followed by Coomassie blue staining (Fig. 8B). The
protein was submitted for mass spectrometry analysis and identi-
fied as annexin A2 (ANXA2), a host cellular protein associated

with the cytoskeleton and cell motility (36, 37). Western blot anal-
ysis using a monoclonal antibody against ANXA2 confirmed the
specificity of the interaction (Fig. 8B). In an immunofluorescence
assay, ANXA2 was detected on the plasma membrane and also had

FIG 4 Analysis of replication of vR6*-LC-�111–120. (A) Fluorescence microscopy analysis of LC and capsid expression in CRFK cells from a series of passages
of vR6*-LC-�111-120 at the same time point. Bright-field images are shown to demonstrate the differences between the CPE observed at P1 and P2 versus P3 and
P4. CRFK cells were stained 48 hpi with hyperimmune sera raised against either FCV virions or recombinant LC. (B) Representative image of plaque assays
performed simultaneously, comparing wild-type FCV (Urbana) and P1 of vR6*-LC-�111-120. (C) Plaque size of viruses in panel B, measured using the software
program GraphClick. The statistical significance of differences in size was calculated using an unpaired t test (P � 0.0001). (D) Western blot analysis of a cell lysate
from P2 of vR6*-LC-�111-120. A cell lysate of Urbana-infected cells (URB) was included as a positive control, and an uninfected cell lysate (CRFK) was included
as a negative control. MW, molecular weight.
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a punctate-like distribution in the cytoplasm (Fig. 8C), consistent
with previous reports that ANXA2 colocalizes with endosomes
(38). Colocalization of ANXA2 and LC in the cytoplasm was ob-
served in vR6 (wild type)-infected CRFK cells (Fig. 8C).

FCV LC chimeras. Phylogenetic analysis of the LC protein
showed marked diversity among vesiviruses in different genetic
clusters. We explored whether the LC proteins representing the
VESV-like or mink calicivirus-like clusters can replace the LC pro-
tein of FCV. Two chimeric recombinant FL FCV clones were con-
structed in which the entire LC sequence of the FCV LC was re-
placed with the LC sequence from mink calicivirus 9 (19% identity
when compared to the Urbana LC protein) or SMSV-5 Hom-1
(VESV-like) (22% identity when compared to the Urbana LC pro-

tein) (Fig. 9A). Recovery experiments did not yield rapidly spread-
ing virus as judged by the lack of visible CPE, but evidence for a
low level of viral replication was found when cells from P1 were
analyzed by an immunofluorescence assay for VP1 expression. To
test whether partial replacement of the FCV LC was better toler-
ated, two more constructs were generated in which only an inter-
nal portion of the FCV LC (aa 33 to 111 for pR6-Mink-LC-2 and
aa 18 to 118 for pR6-SMSV-LC-2) was replaced by one corre-
sponding to mink calicivirus or SMSV while the FCV ends were
preserved (Fig. 9A). The SMSV LC (corresponding to the VESV-
like cluster) was better tolerated than the mink calicivirus LC, in
that larger foci of positive cells were observed at P1 (Fig. 9B), and
there was no visible difference between the full-length substitu-

FIG 5 Analysis of transient expression of the LC in CRFK cells. (A) Schematic representations of the wild-type LC protein and the recombinant LC-mKate fusion
protein. The transposon insertion site (TIS) is indicated for the wild-type LC, and the location of the insertion of the red fluorescent protein mKate is shown. (B)
Immunofluorescence and fluorescence analyses of CRFK cells transfected with the indicated plasmids. The LC was detected using hyperimmune sera, and
expression of mKate and LC-mKate was visualized in live cells. (C) Representative images of CRFK cells transfected with pCI-LC-mKate and treated with the
Live/Dead reagent (Invitrogen) that stains dead cells green. (D) Fluorescence microscopy of CRFK cells transfected with either pCI-mKate or pCI-LC-mKate and
treated with FITC-VAD-FMK. FCV-infected cells were used as a positive control for apoptosis induction.
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tions and the internal portion substitutions. The virus medium
from each construct was passaged two additional times up to P3.
Viral RNA was detected at P3 for both pR6-SMSV-LC constructs,
providing further evidence that these viruses can replicate at low
levels. Sequence analysis of the pR6-SMSV-LC viruses collected at
P3 revealed that the chimeric LC was stable and that there were no
acquired mutations in the LC region. RT-PCR of the recombinant
viruses expressing mink calicivirus LC protein (entire or partial)
from P3 was negative, indicating that even though there was evi-
dence of some replication at P1 (Fig. 9B), there was no recovery of
chimeric viruses that were passaged successfully.

DISCUSSION

Vesiviruses of the family Caliciviridae encode a capsid precursor in
ORF2 which is cleaved by the viral protease to release the major
capsid protein VP1 and the leader of the capsid (LC). The role of
the LC in the viral replication cycle is not known, although the LC
does enhance the human norovirus replicon when provided in
trans (23). Furthermore, the LC does not share significant homol-
ogy with any known proteins. The goal of this study was to employ
the FCV reverse genetics system, in addition to transient-expres-
sion experiments, to study the functional role of the LC in the FCV
life cycle. We determined that the LC is essential for the produc-
tion of virus with characteristic CPE, and we identified residues
critical for the recovery of infectious particles. Furthermore, a cor-
relation was determined between the ability of the LC to cause cell
rounding in CRFK cells and the generation of rapidly spreading
virus.

Our phylogenetic analysis of LC sequences determined that
there are four different LC clusters: FCV-like, VESV-like, CaCV-
like, and mink calicivirus-like. The LC sequences are strikingly
divergent across clusters but share a high level of amino acid iden-
tity within clusters. A noteworthy observation is that the predicted
secondary structure of all LC sequences appears to be conserved
(data not shown). Attempts to express soluble recombinant LC
protein for structural analysis were unsuccessful, but it is possible
that LC proteins have similar tertiary structures. When different
vesivirus LC sequences replaced FCV LC in the FL clone, low levels
of viral replication were detected, but cytopathic virus was not
recovered. Although vesivirus LC proteins likely share similar

functions, the striking species clustering of the LC might be related
to specific interactions between host and viral proteins.

The deletional mutagenesis analysis provided insight into
functional domains of the LC, and essential domains for viral
replication were mapped to the N-terminal region (aa 1 to 88) of
the LC. Virus was not recovered from any of the N-terminal dele-
tion constructs, although a possible effect on the RNA secondary-
structure signals involved in translation of the subgenomic RNA
cannot be ruled out. The 5= end of the FCV subgenomic RNA has
been mapped to nt 5296/5297 (39), which is located 17/18 nt up-
stream of the LC AUG, and RNA elements important for FCV
subgenomic RNA production can be inferred from work with
other caliciviruses. For example, an RNA element upstream of the
subgenomic RNA has been shown to be essential for murine no-
rovirus replication and proposed to be important for FCV (40).
These data are consistent with a report that mapped the sub-
genomic promoter of another calicivirus, rabbit hemorrhagic dis-
ease virus, to a 50-nt region upstream of the beginning of the
subgenomic RNA (41). It is not known whether downstream sig-
nals that drive translation of the calicivirus subgenomic RNA are
present in the subgenomic region. In the alphaviruses, Frolov and
Schlesinger characterized an RNA secondary structure down-
stream of the initial AUG that is important for translation of the
subgenomic RNA in Sindbis virus (42, 43). Preliminary analysis of
the FCV LC sequences employing the Vienna RNA Web suite
(44), which detects conserved secondary structures based on
aligned sequences using the RNAalifold server, identified a con-
served stem-loop downstream of the LC AUG (nt 5327 to 5338).
Mutagenesis studies of the stem-loop will be needed to determine
its significance, if any, in translation of the subgenomic RNA
in FCV.

The small-plaque phenotype of the vR6*-LC-�111–120 virus
at P1 suggested involvement of the C-terminal region in virus
spread. This virus grew relatively well for the first two passages but
lost the appearance of CPE by P3. It should be noted that the virus
recovery system is plasmid based and involves transfection of the
FL plasmid DNA into CRFK cells infected at a high MOI with a
modified vaccinia virus to provide T7 polymerase in trans. The
recovery system is robust, and the first pool of virus generated
from the transfection was likely sufficient in titer to infect the
entire monolayer at P1. However, as the virus was serially pas-
saged, the inability to spread efficiently in the monolayer might

FIG 6 Alanine replacement of conserved residues in the LC in the FL FCV cDNA clone and analysis of virus capsid and LC expression. (A) FL plasmid
constructions containing engineered alanine replacements of the conserved residues (*) from CR-I and CR-II. Additionally, three constructs that contain the
C40A substitution and either one or both compensatory mutations (S29P and Y41C) are shown. The names of the FL clones refer to the LC amino acids that are
replaced, their position according to the coding sequence of the LC, and the amino acid substitutions. (B) Chromatograms of LC codons (boxed nucleotides) at
positions 29 and 41 corresponding to several different passages of vR6-LC-C40A. (C) Fluorescence microscopy analysis of LC and capsid expression in CRFK cells
at P1 from the various FCV mutants. vR6-infected and mock-infected CRFK cells were included as positive and negative controls, respectively.

TABLE 2 Serial passage of recombinant viruses and analysis of virus
replication

Virus
construct

Passage 5 results Passage 6 results Passage 9 results

CPE RT PCR CPE RT PCR CPE RT PCR

pR6-LC-C33A � �/�a � � NTb NT
pR6-LC-C39A � �/� � � NT NT
pR6-LC-C40A � � � � � �
a �/�, a faint PCR amplicon was detected by gel electrophoresis.
b NT, not tested.

TABLE 3 Sequence analysis of vR6-LC-C40A at P9 compared with that
of vR6 (wild type)

Nucleotide sequence
(wt¡vR6-LC-C40A)

Encoded amino acid
(wt¡vR6-LC-C40A)

aa position in ORF1
(corresponding
viral protein[s])

GAT¡GAC D¡D 674 (NS3)
AGA¡AGG R¡R 789 (NS4)
GAG¡AAG E¡K 1702 (NS6-7)
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have reduced the number of infected cells. No visible CPE was
observed by P3, although infected cells were detected (Fig. 4A) and
viral RNA was purified and sequenced. The mechanism by which
virus spread was inhibited will require further investigation.

The diversity of LC sequences limited the number of con-
served amino acid residues for scanning alanine mutagenesis.
Mutagenesis studies focused on two conserved regions, CR-I
(cysteine rich) and CR-II (proline rich), to fine map residues

FIG 7 Alanine replacement of conserved residues in the LC in the pCI-LC-mKate clone and analysis of cell morphology in transient-expression experiments.
Fluorescence microscopy analysis of CRFK cells transfected with LC-mKate, LC-mKate clones containing alanine replacements of conserved cysteines in the
CR-I, and an LC-mKate-C40A clone that contained the two compensatory mutations required to suppress the defect in virus spread caused by the C40A
substitution was performed. Fluorescent images are shown in the top row, and corresponding merged images (bright field and fluorescent) are shown below.

FIG 8 Coimmunoprecipitation of recombinant LC from infected CRFK cells. (A) A recombinant FL FCV clone in which two unique tags were introduced into
the LC coding sequence at the TIS (between amino acids 88 and 89). The entire heterologous sequence inserted into the LC is underlined, and the two unique tags
are boxed and labeled. FLAG refers to the commercially available FLAG tag, and the white box corresponds to the NV10 epitope of the Norwalk virus VP1 capsid
protein, as described in Materials and Methods. (B) Coomassie blue stain and Western blot analyses of protein samples immunoprecipitated (IP) with the NV10
monoclonal antibody from vR6-LC-NV10- or mock-infected CRFK lysates separated by SDS-PAGE. The Coomassie blue stain revealed a band that was
consistently observed at �36 kDa, as indicated by the white arrow. The Western blot was first probed with an anti-ANXA2 monoclonal antibody, stripped, and
then reprobed with anti-LC hyperimmune sera. (C) Confocal images of CRFK cells infected with vR6 (MOI, 10). Cells were fixed 3.5 hpi. Immunofluorescence
analysis was performed to detect ANXA2 (green) and LC (red). The bottom panel shows a merged image in which a yellow signal indicates colocalization of
ANXA2 and LC. White arrows indicate sites of colocalization of ANXA2 and LC.
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critical for the recovery of infectious virus. It is possible that the
conserved proline motif of CR-II is involved in important pro-
tein-protein interactions with cellular proteins that contain an
SH3 domain (45, 46). However, replacement of individual pro-
lines had no visible effect on the recovery of virus through three
passages, and the substitutions were stable. In contrast, certain
cysteines in CR-I proved important for the recovery of viruses
with characteristic CPE. Furthermore, serial passage of the vi-
rus containing the C40A substitution resulted in compensatory
mutations that restored the cytopathic phenotype, suggesting a
strong selective pressure to restore the function of the LC in
CPE. The additional mutations observed in the adapted C40A
virus will require further study. Proline is present at LC posi-
tion 29 in a few FCV strains from the 1970s and 1980s (JOK63,
F4, V83, and 182cvs5A), as well as a more recent strain from
1998 (UTCVM_NH2) and a virulent systemic FCV strain from
2002 (UTCVM_H2). There is no distinct phenotype that can be
associated with the presence of proline at position 29 in wt
isolates reported in the literature, so at this point it is difficult
to interpret the significance of this substitution. The tyrosine-
to-cysteine substitution at position 41 (Y41C) was not ex-
pected, since the tyrosine at position 41 is conserved in nearly
all reported FCV LC sequences. It will be interesting to explore
whether the loss of this highly conserved tyrosine, which lies
within a predicted Janus kinase 2 tyrosine phosphorylation
motif, YXX[L/I/V] (47), affects viral fitness. However, the pres-
ence of a cysteine in this region might be critical in restoring a
structurally important disulfide bond. The subcellular localiza-
tion of the mutant LC proteins might suggest that there is
misfolding leading to the formation of aggregates (Fig. 7). Fur-
ther investigation will be required to determine if the C40A
mutation affects the native conformation of LC.

One limitation of transient-expression experiments is that the
behavior of a single viral protein out of the context of a viral
infection and overexpressed might not reveal meaningful insight

into its normal function. In our studies, we established a correla-
tion between the cell-rounding phenotype observed in transient-
expression experiments and the recovery of virus with character-
istic CPE. The C40A substitution in the LC (located within the
N-terminal region) resulted in loss of the homogeneous cell-
rounding phenotype in transfected cells and resulted in a growth-
attenuated virus in the context of the FL clone. More importantly,
when the substitutions acquired during viral replication to com-
pensate for the C40A mutation (S29P and Y41C) were introduced
into the pCI-LC-mKate vector, a homogeneous cell-rounding
phenotype in transfected cells was restored.

Our coimmunoprecipitation assays identified annexin A2
(ANXA2) as a cellular protein interacting with the LC during in-
fection. Annexin A2 is a member of the annexin family of proteins,
which are characterized as proteins that bind negatively charged
phospholipids in a Ca2�-dependent manner and contain several
conserved structural domains (annexin repeats) (36). ANXA2 is a
multifunctional protein and is involved in many cellular pro-
cesses, such as fibrinolysis, exocytosis, endocytosis, cell-cell adhe-
sion, and cell motility (36, 37, 48). ANXA2 has been linked to the
life cycle of other positive-sense single-stranded RNA viruses,
such as hepatitis C virus (49–51) and HIV (52–54). In both cases,
a viral protein has been reported to interact with ANXA2 in in-
fected cells, and silencing of ANXA2 affected the infectivity of the
viruses. Experiments are in progress to clone and sequence the
feline ANXA2 from CRFK cells in order to perform small interfer-
ing RNA experiments and determine the significance of ANXA2 in
the life cycle of FCV.

These findings, along with our previous discovery that the LC
can tolerate the insertion of foreign sequences twice its own length
between amino acids 88 and 89 (1), lead us to propose that the LC
contains at least two domains to mediate its function in viral CPE:
an N-terminal domain (within aa 1 to 88) that is associated with
cell rounding and death and a C-terminal domain (within aa 89 to
124) that is involved in virus spread. Although the precise role of

FIG 9 FL LC-chimeric FCV clones. (A) Recombinant FL FCV clones in which the FCV LC was replaced by either the entire or partial SMSV-5 Hom-1 or mink
calicivirus 9 LC sequence. (B) Fluorescence microscopy analysis of capsid expression in CRFK cells at P1 from the various recombinant FCV mutants.
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this unique vesivirus protein and its mechanism of action require
further investigation, additional study might give insight into how
caliciviruses interact with host cells to produce progeny in one of
the fastest replication cycles among viruses.
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