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ABSTRACT Host cell surface receptors are required for attachment, binding, entry,
and infection by nonenveloped viruses. Receptor binding can induce conformational
changes in the viral capsid and/or the receptor that couple binding with down-
stream events in the virus life cycle (intracellular signaling, endocytosis and traffick-
ing, and membrane penetration). Virus-receptor interactions also influence viral
spread and pathogenicity. The interaction between feline calicivirus (FCV) and its re-
ceptor, feline junctional adhesion molecule A (fJAM-A), on host cells is required for
infection and induces irreversible, inactivating conformational changes in the capsid
of some viral strains. Cryoelectron microscopy (cryo-EM) structures of FCV bound to
fJAM-A showed several possible virus-receptor interactions. However, the specific
residues on the viral capsid required for binding are not known. Capsid residues that
may be involved in postbinding events have been implicated by isolation of soluble
receptor-resistant (srr) mutants in which changes in the capsid protein sequence
change the capacity of such srr mutants to be inactivated upon incubation with sol-
uble fJAM-A. To clarify which residues on the surface of FCV are required for its in-
teraction with fJAM-A and to potentially identify residues required for postreceptor
binding events, we used the existing atomic-resolution structures of FCV and the
FCV-fJAM-A cryo-EM structures to select 14 capsid residues for mutation and prepa-
ration of recombinant viral capsids. Using this approach, we identified residues on
the FCV capsid that are required for fJAM-A binding and other residues that are not
required for binding but are required for infection that are likely important for sub-
sequent postbinding events.

IMPORTANCE Feline calicivirus (FCV) is a common cause of mild upper respiratory
disease in cats. Some FCV isolates can cause virulent systemic disease. The genetic
determinants of virulence for FCV are unknown. We previously found that virulent
FCV isolates have faster in vitro growth kinetics than less virulent isolates. Differ-
ences in viral growth in vitro may correlate with differences in virulence. Here, we
investigated the roles of specific FCV capsid residues on the receptor-virus interac-
tion and viral growth in vitro. We show that the capsid protein genes of the virulent
FCV-5 isolate determine its faster in vitro growth kinetics compared to those of the
nonvirulent FCV-Urbana infectious clone. We also identified residues on the capsid
VP1 protein that are important for receptor binding or for steps subsequent to re-
ceptor binding. Our data provide further insight into the specific molecular interac-
tions between fJAM-A and the FCV capsid that regulate binding and infectious en-

try.
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eline calicivirus (FCV) is a member of the Vesivirus genus in the Caliciviridae family.

FCV infection may be asymptomatic or cause mild upper respiratory signs, oral
ulceration, and fever (1, 2). Like other members of the Caliciviridae, FCV is highly
contagious, and morbidity can approach 100% in situations where animals are housed
together. Although FCV infection is not normally life threatening, rare isolates of FCV
can be highly virulent and cause outbreaks leading to high mortality (40 to 60%) (3-5).
Because of its contagiousness, such FCV outbreaks can be devastating when they occur
within veterinary hospitals or animal shelters (4, 6).

The functional cell surface receptor for FCV is feline junctional adhesion molecule A
(fJAM-A), and introduction of fJAM-A into nonpermissive CHO K1 cells confers suscep-
tibility to FCV (7, 8). JAM-A is a type | transmembrane glycoprotein that consists of two
extracellular immunoglobulin (Ig)-like domains, D1 and D2, a transmembrane domain,
and a short cytoplasmic tail (9, 10). It is found at tight junctions of endothelial and
epithelial cells, where it regulates the integrity and permeability of these junctions. It is
also expressed on the surfaces of platelets, leukocytes, and erythrocytes and is involved
in leukocyte diapedesis and platelet aggregation (11-14).

The FCV genome is a single strand of positive-sense RNA (~7.6 kb) that contains
three open reading frames (ORFs). The 5'-most ORF, ORF1, encodes a polyprotein that
contains the viral protease, the RNA-dependent RNA polymerase, and other nonstruc-
tural proteins required for replication and transcription. Two additional ORFs (2 and 3)
are located in a subgenomic viral mRNA. These encode the viral structural proteins VP1
and VP2, respectively (15). Ninety dimers of the VP1 protein assemble into a T=3
icosahedral capsid (16). Each VPT monomer has three structural domains: an N-terminal
arm (NTA), a shell (S) domain, and a protruding (P) domain that consists of the P1 and
P2 subdomains. The P2 subdomain contains the residues predicted to interact with
fJAM-A and is the most variable. FCV VLPs (virus-like particles) self-assemble when the
VP1 and VP2 structural proteins are expressed in insect or mammalian cells (17, 18).

Virus-receptor interactions are important determinants of host range, tissue and cell
tropism, and disease pathogenesis. Binding of virus to receptor at the cell surface can
trigger downstream events important for viral infection, including cell signaling, endo-
cytic uptake and trafficking, and membrane penetration. In some cases, binding of the
receptor(s) induces reversible or irreversible conformational changes in the viral capsid
(19-22). We have shown that incubation of some (but not all) FCV isolates with purified
fJAM-A ectodomain at 37°C leads to loss of infectivity, and that these interactions
induce a conformational change in the viral capsid associated with an increase in
hydrophobicity (16). FCV isolates that are inactivated upon incubation with the fJAM-A
ectodomain were derived from animals with virulent systemic (VS) disease (e.g., FCV-5)
or were isolated from kittens with severe pneumonia. In contrast, the F9 vaccine strain,
a laboratory isolate (FCV-Urbana), or field isolates associated with mild or inapparent
disease were resistant to receptor-mediated inactivation (23). In addition, more virulent
FCV isolates have different tropisms in vivo and replicate to higher titers (10- to 100-fold
higher yields at 4 h postinfection [p.i.]) in cell culture compared to those of less virulent
field isolates of FCV (23, 24). While a virulent isolate (FCV-5) can be inactivated by
incubation with the fJAM-A ectodomain, we identified soluble receptor-resistant (srr)
mutants of FCV-5 that are resistant to inactivation and mapped the amino acid changes
in the VP1 capsid protein that conferred resistance to surface and buried residues (16).
Cryo-EM structures of FCV (F9 strain) bound to soluble fJAM-A showed that the D1
domain of fJAM-A bound the P domain capsid and led to substantial changes in the
conformation of the capsid, with a 15° counterclockwise rotation of the P domain of the
AB dimer and tilting of the P domain of the CC dimer away from the 2-fold axis of
symmetry. In these studies, residues on the surface of the P domain dimer that
potentially interacted with fJAM-A were proposed, but the low resolution of the
structures prevented accurate identification of the interacting interfaces (25, 26). Taken
together, these findings suggested a link between virulence, how FCV interacts with
fJAM-A, and postreceptor binding conformational changes. We hypothesized that the
enhanced virulence and pathogenicity of some FCV isolates is associated with an
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FIG 1 Schematic presentation of pF151 shuttle vector and the parental and chimeric cDNA clones used
for preparing recombinant viruses. The restriction sites for cloning are depicted. ORFs 2 and 3 from the
virulent FCV-5 strain are shaded gray.

increase in infection efficiency mediated by changes in the interactions of the capsid
with fJAM-A.

To better understand the molecular interactions between FCV and its receptor,
fJAM-A, and how this interaction regulates the outcome of infection, we prepared
recombinant chimeric viruses that contained the nonstructural ORF1 gene from FCV-
Urbana as a backbone, combined with the genes encoding the structural genes
encoding VP1 and VP2 from the virulent FCV-5 strain. Under both single- and multiple-
cycle growth conditions, the recombinant FCV-5-Urbana chimeric virus (rFCV-5-Ur-
bana) infected cells more efficiently than the recombinant FCV-Urbana (rFCV-Urbana),
showing that the capsid genes of FCV are determinants of virus growth kinetics in
tissue culture. We further performed sequence alignment of 273 VP1 sequences and
identified a set of 14 surface-exposed residues in the P2 domain for mutation. We
generated mutations in the background of the recombinant FCV-5-Urbana chimera
and tested the capacity of rescued recombinant viruses to replicate and bind to fJAM-A.
The residues selected for mutation were either highly conserved or differed between
FCV-5 and FCV-Urbana. Three mutants were viable and had growth kinetics similar to
those of the wild-type (WT) chimera. For the remaining 11 nonviable mutants, we
assessed their capacity to assemble VLPs by expressing their capsid proteins, VP1 and
VP2, in insect cells using a baculovirus expression system. Two nonviable mutants
(P431A and G433A) did not form detectable VLPs. The remaining 9 mutants assembled
VLPs. Of these, 7 (1437A, K479A, V481, TA84A, K493E, D513A, and H515A) bound to
fJAM-A expressed on CHO cells and 2 (N459A and N462A) did not. These data suggest
that certain surface residues were critical for VLP assembly or stability, that two residues
were required for fJAM-A binding, and that seven surface residues are important for a
postbinding step that, when blocked, prevents infectious virus recovery.

RESULTS

Recombinant chimeric FCV-5-Urbana grows to significantly higher levels than
recombinant FCV-Urbana. To test the hypothesis that the capsid proteins of FCV
contain determinants important for efficient virus entry and spread in tissue culture, we
first prepared a recombinant chimeric virus (rFCV-5-Urbana) that contained the FCV-
Urbana nonstructural genes (ORF1) fused to the genes encoding the VP1 and VP2
capsid proteins (ORFs 2 and 3) derived from the virulent FCV-5 strain in the backbone
of the rFCV-Urbana (pQ14-FCV-Urbana) infectious clone (Fig. 1). We then compared the
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FIG 2 Single- and multiple-cycle growth kinetics of recombinant FCV and their inactivation by soluble
GST-fJAM-A. CRFK monolayers were infected with viruses at an MOI of 5 (A) or 0.01 (B), and change in
virus titer was determined by plaque assay. The mean log,, titer (log,, titer at each time point minus
log,, titer at time zero) from three replicates is shown. Error bars represent the standard deviations from
three independent experiments. Statistically significant differences in titer between recombinant FCV-
Urbana and FCV-5-Urbana chimera as determined by two-way ANOVA are indicated by asterisks. For
virus inactivation, 1 X 105 PFU of each virus was incubated with or without soluble GST-fJAM-A (27.5 mM)
at 37°C (C) or 4°C (D) for 30 min. The remaining infectivity of each sample was assayed by plaque titration.
The change in log titer was calculated by subtracting the titer of samples incubated with receptor from
that of samples incubated with GST alone. The mean change in log,, titer = SD from three replicates of
a representative experiment is shown. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

single-cycle and multiple-cycle growth kinetics of rFCV-5-Urbana with those of rFCV-
Urbana and the field isolate FCV-5.

Under single-cycle growth conditions (multiplicity of infection [MOI] of 5), all three
viruses grew rapidly during a single round of virus replication with a lag phase of ~2.5
h, followed by exponential growth that lasted ~4 h (Fig. 2A). Peak titer was reached at
12 h p.i,, corresponding to the end of a single cycle of replication. At 2.5 h p.i,, there was
no difference in titer; however, for the subsequent time points (from 4 h p.i. to 12 h p.i.),
rFCV-5-Urbana had approximately 10-fold higher yield (P < 0.001) than rFCV-Urbana.
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The vyields of the field isolate FCV-5 were between those of rFCV-5-Urbana and
rFCV-Urbana and were approximately 5-fold higher than those of rFCV-Urbana at 4 to
12 h p.i.

Under multiple-cycle growth conditions (MOI of 0.01), the growth kinetics of rFCV-
5-Urbana were faster than those of rFCV-Urbana virus at all tested time points (Fig. 2B).
By 4 h p.i., the yield of rFCV-5-Urbana was equivalent to that for FCV-5 and 10-fold
higher than that for rFCV-Urbana (P < 0.001). Based on these results, we concluded that
the capsid protein genes derived from FCV-5 contained determinants that led to the
faster growth kinetics of FCV-5 than rFCV-Urbana.

Recombinant FCV-5-Urbana differs from rFCV-Urbana and FCV-5 in its inacti-
vation profile by soluble fJAM-A at 37°C and 4°C. We showed previously that in vitro
incubation of purified FCV-5 virions with soluble glutathione S-transferase (GST)-tagged
fJAM-A ectodomain (GST-fJAM-A) at 37°C, but not at 4°C, led to a 3- to 4-log decrease
in infectivity (16). To assess if rFCV-5-Urbana was also inactivated by incubation with
soluble fJAM-A, we incubated 27.5 uM GST-fJAM-A or GST with 10° PFU of rFCV-5-
Urbana, rFCV-Urbana, or FCV-5 at either 4°C or 37°C for 30 min and then compared the
remaining infectivity. As we had found previously, FCV-5 lost 4 logs of infectivity when
incubated with GST-fJAM-A at 37°C but showed minimal change in infectivity when
incubated at 4°C (Fig. 2C and D). Recombinant FCV-Urbana showed minimal change in
infectivity when incubated with GST-fJAM-A at 37°C or 4°C (Fig. 2C and D). Recombi-
nant FCV-5-Urbana virus lost 3 logs of infectivity when incubated with GST-fJAM-A at
37°C and, unexpectedly, 2 logs of infectivity at 4°C. The changes in infectivity at 37°C
suggest that the FCV-5 capsid-fJAM-A interaction causes a conformational change in
the capsid upon receptor engagement. The 2-log loss of infectivity of rFCV-5-Urbana at
4°C differed from results for parental FCV-5, which showed minimal infectivity loss at
4°C. This finding suggests that the genome packaged within the capsid also affects
capsid stability.

Identification of specific surface residues within the FCV capsid that interact
with fJAM-A. Based on our finding that the capsid of FCV plays important roles in
determining viral growth, we further hypothesized that specific interactions between
the capsid and fJAM-A regulate the efficiency of cell infection. To test this hypothesis,
we aligned 273 published VP1 sequences of FCV to identify conserved residues and
mapped the degree of conservation of each residue on the surface of the P2 domain
of FCV-5 (Fig. 3A). Highly conserved residues (colored blue) within VP1 align along the
dimer interface of the P2 domain of the capsid and within a central pocket; less
conserved residues (colored red) lie on the margins of the P2 domain. Residues
predicted to interact with fJAM-A based on the cryo-EM structure of the F9 FCV strain
bound to the ectodomain of fJAM-A are colored yellow (25) (Fig. 3B). We selected 14
residues to mutagenize in rFCV-5-Urbana on the P2 surface that were either predicted
to contact fJAM-A or lay in conserved regions of the capsid (Table 1). Four residues
(N478D, V4811, K493E, and R518D) differ between FCV-5 and FCV-Urbana and were
mutated accordingly (Fig. 3C). The remaining nine residues (P431, G433, 1437, N459,
N462, K479, T484, D513, and H515) were highly conserved or were adjacent to highly
conserved residues and were mutated to alanine. Conserved residue 454 is an alanine,
so we mutated this residue to a serine.

After three independent attempts to rescue mutant rFCV-5-Urbana, we recovered
three recombinant mutant viruses (rFCV-5-Urbana-A454S, rFCV-5-Urbana-N478D, and
rFCV-5-Urbana-R518D). Two of the viable mutants (N478D and R518D) contained
residues that differed between FCV-5 and FCV-Urbana. Two mutants where the FCV-5
residue was mutated to that of FCV-Urbana were not recovered (V481l and K493E).

To investigate if the three viable mutants differed from rFCV-5-Urbana in their in
vitro growth, we examined their single- and multiple-cycle growth kinetics. All three
viable mutants (A454S, N478D, and R518D) had single- and multiple-cycle growth
kinetics similar to those of rFCV-5-Urbana (Fig. 4A and B).

We then assayed the capacity of soluble receptor to inactivate the viable mutant
viruses. Like rFCV-5-Urbana, the mutants rFCV-5-Urbana-A454S and rFCV-5-Urbana-
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FIG 3 Surface residues of the P2 domain of FCV-5 VP1 were selected for site-directed mutagenesis in the recombinant
FCV-5-Urbana clone. (A) Surface view of the P2 dimer of FCV-5 VP1 protein. Residues targeted for mutagenesis in the
recombinant Urbana-FCV-5 clone are labeled with circles. Degree of conservation of surface-exposed residues on the P2
subdomain as predicted by Consurf 3.0. The solid yellow line indicates the dimer interface. (B) fJAM-A contact residues on the
surface of the VP1 dimer predicted from the FCV-F9-fJAM-A cryo-EM structure (25) are highlighted in yellow. (C) An alignment
of the amino acid sequences within the P2 domain of FCV-5 and FCV-Urbana. Residues 475 to 521 are shown. Nonidentical
residues selected for mutagenesis are indicated.

N478D lost about ~3 logs in titer after incubation with soluble GST-fJAM-A. rFCV-5-
Urbana-R518D lost 2 logs of titer at 37°C (Fig. 4C) and had no loss of titer when
incubated with soluble fJAM-A at 4°C. Both rFCV-5-Urbana and rFCV-5-Urbana-A454S
lost 2 logs of titer when incubated at 4°C, whereas rFCV-5-Urbana-N478D lost ~1.5 logs
of infectivity (Fig. 4D). These data suggest that the viable mutants have similar but not
identical inactivation profiles when incubated with soluble fJAM-A.
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TABLE 1 Residues on the surface of the P2 subdomain of VP1 chosen for mutagenesis

fJAM-A binding sites

Residue in FCV-5 Mutation Conserved or variable predicted by cryo-EM?
Residues differing between FCV-5 and FCV-Urbana

N478 Db Conserved No

V481 1o Variable No

K493 Eb Variable Yes

R518 Db Variable No

Conserved residues

P431 A Conserved No
G433 A Conserved Yes
1437 A Conserved Yes
A454 S Conserved Yes
N459 A Conserved No
N462 A Conserved Yes
K479 A Conserved Yes
T484 A Conserved No
D513 A Conserved No
H515 A Conserved Yes

aContact residues of VP1 were identified following fitting experiments of vaccine F9 strain with fJAM-A by cryo-EM (25).
bThese residues correspond to amino acids in FCV-Urbana at that position.

Capacity of nonviable mutant virus capsid proteins to form VLPs. Of the 11
nonviable mutants, two had mutations at residues that differed between FCV-5 and
FCV-Urbana (V4811 and K493E). The remaining 9 mutants had mutations at highly
conserved sites on the surface of the P2 domain of the capsid. To determine if any of
these mutations affected capsid assembly, we expressed the full-length precursor
capsid gene (VP1 and VP2) using a baculovirus expression system and determined their
capacity to assemble VLPs. The mutant capsid proteins were all expressed efficiently,
with some differences in their level of expression relative to each other and WT FCV-5
capsid proteins (Fig. 5A and B). By negative-stain electron microscopy, purified FCV-5
capsids have a characteristic round appearance (~35 nm in diameter) with cup-shaped
depressions (Fig. 5C). VLPs with shape and size similar to those of capsids of WT FCV-5
virions formed when the full-length VP1 and VP2 capsid proteins of FCV-5 were
expressed (Fig. 5C). We were unable to detect VLP formation for 2 (P431A and G433A)
of the 11 nonviable mutants. The remaining 9 mutant capsid proteins assembled VLPs
(Fig. 5C). Based on these findings, we conclude that mutants P431A and G433A were
not recovered as viable viruses because of a failure to assemble capsids or instability of
their capsids.

Binding of mutant VLPs to fJAM-A expressed on CHO cells. To determine if the
mutant VLPs were capable of binding fJAM-A, we assessed binding of the mutant VLPs
to CHO cells transiently expressing fJAM-A. We initially tried to compare binding levels
by flow cytometry, but poor signal to noise prevented discrimination of differences in
binding between the VLPs other than binding or not binding. We therefore used
immunofluorescence microscopy and scored VLPs as binders or nonbinders (Fig. 6). Of
the nine mutant VLPs, two were nonbinders (N459A and N462A). The remaining 7
mutant VLPs bound to fJAM-A (Fig. 6). Binding was specific, as WT and mutant VLPs
were unable to bind CHO cells expressing an empty vector. However, differences in the
level of binding were not assessed. We conclude from these data that changes at
positions 459 and 462 disrupted capsid-fJAM-A interactions and thus likely prevented
recovery of viable virions. For the remaining 7 mutants, which were capable of binding
fJAM-A but from which we were unable to recover viable viruses, we infer that viable
mutant virions were not recovered either because of failure of a postreceptor binding
event or because differences in binding that we were unable to assay led to inefficient
infection.

DISCUSSION
Differences in how viruses interact with their receptors determine tissue tropism
(27), pathogenesis of disease (28, 29), and virus host range (30, 31). Thus, understanding
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FIG 4 Single- and multiple-cycle growth kinetics of viable FCV recombinant chimeric mutant viruses and
inactivation profiles of these viruses by soluble fJAM-A. CRFK monolayers were infected with viruses at
an MOI of 5 (A) or 0.01 (B), and the change in virus titer was determined by plaque assay. The mean
change in log,, titer (log,, titer at each time point minus log,, titer at time 0) from three replicates is
shown. Error bars represent the standard deviations from three independent experiments. Statistically
significant differences in titer between rFCV-Urbana and rFCV-5-Urbana as determined by two-way
ANOVA are indicated by asterisks. For virus inactivation, 1 X 10° PFU of virus was incubated in the
presence or absence of soluble GST-fJAM-A (27.5 mM) at 37°C (C) or 4°C (D) for 30 min. The infectivity
of each sample was assayed by plaque titration. The change in log titer was calculated by subtracting the
titer of samples incubated with receptor from that of samples incubated without receptor. The mean
change in log,, titer = SD from three replicates of a representative experiment is shown. *, P < 0.05; **,
P < 0.01; ***, P < 0.001.

the details of FCV-receptor interactions will provide insight into these processes.
Previously, we have shown that differences in virulence between FCV isolates correlates
with in vitro growth kinetics (23). In this study, our chimeric virus growth kinetics data
showed that the capsid proteins derived from a virulent FCV-5 isolate conferred faster
spreading in tissue culture than the parental nonvirulent infectious FCV-Urbana clone.
Swapping the viral capsid protein also significantly affected the susceptibility of the
recombinant chimeric virus to inactivation upon incubation with soluble GST-fJAM-A at
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FIG 5 Expression of recombinant FCV VP1-VP2 capsid proteins in cell lysates (A), after purification (B), and
after formation of VLPs (C), confirmed by negative-stain electron microscopy. VLPs were expressed using
a baculovirus system. (A) Equal numbers of Sf9 cells were infected with VLP baculovirus stocks at an MOI
of 1, and cell lysates were collected at 3 days p.i. The produced VLPs were purified following ultracen-
trifugation as described in Materials and Methods. (B) Equal volumes of purified VLPs were loaded per
well. VP1 proteins were detected by immunoblotting with anti-capsid antibody 8D1A. Electron micros-

(Continued on next page)
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FIG 6 Capacity of VLP capsids to bind fJAM-A expressed on CHO-S cells. Binding was determined by
immunofluorescent assay (IFA). CHO-S cells transiently expressing fJAM-A were bound with equal amounts
of purified recombinant FCV VLPs at 4°C for 30 min. Unbound capsids were removed by washing, and the
expression of fJAM-A and bound FCV capsids was assessed by immunofluorescence microscopy. Expressed
fJAM-A (green) and bound (red) VLPs are shown in greyscale and merged images.

37°C; rFCV-5-Urbana lost 3 logs of infectious titer, while FCV-Urbana was not affected
by incubation with GST-fJAM-A. Previously we showed that most, but not all, srr
mutants had significantly lower rates of spread in tissue culture that were similar to
those found for the F9 vaccine strain (16). Taken together, these data provide further
support for a link between increased virulence of FCV isolates and faster kinetics of
infection in vitro. Moreover, they suggest that differences in the interaction of FCV
isolates with fJAM-A or downstream events triggered by that binding also correlate
with viral growth kinetics and virulence.

The current available low-resolution (9-A) cryo-EM structure of the FCV-F9 capsid in
complex with fJAM-A indicates that fJAM-A binds FCV at the dimer interface of the P2
subdomains (25). Seven FCV-5 srr mutants also map to the surface of the P2 subdomain,
close to the dimer interface (16). Therefore, we used this structure together with capsid
amino acid residue conservation to guide our choice of 14 mutants. Surprisingly, 2
mutants (V481I and K493E) whose mutations only changed the capsid residue of FCV-5
to that of FCV-Urbana in the rFCV-5-Urbana background were nonviable. These two
nonviable mutants assembled VLPs and bound to fJAM-A. These findings suggest that
postreceptor binding steps are critical to infectivity but also indicate that small differ-
ences, even at residues that differ between strains, can impact viral infectivity.

FIG 5 Legend (Continued)

copy images of baculovirus-expressed FCV-5 VLPs (shown by arrows) were prepared as described in the
text and negatively stained with 1% phosphotungstic acid. Mutant VLPs have morphologies similar to
those of WT FCV-5 VLPs. Scale bar, 100 nm.
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A

T484 D513 H515

K493

1 2 3

FIG 7 Proposed model of receptor-induced conformational change for FCV infection. The red polygon represents the FCV capsid, and
viral genome is represented by the black circular line, with VpG shown as a black dot. fJAM-A molecule is shown as a blue dimer at
the tight junction between cells. (A) After FCV binds to fJAM-A, it undergoes a conformational change(s) that allows delivery of the
genome into the cytoplasm. (B) Possible blocks to infection of the nonviable VP1 capsid mutants: 1, mutant did not assemble VLPs
or the VLPs were unstable (P431A and G433A); 2, mutant formed VLP but did not bind to fJAM-A (N459A and N462A); 3, mutants
assembled VLPs and bound to fJAM-A but were unable to undergo postbinding steps (perhaps conformational changes) required for
subsequent genome delivery (1437A, K479A, V4811, T484A, K493E, D513A, and H515A).

Mutations at conserved sites of the capsid generally would be expected to com-
promise a critical step in the virus infectious life cycle. Thus, it was not surprising that
only 1 of the 10 conserved surface residues that were mutated was viable (A454S). The
remaining nine mutants could be divided into three groups according to their capacity
to assemble VLPs and bind fJAM-A. The first group includes those who could not
assemble VLPs (Fig. 7B, left). For these mutants (P431A and G433A), the failure to
recover recombinant viruses is likely explained by either a failure to assemble VLPs or
instability of the VLPs. These two residues were 100% conserved among the aligned
VP1 sequences. The second group assembled VLPs but did not bind to fJAM-A on CHO
cells (N459A and N462A) (Fig. 7B, middle). Both of these residues lie within the
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predicted fJAM-A binding region and can be concluded to be required for fJAM binding
by rFCV-5-Urbana. However, it is clear from our data that not all of the conserved
residues within the region predicted to contact fJAM-A by Bhella and Goodfellow are
required for binding (25). Members of the third group assemble VLPs and bind to
fJAM-A on CHO cells (1437A, K479A, T484A, D513A, and H515A) (Fig. 7B, right). The
reason these mutants were nonviable could be due to the capsid mutation preventing
a postbinding step required for infection, such as a capsid conformation change
required for delivery of the viral genome into the cytoplasm. Alternatively, because we
were unable to quantify and compare the binding of these mutant VLPs to fJAM-A to
that of WT VLPs, it is possible that small differences in receptor binding reduced the
efficiency of infection below the threshold required to recover viable recombinant
viruses.

In this study, we used the full-length precursor of VP1 and VP2 to generate VLPs
based on the first publication of FCV VLP production (32). VP1 is normally cleaved
during FCV infection and the N-terminal 124 amino acids are removed (33). Although
the WT FCV-5 VLP resembled the virus under the electron microscope, we noticed that
some mutant VLPs were larger and were slightly deformed (such as 1437A and H515A).
This could be because of the accommodation of the extra 124 amino acids, most likely
within the VLP, as the N-terminal arm lies internally. We did not observe any T=1 VLP
structures that have been described by others when mature VP1 sequences (amino
acids 125 to 668) were expressed in insect cells (34). These differences in size and shape
of VLPs may also have affected the interaction of these particles with fJAM-A. It is
possible that different results would be obtained if VLPs were expressed using expres-
sion constructs that omit the leader region of the capsid.

Because nonenveloped viruses lack a lipid envelope, they are unable to fuse with
cellular membranes. After attachment to cell membranes, it has been proposed that
nonenveloped viral capsids undergo conformational changes that expose hydrophobic
regions or release amphipathic peptides that can disrupt or form pores in cellular
membranes (35-37). Our data suggest that a receptor-induced conformational change
is triggered in the FCV capsid following initial binding to fJAM-A. For virulent FCV
isolates exposed to soluble receptor, this conformational change leads to loss of
infectivity and increased capsid hydrophobicity (16). However, for other isolates, the
conformational change may be less extreme or represent an intermediate conforma-
tion. The model we propose for FCV receptor interaction and subsequent infection (Fig.
7) involves at least two steps: an initial binding reaction to the cell surface receptor
followed by a receptor-induced conformational change. It is possible that the substan-
tial loss of infectivity seen following incubation of FCV-5 with fJAM-A represents an
irreversible conformational change, whereas intermediate reversible conformational
changes may be induced by interactions of lower-virulence isolates with soluble
fJAM-A. The enhanced kinetics of growth of virulent FCV isolates may be a consequence
of this irreversible change. In summary, our data suggest that conserved surface
residues on the P2 subdomain of the capsid are important in regulating fJAM-A
interactions and downstream conformational changes that likely influence the kinetics
of infection in vitro and the virulence of different FCV isolates in vivo.

MATERIALS AND METHODS

Cells, plasmids, and viruses. Crandell-Reese feline kidney (CRFK; ATCC CCL-94) cells were grown in
Eagle’s minimal essential medium (EMEM; CellGro) supplemented with 5% fetal bovine serum (FBS;
HyClone), 100 U ml—" penicillin, 100 ng ml~" streptomycin, 0.25 ug ml~" amphotericin B, 1 mM sodium
pyruvate, and nonessential amino acids (Cellgro). Suspension Chinese hamster ovary (CHO-S) cells (Life
Technologies) were grown in CHO-S-SFM Il medium (Gibco) supplemented with 0.5X hypoxanthine
thymidine (HT) and 8 mM L-glutamine (Life Technologies). Insect Spodoptera frugiperda (Sf9) suspension
cells were maintained in Sf-900 SFM medium (Life Technologies) at 28°C.

The virulent FCV-5 isolate was previously characterized (23). Recombinant FCV-Urbana, rFCV-5-
Urbana, and mutant chimeric viruses were generated from a full-length infectious cDNA clone, pQ14, as
previously described (38). Briefly, CRFK cells were infected with a replication-deficient recombinant
vaccinia virus that expresses the T7 RNA polymerase (MVA-T7) at an MOI of 2 for 1 h. One hour after
MVA-T7 infection, CRFK cells were transfected with pQ14 constructs using FuGene 6 (Promega). Cells
were lysed at 48 h posttransfection by freeze-thawing three times, and viral plaques were isolated on
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monolayers of CRFK cells overlaid with 2% Bacto agar in CRFK growth medium. Third-passage viral stocks
were prepared from viruses that were plaque purified twice and amplified in CRFK cells. Recombinant
baculoviruses based on Autographa californica nuclear polyhedrosis virus (AcNPV) were propagated in
Sf9 cells as described previously (17, 18).

Plasmids. A stretch of 46 adenosine nucleotides was synthesized by DNA 2.0 (Life Technologies) and
added to the 3’ end of ORFs 2 and 3, derived from FCV-5, and inserted into the shuttle vector pF151
using standard cloning methods to produce pF151 poly(A). The addition of the poly(A) tail to the shuttle
vector simplified subsequent subcloning. Site-directed mutagenesis of the FCV-5 VP1 sequences was
performed using pF151 poly(A). Sequence from pF151 poly(A) containing FCV-5 ORFs 2 and 3 plus the
poly(A) region was used to replace the FCV-Urbana sequences in pQ14. The restriction sites BstBl and
Notl were used to remove and replace ORFs 2 and 3 to generate the chimeric infectious plasmid cDNA
clone (39).

Site-directed mutagenesis. We obtained 273 amino acid sequences of the FCV major capsid protein
VP1 FCV from NCBI and aligned them using CLUSTAL. We used this alignment together with the structure
of the FCV-5 capsid to predict the degree of conservation of surface residues using ConSurf 3.0 (40, 41).
We selected 14 surface-exposed residues of FCV-5 VP1 for mutagenesis on the basis of their conservation
or predicted contact with fJAM-A. Residues were mutated to alanine or the corresponding residue in the
VP1 sequence of FCV-Urbana. The residue at position 454 was highly conserved (269 out of 273
sequences were alanine and the remaining residues were serine) and was changed to serine. The FCV-5
VP1 point mutants were generated using the QuikChange site-directed mutagenesis kit (Agilent) in
pF151 poly(A); the PCR mutagenesis primers are available on request. All point mutants were validated
by sequencing prior to subcloning into the infectious pQ14 chimeric clone to generate mutant chimeric
viruses.

Generation of single- and multiple-cycle growth curves. Single- and multiple-cycle growth
kinetics of recombinant chimeric virus or mutant viruses were performed as described previously (23).
Briefly, CRFK cells were infected with viruses at multiplicities of 5 or 0.01 for single- and multiple-cycle
growth curves, respectively. Virus was adsorbed to cells for 1 h (time zero) and supplemented with CRFK
growth medium. At various times postinfection (p.i.), samples were frozen and stored at —80°C for later
titration. Virus growth at each time point was expressed as the change in log plaque titer and calculated
by subtracting the log,,(PFU ml~") at time zero from the log,,(PFU ml~") measured at the time point.
The means and standard deviations (SD) from three independent experiments are shown.

Inactivation of FCV by soluble fJAM-A-GST protein. The soluble ectodomain of fJAM-A fused at its
C terminus to glutathione S-transferase (fJAM-A-GST) or GST control protein was expressed in Escherichia
coli and affinity purified as described previously (7). The virus soluble receptor inactivation assays were
performed as described before (16). A total of 10 PFU of rFCV-Urbana, FCV-5, rFCV-5-Urbana, or viable
chimeric mutant viruses were incubated with 27.5 uM fJAM-A-GST, GST, or Dulbecco’s modified Eagle’s
medium (DMEM) only for 30 min at 4°C or 37°C, and the remaining infectivity was then determined by
plaque assay in CRFK cells.

Construction of recombinant baculoviruses and purification of VLPs. Full-length precursor
capsid VP1 and VP2 sequences from nine nonviable mutants and wild-type FCV-5 in pF151 poly(A) were
excised with Notl and ligated into pFastBac1 vector (Life Technologies), which was cut with Notl and
treated with recombinant shrimp alkaline phosphatase to prevent self-ligation (New England BioLabs).
The resulting pFastBac1-FCV-5 WT and mutant plasmids were used to insert the recombinant genes into
baculovirus genomes by Tn7 transposition in DH10Bac competent cells (Life Technologies) according to
the manufacturer’s instructions. Recombinant baculovirus AcNPV-FCV-5, expressing soluble WT or
mutant capsid proteins, was generated in Sf9 cells.

Purified WT or mutant FCV-5 VLPs were prepared using a protocol for human norovirus VLPs, with
the modification that VLPs were collected from cell pellets (42). Briefly, the baculovirus titer was first
determined by infecting Sf-9 Easy Titer cells using a 96-well plate format endpoint dilution assay (43).
Subsequently, 2 X 10¢ cells ml=" of Sf9 suspension were infected at an MOI of 1. Three days after
infection cells were pelleted by centrifugation, and the pellets were frozen and thawed twice and then
suspended in hypotonic lysis buffer (20 mM phosphate, 150 mM NaCl, pH 6, with addition of Pierce
protease inhibitor; Thermo Scientific). The suspensions were then sonicated until fully emulsified and
centrifuged at 13,000 X g for 45 min, and the clarified supernatants containing FCV VLPs were loaded
into 30 to 60% sucrose gradients for ultracentrifugation at 71,000 X g overnight at 4°C. The densest band
after centrifugation contained VLPs and was collected. The purity of the expressed VLPs was analyzed by
10% SDS-PAGE followed by Coomassie blue staining, and expression of VP1 was confirmed by immu-
noblotting using monoclonal 8D1A antibody against VP1 (Custom Monoclonal Antibodies International).
To assess the capacity of the nonviable mutant VP1 molecules to assemble into VLPs, aliquots of purified
VLPs were applied to Formvar-coated copper grids (Electron Microscopy Sciences) and negatively stained
using 1% phosphotungstic acid (Sigma-Aldrich). Specimens were examined by FEI Tecnai Spirit trans-
mission EM (FEI Company).

VLP receptor binding. To assay the capacity of VLPs to bind fJAM-A, we transiently transfected
suspension CHO cells (CHO-S; 10¢ cells per sample) with a control expression vector (pCl-Neo) or with a
vector to express full-length fJAM-A (pCI-fJAM-A) using Fugene 6 (Promega). Transfected CHO-S cells
were incubated at 37°C for 24 h prior to binding equal concentrations of mutant VLP proteins on ice for
30 min. After washing (twice), the cells were incubated with fJAM-A rabbit antisera for 30 min on ice,
washed three times, and then fixed with 2% paraformaldehyde in PBS for 30 min on ice. Bound VLPs were
detected by staining with an FCV monoclonal antibody, S1-9 (Custom Monoclonal Antibodies Interna-
tional), for 30 min. After further washing, the cells were incubated with secondary antibodies Alexa
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488-conjugated goat-anti-rabbit and Alexa 594-conjugated goat-anti-mouse IgG for 30 min to detect
expression of fJAM-A and binding of VLPs to the cell surface. Immunostained cells were mounted on
glass slides with coverslips and examined by fluorescence microscopy. Images were obtained using a
Nikon TE2000 inverted microscope equipped with fluorescence optics through a PlanApo 60X 1.40-
numerical-aperture oil objective with type A immersion liquid (Nikon) with or without a X 1.5 optical
zoom. Images were collected digitally with a Coolsnap HQ charge-coupled-device (CCD) camera (Roper)
and NIS Elements software (version 4.30; Nikon) and were processed using Photoshop (CS6; Adobe) and
Illustrator (CS6; Adobe) software.

GraphPad Prism 7 software using two-way analysis of variance (ANOVA).
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