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We analyzed a region of the capsid of canine parvovirus (CPV) which determines the ability of the virus to
infect canine cells. This region is distinct from those previously shown to determine the canine host range
differences between CPV and feline panleukopenia virus. It lies on a ridge of the threefold spike of the capsid
and is comprised of five interacting loops from three capsid protein monomers. We analyzed 12 mutants of CPV
which contained amino acid changes in two adjacent loops exposed on the surface of this region. Nine mutants
infected and grew in feline cells but were restricted in replication in one or the other of two canine cell lines
tested. Three other mutants whose genomes contain mutations which affect one probable interchain bond were
nonviable and could not be propagated in either canine or feline cells, although the VP1 and VP2 proteins from
those mutants produced empty capsids when expressed from a plasmid vector. Although wild-type and mutant
capsids bound to canine and feline cells in similar amounts, infection or viral DNA replication was greatly
reduced after inoculation of canine cells with most of the mutants. The viral genomes of two host range-
restricted mutants and two nonviable mutants replicated to wild-type levels in both feline and canine cells upon
transfection with plasmid clones. The capsids of wild-type CPV and two mutants were similar in susceptibility
to heat inactivation, but one of those mutants and one other were more stable against urea denaturation. Most
mutations in this structural region altered the ability of monoclonal antibodies to recognize epitopes within a
major neutralizing antigenic site, and that site could be subdivided into a number of distinct epitopes. These

results argue that a specific structure of this region is required for CPV to retain its canine host range.

Host range is a fundamental and stable property of animal
viruses which determines the animals or cells that are suscep-
tible to infection. Capsid proteins determine the host range of
many parvoviruses, including canine parvovirus (CPV), feline
panleukopenia virus (FPV), mink enteritis virus (9, 22, 34, 44,
45), minute virus of mice (2, 3, 18, 19), Aleutian mink disease
virus (8), and porcine parvovirus (6, 49). CPV, a newly emerg-
ing member of the feline parvovirus subgroup of the autono-
mous parvoviruses, has an extended host range compared to
that of the closely related FPV (32, 33).

CPV is a small, nonenveloped virus containing a single-
stranded DNA genome of negative polarity. The CPV capsid is
a 26-nm-diameter icosahedron made up of 60 copies of a
combination of capsid proteins VP1 and VP2, with between 6
and 10 copies of VP1 per particle (13, 30). The capsid protein
structure was determined to near-atomic resolution by X-ray
crystallography. The structure of the capsid monomer from
residue 37 to the C terminus of VP2 was visible (47). The core
of each capsid monomer is comprised of an eight-stranded
antiparallel B-barrel which has four extensive loops connecting
the B-strands. These loops form most of the capsid outer sur-
face. The surface features of the capsid include a hollow cyl-
inder at the fivefold axis of symmetry which is surrounded by a
circular depression (termed the canyon), a prominent protru-
sion at the threefold axis of symmetry (threefold spike), and a
depression (called the dimple) spanning the twofold axis of
symmetry.

CPV can replicate in both canine and feline cells in cultures,
whereas FPV can replicate in feline but not canine cells (46).
The determinants of the in vitro canine host range difference
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between CPV and FPV have been mapped to residues 93 and
323 of capsid protein VP2 (9). These surface residues lie on the
capsid threefold spike. If both residues Lys-93 and Asp-323 in
FPV are changed to Asn, the resulting mutant is able to rep-
licate in canine cells in vitro, whereas mutating either Asn-93
or Asn-323 in CPV to Lys or Asp, respectively, results in a loss
of the in vitro canine host range (9).

A mutant of CPV (CPV 102/10) derived by 102 passages in
primary dog kidney cells and 10 passages in NLFK cells is
unable to replicate in canine A72 cells and differs antigenically
from its parental strain (37). The region involved in the anti-
genic variation and host range of CPV 102/10 maps between
the Bg/II and Pvull sites (map units 64 to 73) in the viral
genome. The sequence of this region in CPV102/10 differs by
8 nucleotides from that in CPV-d (a wild-type isolate), leading
to 4 amino acid differences in capsid proteins VP1 and VP2.
These are VP2 residues Lys-271—Arg, Ala-300—Asp, Thr-
301—lIle, and Val-316—lle. The changes at residues 271 and
316 are also found in CPV-94, a strain of CPV that is able to
infect canine A72 cells in cultures (37). Therefore, of the four
changed residues, only residues 300 and 301 appear to be
associated with the loss of the in vitro canine host range.

Residues 300 and 301 of VP2 are located on loop 3 of the
VP2 monomer structure. They are surface-exposed residues
and form part of a region on a ridge of the threefold spike of
the capsid termed the shoulder. This region is comprised of
five polypeptide loops from three different capsid proteins (1,
47). Two dominant neutralizing antigenic sites (sites A and B)
map to the threefold spike of the capsid, and residues 300 and
301 of VP2 form part of neutralizing site B (42, 50).

The structure of a CPV mutant containing the Ala-
300—Asp mutation has been solved. The aspartic acid substi-
tution at residue 300 leads to the formation of a new salt bridge
with Arg-81 on a threefold axis-related VP2 monomer as well
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as changes in the structure of loop 3 around the mutation (26).
It has been suggested that the formation of a new salt bridge
between the two surface loops might lead to increased stability
of the virus particle (26).

We hypothesized that the conformation of the shoulder re-
gion in the capsid of CPV is critical for infection of canine cells
and that salt bridges within this region may be important for
both conformation and stability. We analyzed several viruses
with changes in the shoulder region of the threefold spike of
the capsid and found that the specific capsid conformation in
this region is critical for both the ability to infect canine cells
and virus viability. The restriction of the canine host range
conferred by mutations within the shoulder region of the CPV
capsid appears to occur at an early stage of viral infection,
before replication but after cell binding. The mutants also
demonstrated the presence of a number of distinguishable
epitopes within antigenic site B.

MATERIALS AND METHODS

Cells and viruses. NLFK and canine A72 cells were grown in a 1:1 mixture of
McCoy’s 5A and Leibovitz L15 media with 5% fetal bovine serum (7, 16). The
MDCK cell line (clone AAT7; type I strain) (29) was obtained from W. W. Young,
University of Kentucky, and grown in Dulbecco’s modified minimal essential
medium (DMEM) with 10% fetal bovine serum.

Mutations were prepared in the infectious plasmid clone (pBI265) derived
from CPV-d, a wild-type isolate of CPV type 2 (34, 36). Virus stocks were
prepared by electroporation or by Lipofectamine (GIBCO BRL, Bethesda,
Md.)-mediated transfection of NLFK cells with plasmids. Virus titrations were
performed by an immunostaining plaque method as described previously (37),
except that foci of virus-infected cells were detected with rabbit polyclonal
antisera against intact CPV capsids. Bound antibody was visualized with horse-
radish peroxidase (HRPO)-conjugated goat anti-rabbit antiserum and the
HRPO substrate 3-amino-9-ethyl-carbazole. Viruses were also titrated by a 50%
tissue culture infective dose (TCIDs) assay on NLFK cells in 96-well trays; the
cells were fixed after 2 days and then stained by an immunoperoxidase assay.
Infected cells were detected by microscopy, and the TCIDs, was calculated by
the method of Reed and Muench (39).

To prepare intact virus capsids, viruses were grown in NLFK cells in roller
bottles for 4 to 6 days. Virus-containing medium was collected, and the cells were
discarded. The medium was clarified by centrifugation at 5,200 X g for 15 min,
0.1% (vol/vol) Nonidet P-40 was added to the supernatant, and the virus was
concentrated by ultrafiltration with a 10°-Da-cutoff polyvinylidene fluoride mem-
brane filter (Spectrum, Houston, Tex.). The retained material (~30 ml) was
turbid; after it was clarified by low-speed centrifugation (3,800 X g for 20 min at
4°C), we found that the majority of the virus was present in the pellet (31). The
virus-containing pellet was resuspended in 2 ml of 10 mM Tris-HCI (pH 7.4)-100
mM NaCl (Tris-saline), and the virus was centrifuged in a 10 to 30% (vol/vol)
glycerol gradient in Tris-saline for 3 h at 82,000 X g and 25°C. The empty and full
(DNA-containing) capsids were washed and concentrated by Centricon-50 ul-
trafiltration and then stored at 4°C in Tris-saline or at —20°C in Tris-saline with
50% glycerol.

Mutagenesis, virus recovery, and capsid protein expression. As shown in Fig.
1, the capsid structure in the region around VP2 residue 300 is complex. To
examine the role of this region in the functions of CPV, mutant viral genomes
were prepared (Fig. 2A). Some mutants contained various combinations of the
amino acid changes found in CPV 102/10. Others were initially detected as
neutralization escape mutants (42) or were designed to specifically affect pre-
dicted interactions between VP2 loops (Fig. 1C and 2A). Site-directed mutations
were prepared in an M13 clone containing part of the VP2 gene by use of specific
oligonucleotides and the method of Kunkel (25, 43). The region from the Spel
site to the EcoRV site (CPV genome map units 67 to 79) of the mutated M13
phage was sequenced. That restriction fragment was used to replace the same
region of the infectious plasmid clone of CPV-d (34). Mutants were named after
the VP2 amino acid substitutions that they contained by use of the single-letter
code—i.e., a change of VP2 residue 300 from Ala to Asp is shown as A300D.

Viruses could not be recovered from three plasmids, and the VP1 and VP2
genes of those plasmids were cloned into the expression vector pcDNA1-neo
(Invitrogen, San Diego, Calif.) as described previously (43). A72 cells were
transfected with the expression plasmids by use of Lipofectamine and then
selected with 400 pg of G418 per ml. The cells were lysed by freezing-thawing
twice, the capsids were concentrated by precipitation with 4% (wt/vol) polyeth-
ylene glycol (molecular weight, 8,000). The buoyant densities of purified empty
capsids were compared on isopycnic CsCl gradients (initial density, 1.32 g of CsCl
per cm?) centrifuged at 240,000 X g for 24 h at 15°C (43).

Antigenic analysis. Viruses or plasmid-expressed capsids were antigenically
typed with a panel of monoclonal antibodies (MAbs) prepared against CPV type
2, CPV type 2b, or FPV capsids (36, 38, 42). Hemagglutination (HA) inhibition
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(HI) assays were used to determine the reactivity of the MAbs to each virus, as
all the MAbs used inhibit HA (42). Several viruses were further tested in an
enzyme-linked immunosorbent assay (ELISA) as described previously (42).

Host range analysis. To test for cell infection, wild-type and mutant viruses
prepared by plasmid transfection and one or two passages in NLFK cells were
titrated by a TCIDs, assay in NLFK, A72, or MDCK cells as described above.

To examine for viral DNA replication, NLFK and A72 cells were inoculated
with each virus at a multiplicity of ~0.1 TCIDs, per cell and incubated for 72 h.
MDCK-AAT cells were similarly treated but were incubated for 48 h to allow
optimal recovery of viral DNA. Cells were lysed into 0.15 M NaCl-10 mM
Tris-HCI (pH 7.5)-10 mM EDTA-2% sodium dodecyl sulfate (SDS) with 200 g
of proteinase K per ml and incubated for 1 h at 37°C. The lysate was extracted
with phenol-chloroform, and the DNA was precipitated with ethanol. The DNA
was electrophoresed in 1% agarose gels containing 1 pg of ethidium bromide per
ml, transferred to nylon membranes, and detected by hybridization with a DNA
probe comprised of the complete CPV genome labeled with [*?P]dCTP.

Viral DNA replication after plasmid transfection. Cells were transfected with
plasmids containing the genomes of CPV-d, G299E, K387A, E298A, and T389A.
Briefly, NLFK or A72 cells seeded at 10* cells/cm? in 9-cm? wells were synchro-
nized by a combination of isoleucine deprivation for 24 h followed by aphidicolin
treatment for 20 h (13, 48). The cells were transfected with 5 pg of DNA by use
of 8 ul of Lipofectamine. Total-cell DNA was recovered 72 h after transfection
as described above. DNA samples were digested for 3 h with 10 U of Dpnl in 50
mM Tris-HCI (pH 8.0)-10 mM MgCl,-210 mM NaCl-1 mM dithiothreitol and
then electrophoresed and analyzed as described above.

Capsid binding assays. NLFK cells were infected with 1 PFU of CPV-d,
G299E, or K387A per cell. After 24 h, they were labeled with [**S]methionine for
6 h. The cells were lysed into 0.1 M Tris-HCI (pH 8.0)-1% Nonidet P-40, the
lysate and the cell medium were combined and clarified by low-speed centrifu-
gation, and the virus was pelleted at 200,000 X g for 2 h at 4°C. Capsids were
purified on 10 to 40% sucrose gradients, and the full and empty particles were
collected separately. Empty viruses diluted in DMEM to give 20,000 cpm of virus
per inoculum were bound to 5 X 10° NLFK, A72, or MDCK cells at 4°C for 1 h
in duplicate. The cells were washed three times with DMEM at 4°C, lysed into 1
ml of 0.1 N NaOH, and subjected to scintillation counting. Specific activities were
estimated from the amount of protein detected by Western blotting of 10,000
cpm of each labeled virus preparation.

Capsid stability. (i) Temperature inactivation. Preliminary studies showed
that CPV-d infectivity was sensitive to heating at 75°C. CPV-d, G299E, and
K387A were incubated at 75°C for 5, 10, 20, and 40 min. The titers of surviving
PFU in each sample were determined in NLFK cells in triplicate.

(ii) Stability against denaturation. Purified capsids in bis-Tris-HCI (50 mM)-
NaCl (150 mM) at pH 7.5, 7.0, or 6.0 were incubated with urea at final concen-
trations of 3.0 to 8.0 M or were left untreated. Capsids were then bound to
nitrocellulose membranes in a slot-blot apparatus. The membranes were washed
with Tris-saline (pH 7.4) and incubated with rabbit anti-CPV capsid serum
(anticapsid serum), rabbit anti-SDS-denatured capsid serum (anti-VP1/VP2 se-
rum), or a mouse serum prepared against a synthetic peptide containing the
sequence of VP2 residues 258 to 270 (anti-258-270 serum). Filters were incu-
bated with HRPO-conjugated goat anti-rabbit immunoglobulin G (IgG) or anti-
mouse IgG and then with Supersignal chemiluminescence substrate (Pierce
Chemical, Indianapolis, Ind.) and exposed to X-ray film.

RESULTS

Studies of the CPV 102/10 mutant indicated that mutations
affecting the canine host range were most likely located within
or near the shoulder of the threefold spike of the CPV capsid
(37, 47). To further define the role of this region in the control
of host range, we prepared 12 different full-length plasmid
clones with various mutations (Fig. 2A). Nine different mutant
viruses were isolated after transfection of NLFK cells, while no
viruses were recovered in multiple attempts from the other
three plasmids (Fig. 2B). The latter (E298A, K387A/T389A,
and T389A) were therefore considered nonviable. Empty cap-
sids prepared from A72 cells transfected with a mammalian
expression vector containing the VP1 and VP2 genes of the
nonviable mutants had the same buoyant density as CPV-d
empty capsids, and they also hemagglutinated erythrocytes
(Fig. 3).

Host range. As shown in Fig. 2, the relative abilities of the
mutant viruses to infect the cell lines tested revealed three
patterns of host range restriction: (i) mutant viruses which
were severely restricted (>100-fold) in their ability to infect
both canine cell lines tested—mutants G299E, G299D, K387A,
and A300D/T3011/V316I; (ii) mutant viruses which were se-
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FIG. 1. Structure of the capsid and of the shoulder region. (A) Representation of the molecular surface of the CPV capsid with radial depth cueing, viewed along
the icosahedral twofold axis. The large triangle indicates the location of one asymmetric unit of the icosahedral structure. Three of the VP2 molecules which interact
in the shoulder region are shown in green, blue, and red. (B) “Road map” showing the surface-exposed portions of amino acids within one asymmetric unit of the CPV
capsid (40). The residues mentioned in this study are colored differently according to their locations on various VP2 monomers. VP2 residues 93 and 323, which differ
between CPV and FPV, were shown in previous studies to control infection of canine cells (9), while residue Arg-81 interacts with residue Asp-300 in mutant A300D
(26). (C) Detailed molecular structure of the surface polypeptide loops of the shoulder region. Hydrogen bonds between residues on different subunits are indicated
by broken lines. The three protein subunits are shown in red, blue, and green, and amino acids are numbered as in VP2. The view is in the same orientation as in panels
A and B. Differences determined by X-ray crystallography in the structure of mutant A300D are shown in the model with the crosshatched blue line.
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FIG. 2. Mutants prepared in this study. (A) Mutation(s) present in each
virus. (B) Comparative titers of viruses in NLFK, A72, and MDCK cells. Virus
stocks were titrated in NLFK, A72, and MDCK cells by a TCIDs, assay. For each
virus, titers in A72 and MDCK cells are shown relative to those in NLFK cells.
FPV-d, wild-type FPV.

verely restricted in their ability to infect MDCK cells but which
infected and replicated in A72 cells—mutants A300D, and
A300D/T3011; (iii) mutant viruses which infected both canine
cell lines but to a 1- to 2-log,,-lower titer than that seen in
NLFK cells—G299N and T301I. Mutant G299E was about
10°-fold less infectious for both A72 and MDCK cells than for
NLFK cells and thus was similar to FPV in host range restric-
tion in these canine cells (Fig. 2B).

The host ranges of the mutant viruses were also assayed by
comparing viral DNA replication following infection with
equivalent NLFK TCIDs, titers of CPV-d and the mutant
viruses, and similar results were observed (Fig. 4). Some mu-
tant viruses—K387A, G299E, and G299D—produced little or
no replicative-form (RF) DNA in either canine cell line.
A300D replicated to a level equivalent to that of CPV-d in A72
cells but not in MDCK cells, while G299N and T301I repli-
cated in both cell types but to higher and lower levels, respec-
tively, than CPV-d (Fig. 4).

From the data given above, we conclude that MDCK cells
were more restrictive than A72 cells for most of the mutant
viruses (Fig. 2B and 4) and that the host ranges being exam-
ined are dependent on both the mutant virus and the canine
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cell. It is apparent from the data presented in Fig. 2B and 4
that although mutants G299D and T301I had lower relative
TCIDs, titers in the canine cell lines than in NLFK cells, they
appeared to be able to replicate their genomes to levels equiv-
alent to or higher than that reached by CPV-d in the canine
cells. We attribute this consistent finding to differences in the
nature and sensitivity of the two assays.

Binding to NLFK, A72, and MDCK cells. CPV-d, G299E,
and K387A virions were labeled with [**S]methionine and used
in cell binding assays. Mutant K387A bound to all cells to a
greater extent than CPV-d, which bound more than G299E.
Relatively more of all three viruses bound to MDCK cells than
to NLFK cells, while less virus bound to A72 cells than to
NLFK cells (Fig. 5). Thus, the host range difference between
the mutant viruses and CPV-d cannot be explained simply by
differences in binding to the surfaces of the different cells.

DNA replication after plasmid transfection. CPV-d, G299E,
K387A, E298A, and T389A were transfected as full-length
plasmid clones, and all replicated to produce monomer RF
(mRF) and dimer RF (dRF) viral DNAs in A72 cells (Fig. 6).
Single-stranded viral DNA could not be quantified after trans-
fection with the plasmids, as a Dpnl-derived plasmid DNA
band ran in the same position in the gel (31).

Antigenic structure. The structure of antigenic site B was
altered in 9 of 12 mutant capsids, as demonstrated by the
reduced HI titer of MAb 16 (Fig. 7A). Changes at residues 299,
300, and 387 all resulted in changes in the antibody recognition
of antigenic site B (Fig. 7A). A change of Gly at residue 299 to
Asn, Asp, or Glu caused a loss of reactivity of MAbs 15 and 16,
either together or separately. All of the site B-specific MAbs
that we tested were nonreactive or poorly reactive with mu-
tants having the Ala-300—Asp change (Fig. 7A). In contrast,
only MAD 16 lost reactivity with mutants K387A and K387A/
T389A. The three site A-specific MADbs reacted with all mu-
tants, although there were reductions in the reactivities of
MAD 7 with A300D and MAD 6 with T389A and G299N.

A comparison of the HI and ELISA reactivities of MAbs 13,
15, 16, 8, and E with CPV-d, A300D, G299E, and K387A
revealed similar patterns of reactivity, with one exception.
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FIG. 3. Capsid formation from the expressed capsid proteins of the nonvia-
ble mutants. Cells were transfected with expression vector plasmids containing
the VP1 and VP2 genes of nonviable mutants, and materials recovered from
transfected cells were centrifuged in isopycnic CsCl gradients. The control was
CPV-d empty capsids. HA titers in gradient fractions were determined, and the
titers were plotted as a percentage of the titer in the peak fraction.
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FIG. 4. DNA replication of CPV-d or mutant viruses in NLFK, A72, and MDCK cells. DNA was extracted from the cells 72 h (NLFK and A72 cells) or 48 h (MDCK
cells) after virus inoculation, electrophoresed in 1% agarose gels, transferred to nylon membranes, and probed with 3?P-labeled viral DNA. The exposures of the blots
were adjusted so that the intensities of the CPV-d DNAs were similar for each cell type. Single-stranded viral DNA (ssDNA) and mRF and dRF viral DNAs are

indicated.

MADb 16, which did not react with G299E in the HI assay,
bound well in the ELISA (Fig. 7B).

Capsid stability. A new salt bridge is present between Asp-
300 and Arg-81 of a separate threefold axis-related monomer
in the structure of mutant A300D (26); this new salt bridge
may impart greater stability to the capsid. We examined mu-
tants G299E, A300D, and K387A for changes in stability, as
these mutants were restricted in their ability to infect certain
canine cells and had either gained or lost a charged residue
(Fig. 1 and 2). A comparison of the rate of heat inactivation of
mutant and wild-type viruses indicated that mutants G299E
and K387A and CPV-d all had similar 3- to 4-log,, reductions
in titer after 40 min at 75°C (Fig. 8A). The susceptibility of the
mutant and wild-type capsids to urea denaturation at pHs 7.5,
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5 O K387A
o 251
2
T 20 —
b3
1.5
1.0 -
0.5
0.0 - ./ 4
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FIG. 5. Binding of [**S]methionine-labeled CPV-d, G299E, or K387A cap-
sids to NLFK, A72, or MDCK cells. The specific activities of the labeled viruses
were estimated from the amounts of antigen detected by Western blotting, and
the amounts of virus bound in each case are shown relative to the binding of
CPV-d to NLFK cells.

7.0, and 6.0 was examined. In control assays, both intact and
denatured capsids were readily detected with a rabbit anticap-
sid serum. In contrast, a rabbit serum against SDS-denatured
capsid proteins detected capsids denatured with 8 M urea but
reacted to very low levels with untreated capsids (Fig. 8B). We
used a mouse antipeptide serum against an epitope on the
interior surface of the capsid to assess capsid disintegration.
Mutant capsids G299E and A300D were less susceptible than
CPV-d to urea denaturation, while K387A was similar to
CPV-d (Fig. 8C). The three mutant and CPV-d capsids were
all less susceptible to urea denaturation at pH 6.0 than at pH
7.5 or 7.0 (Fig. 8C).

DISCUSSION

In this study, we further characterized the biological func-
tions associated with a region on the shoulder of the threefold
spike of the CPV capsid which contains determinants of canine
host range and a neutralizing antigenic site (site B) (37, 42, 50).

NLFK A72 NLFK A72
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FIG. 6. (Top) Recovery of viral DNA 48 h after transfection of genome-
length plasmids. Ten micrograms of plasmid DNA containing the CPV-d,
G299E, E298A, K387A, or T389A genome was transfected into NLFK or A72
cells by use of Lipofectamine. Total DNA recovered 72 h later was digested for
3 h with Dpnl, electrophoresed in 1% agarose gels containing 1 pg of ethidium
bromide per ml, and Southern blotted. mRF and dRF viral DNAs are indicated.
(Bottom) DNA fragment generated by Dpnl from the viral sequence in the
plasmid in the same gel, showing the relative amounts of plasmid DNA recov-
ered from each of the transfected cell cultures.



VoL. 71, 1997

A)

CPV HOST RANGE AND EPITOPE STRUCTURE 9219

B)

Mutations in Virus or Plasmid MAb  » é/@O‘é\v
NS “?i & & & ¢ &
o 23§ S oSy s S HEEN
FFTFF T FSIFELEE S & ] |
Bl 17z | HE .| HE_|
site Al s |HHIHEEBEEEER ] d | N
_« I HBZZEHHAR : d | [
A | mm7Zm | |
. B | | Zzizm (R
Site B+ B2 1M
s (I ]
M ||| 7z W
- HEHERZE
2 [ HHHEZAAAIEEE
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with the mutant capsids shown relative to the reactivity of the MAbs with CPV-d. The reactivities of the MAbs are shown as filled squares if the HI titer was =10%
that of CPV-d, hatched squares if it was <10% but >1% that of CPV-d, and open squares if it was <1% that of CPV-d. (B) ELISA results with CPV-d, A300D, G299E,

and K387A and a subset of the MAbs shown in panel A. As shown previously (42)

, the filled squares indicate that the level of reaction was similar to that seen for CPV-d,

hatched squares indicate <10% the level of reaction to CPV-d at a dilution at which the reaction with CPV-d is >90% saturating, and open squares indicate no reaction

at any antibody dilution.

The results show that specific conformations of the shoulder
region are necessary for CPV to retain the ability to infect
canine cells. This conclusion is supported by our finding that
changing residue 299, 300, or 301 on one polypeptide loop or
residue 387 on a second interacting loop caused the virus to
lose the ability to infect canine cells (Fig. 2 and 4). We exam-
ined two different canine cell lines. Although both cell lines
were resistant to FPV and susceptible to CPV-d, they differed
in susceptibility to different mutants. The three mutant viruses
with Ala-300 replaced by Asp were able to infect A72 cells at
lower detectable levels than CPV-d, but they were highly re-
stricted in MDCK cells. In contrast, mutants with acidic resi-
dues replacing Gly-299 were markedly restricted in both canine
cell lines (Fig. 1, 2, and 4). Acidic residues at position 299 have
the potential to form salt bridges or other types of hydrogen
bonds with Lys-387, Thr-389, or Arg-81. We speculate that the
different gradations of host range restriction of A300D and
G299E or G299D are due to differences in the structural con-
straints of their interchain bond formation (Fig. 2 and 4).

Infection of canine cells by the mutant viruses was blocked at
an early stage, after cell binding but prior to viral genome
replication. There was at most a fourfold difference in the
binding of CPV-d and mutants G299E and K387A to canine or
feline cells, whereas the difference in infectivity for canine cells
was 3 to 5 log,,-fold (Fig. 2 and 5). The host range restriction
of the mutants in canine cells was not due to a defect in viral
genome replication, as mutants G299E and K387A were both
able to replicate normal levels of mRF and dRF DNAs after
plasmid transfection into A72 cells (Fig. 6). Similarly, in other
parvovirus models, host range restriction has been shown to
occur prior to viral transcription but after cell surface binding
(18, 23, 41).

We were unable to recover infectious virus following trans-
fection of A72 or NLFK cells with plasmid clones of three
mutants (E298A, T389A, and K387A/T389A). One reason for
the nonviability could be that the capsids of these mutants did
not assemble. However, when the capsid protein genes of these
nonviable mutants were expressed from a mammalian expres-
sion plasmid, the proteins assembled into apparently normal
empty capsids (Fig. 3). Other reasons for the nonviability of
these mutants could be that their virions cannot infect canine
or feline cells, the capsids may not package viral single-
stranded DNA efficiently, or the mutations may interfere with
replication of the DNA genome. Two nonviable mutants tested
were able to replicate both mRF and dRF DNAs in NLFK and
A72 cells transfected with their plasmid clones (Fig. 6). It is
likely that the disruption of a hydrogen bond between the
hydroxyl group of Thr-389 and the carbonyl group of Glu-298
(Fig. 1C) was responsible for the nonviable phenotype of the
three nonviable mutants (E298A, T389A, and K387A/T389A).
Residues Thr-389 and Lys-298 are very close to or bond with
residues that were mutated in other, viable mutant viruses,
suggesting that the structural changes which lead to nonviabil-
ity also affect the same capsid functions which restrict host
range in other mutants.

The original strain of CPV, which emerged in 1978, has been
replaced worldwide by newer antigenic variants which have
extended host ranges and infect cats as well as dogs (35, 45).
These variants (termed CPV type 2a and type 2b) have changes
of amino acid residues 300, 305, and 87 which are near or
within the shoulder region (35), suggesting that these residue
changes are responsible for the greater success of these CPV
variants in dogs and for the gain of the in vivo feline host range
(45). In addition, residues within this region are involved in
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FIG. 8. Resistance of virus capsids to heat inactivation or urea denaturation. (A) Titers of CPV-d, G299E, and K387A after incubation for various times at 75°C.
(B) CPV-d, G299E, A300D, and K387A full capsids at pH 7.0 or 6.0 were either untreated or incubated with 8.0 M urea and then bound to nitrocellulose membranes.
Blots were probed with rabbit sera against either intact capsids or SDS-denatured VP1 and VP2, incubated with HRPO-conjugated goat anti-rabbit IgG followed by
Supersignal, and exposed to X-ray film. (C) CPV-d, G299E, A300D, and K387A full capsids at pH 7.5, 7.0 or 6.0 in bis-Tris-HCI-NaCl buffer were either untreated
or incubated with 3.0 to 7.0 M urea and then bound to nitrocellulose membranes. Blots were probed with mouse serum against a peptide containing the sequence of
VP2 residues 258 to 270, incubated with HRPO-conjugated goat anti-mouse IgG followed by Supersignal, and exposed to X-ray film.

controlling the in vivo feline host range of FPV (44). Taken
together, these findings emphasize that this region of the cap-
sid is important for control of the natural host ranges and
biological success of viruses in the feline parvovirus subgroup.

The antigenic differences between the mutant and CPV-d
capsids are likely caused by small structural changes in anti-
genic site B; this site can be subdivided into a number of
distinct epitopes (Fig. 7). It was of interest that MAb 16 bound
to G299E capsids as avidly as it did to CPV-d capsids yet was
unable to inhibit HA by G299E (Fig. 7). Sialic acids are the
ligands responsible for HA by CPV, and they bind very close to
the shoulder region (43). Therefore, a difference in the binding
of sialic acid to G299E may explain the lack of HI reactivity of
MAD 16.

Our results suggest that these host range determinants have
very limited tolerance for conformational changes. A compar-
ison of the structures of CPV-d and mutant A300D in the
region of interest shows that Asp-300 forms a new salt bridge
with Arg-81 on a threefold axis-related capsid monomer, ac-
companied by minor displacements (1.1 to 2.2 A of the a-
carbon) of residues 299, 300, and 301 (26). These relatively
conservative structural changes of A300D led to a loss of its
ability to infect canine MDCK cells.

The new salt bridge identified in the shoulder region of

A300D was predicted to stabilize the capsid (26). Three other
mutant viruses in this study (G299E, G299D, and K387A) have
amino acid changes which may affect potential salt bridges
between fivefold axis- or threefold axis-related VP2 monomers.
We found that CPV-d, G299E, and K387A capsids were
equally susceptible to heat inactivation (Fig. 8A). However,
G299E and A300D capsids were clearly more resistant to urea
denaturation than the CPV-d capsid (Fig. 8C). By analogy to
A300D, it is likely that the glutamic acid at residue 299 of
mutant G299E also interacts with Arg-81. In contrast, mutant
K387A, which was predicted to lose a salt bridge with residue
Glu-298, was similar to CPV-d in its susceptibility to urea
denaturation. We do not know if the increased resistance of
mutants G299E and A300D to urea denaturation has any func-
tional relationship to their host range phenotype.

These results and those of previous studies (9, 22) show that
host range determinants of CPV are situated in at least three
regions of the capsid. In poliovirus, both surface and interior
residues at a number of capsid locations have been shown to
determine host range, and it has been suggested that these
residues influence cell receptor binding or capsid conforma-
tional changes which occur upon receptor binding (12, 15, 27,
28). Thus, in poliovirus, host range can be determined by
regions of the capsid which have different functions during the
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infectious cycle of the virus (12, 14, 27). These capsid functions
may be independent of one another but are more likely to be
codependent, such that mutations affecting receptor binding
can be compensated for by mutations affecting uncoating (11,
12).

How do these mutations control cell infection in a host-
specific manner? Little is known about the process of cell
infection by CPV. CPV capsids can bind to sialic acids as well
as to several different cell proteins (4, 43). It has been hypoth-
esized that the shoulder region may contain the footprint of
the cell receptor for CPV (10). However, our results indicate
that the mutations which we studied within this region do not
affect primary receptor binding (Fig. 5). We cannot rule out
the possibility that this region contains a binding site for a
secondary receptor important for CPV infection of canine
cells. In addition, CPV infection can be blocked by treating
cells with NH,CI or chloroquine (5), suggesting that endoso-
mal acidification has an effect on the CPV capsid that is nec-
essary for successful virus entry. The capsids of picornaviruses,
reoviruses, and adenoviruses undergo conformational changes
during virus entry and infection (17, 20, 21, 24). The capsids of
CPV-d and mutants G299E, A300D, and K387A were more
resistant to urea denaturation at pH 6.0 than at pH 7.0 or 7.5
(Fig. 8C), suggesting that capsid conformational changes are
associated with pH titration of charged residues (10). Whether
these pH-dependent structural changes are important in infec-
tion remains to be determined.

In conclusion, we have identified a region of the capsid of
CPV which is important for in vitro canine host range and virus
viability. Infection of canine cells by CPV is a finely regulated
process which requires very specific structures in several re-
gions of the capsid. At present, we do not understand how
these structures affect the virus-cell interactions involved in
productive infection, but they all appear to affect one or more
steps early in the infectious pathway, before the delivery of
viral DNA to the cell nucleus.
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