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The capsid proteins of the ADV-G isolate of Aleutian mink disease parvovirus (ADV) were expressed in 10
nonoverlapping segments as fusions with maltose-binding protein in pMAL-C2 (pVP1, pVP2a through pVP2i).
The constructs were designed to capture the VP1 unique sequence and the portions analogous to the four
variable surface loops of canine parvovirus (CPV) in individual fragments (pVP2b, pVP2d, pVP2e, and pVP2g,
respectively). The panel of fusion proteins was immunoblotted with sera from mink infected with ADV.
Seropositive mink infected with either ADV-TR, ADV-Utah, or ADV-Pullman reacted preferentially against
certain segments, regardless of mink genotype or virus inoculum. The most consistently immunoreactive
regions were pVP2g, pVP2e, and pVP2f, the segments that encompassed the analogs of CPV surface loops 3 and
4. The VP1 unique region was also consistently immunoreactive. These findings indicated that infected mink
recognize linear epitopes that localized to certain regions of the capsid protein sequence. The segment
containing the hypervariable region (pVP2d), corresponding to CPV loop 2, was also expressed from ADV-
Utah. An anti-ADV-G monoclonal antibody and a rabbit anti-ADV-G capsid antibody reacted exclusively with
the ADV-G pVP2d segment but not with the corresponding segment from ADV-Utah. Mink infected with
ADV-TR or ADV-Utah also preferentially reacted with the pVP2d sequence characteristic of that virus. These
results suggested that the loop 2 region may contain a type-specific linear epitope and that the epitope may also
be specifically recognized by infected mink. Heterologous antisera were prepared against the VP1 unique
region and the four segments capturing the variable surface loops of CPV. The antisera against the proteins
containing loop 3 or loop 4, as well as the anticapsid antibody, neutralized ADV-G infectivity in vitro and bound
to capsids in immune electron microscopy. These results suggested that regions of the ADV capsid proteins
corresponding to surface loops 3 and 4 of CPV contain linear epitopes that are located on the external surface
of the ADV capsid. Furthermore, these linear epitopes contain neutralizing determinants. Computer compar-
isons with the CPV crystal structure suggest that these sequences may be adjacent to the threefold axis of
symmetry of the viral particle.

Antibodies against the capsid proteins of Aleutian mink
disease parvovirus (ADV) are a prominent feature in the im-
munopathogenesis of Aleutian mink disease (1–3, 16, 18). This
infection is characterized by polyclonal hypergammaglobuline-
mia, plasmacytosis, immune complex glomerulonephritis, and
interstitial nephritis (14, 38, 39). Antiviral antibodies com-
monly reach titers in excess of 1/106 and can constitute over
one-half of the gamma globulins (1–3, 43). Gamma globulins
can comprise up to 50% of the total serum proteins (1–3), and
in some instances, mink develop a gamma globulin pattern that
exhibits evidence of restricted heterogeneity or monoclonality
(2, 8, 42).
In spite of this pronounced antibody response, virus is not

cleared and complexes of virus and antibody retain infectivity
in vivo (14, 38, 40). Furthermore, the infectivity of ADV for
macrophage target cells in vitro is dependent on antiviral an-
tibodies (29, 30). In contrast, antiviral antibodies are capable

of neutralizing ADV infectivity for Crandell feline kidney
(CRFK) cells (29, 54). It is unknown if the same viral epitopes
are involved in neutralization of infectivity for CRFK cells and
the antibody-dependent enhancement of infectivity for macro-
phages.
A significant fraction of the anti-ADV antibody is directed

against linear viral epitopes because antiviral antibody can be
detected by immunoblotting at high serum dilutions (2). How-
ever, it is probable that there are also conformational epitopes,
because a number of anti-ADV monoclonal antibodies react
against intact virions but fail to react by immunoblotting
against the denatured virion proteins (44).
ADV has two capsid proteins, VP1 and VP2, that derive

from a single spliced mRNA (9, 14, 22, 23, 59). Transcription
of this mRNA (R3) initiates at a 36-map-unit promoter, and
the coding sequences encompass virtually the entire large right
open reading frame. VP2, 647 amino acid residues in length, is
the most abundant species in preparations of purified virions
(90%) and has a molecular mass of 75 kDa. The 85-kDa VP1,
which arises by alternate initiation on R3, has an additional 42
residues appended to the amino end of VP2 (Fig. 1). Although
sera from virtually all infected mink react against both VP1
and VP2 (1–3, 18), it is unknown whether the antigenic sites
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are uniformly distributed along the polypeptides or if viral
epitopes are confined to certain regions of the proteins.
The topographic distribution of ADV antigens within the

viral particle also remains to be determined. However, the
three-dimensional configuration of the virion proteins within
the capsid has been elucidated for several parvoviruses (6, 7,
21, 55), e.g., canine parvovirus (CPV) (55, 58), feline panleu-
kopenia virus (5), and B19 parvovirus (4), using X-ray crystal-
lographic analysis. Parvovirus capsids are typical icosahedral
particles composed of 60 asymmetric protein subunits (pro-
tomers) (6, 7, 21, 55, 58). Each protomer is bounded by a
fivefold and two threefold axes of symmetry, and a twofold axis
of symmetry lies between the threefold axes. Several features
of interest of the protein coat are (i) an eight-stranded anti-
parallel b barrel which is mostly internal and forms the shell of
the virion, (ii) a spike at each of the threefold axes that is
elevated above the mean radius of the particle, (iii) a depres-
sion on the twofold axes between the threefold axial spikes,
and (iv) a canyon surrounding each fivefold axis. The surface of
the particle is formed by segments of polypeptide inserted
between the b strands. These insertions can be divided into
four recognizable and distinct loops (loop 1 through loop 4)
that are represented on the surface of the particle. Loop 3 and
loop 4 of each promoter overlap and interdigitate with the
analogous portions of two other polypeptides to form the
threefold spike. The location within the capsid of the VP1
molecules, which comprise less than 10% of the total (24), has
not been resolved (6, 21, 55, 58).
Computer alignments of the CPV capsid protein sequence

with that of ADV make it possible to extrapolate certain fea-
tures of the ADV capsid structure (11, 12, 21, 35). For exam-
ple, the EcoRI-EcoR5 ADV segment that acts as a host range
determinant for CRFK cells (12) aligns with surface loop 1 of
CPV, which contains a host range determinant critical for
growth in canine cells. In addition, the hypervariable region of
the ADV capsid gene, found at map units 64 to 65 (12, 35),
aligns well with surface loop 2 of CPV, a region which encom-
passes a CPV/FPV strain-specific epitope. The hypervariable
region shows a remarkable number of sequence differences
among ADV viral isolates; for example, 8 of 11 amino acids in
this region differ between ADV-G and ADV-Utah (11, 28, 35).
The linear alignment with CPV surface loops 3 and 4 is not as
precise as that for loops 1 and 2 (12, 21); however, it is ade-
quate to allow tentative assignment of ADV sequences to
those loops, too.
Because of the unusual nature of the antiviral antibody re-

sponse seen in ADV infections, we wanted to know if specific
regions of the virion proteins were recognized by infected mink
and if it might be possible to relate antigens to specific features
of the particles. To study the distribution of antigenic regions
on the ADV virion proteins, the entire ADV-G capsid protein
gene was expressed as 10 nonoverlapping fusion proteins with
maltose-binding protein (MBP) (10, 27, 34), denoted pVP1
and pVP2a through pVP2i. The segments were designed so
that the regions tentatively corresponding to the four surface
loops of CPV were captured in individual fragments. In addi-
tion, the portions corresponding to CPV surface loop 1
(pVP2b) and surface loop 2 (pVP2d containing the ADV hy-
pervariable region) from ADV-Utah were also prepared.

MATERIALS AND METHODS

Construction of ADV capsid protein expression plasmids. The ADV-specific
segments, except that for pVP2a, were prepared as in-frame EcoRI-SalI frag-
ments from a VP1/VP2 ADV-G cDNA (9, 23) by PCR amplification (35, 48)
utilizing primers that incorporated the restriction site as well as a downstream
termination codon. Fragments corresponding to VP2b and VP2d were also

amplified in an identical fashion from a genomic clone of ADV-Utah (11, 35).
The amplification products were treated with proteinase K (25) and digested
with EcoRI and SalI. They were subsequently ligated into EcoRI-SalI-digested
pMAL-c2 in frame with MBP prior to transformation into Escherichia coli JM109
(10, 27, 34, 36, 60).
pVP2a, the amino-terminal portion of VP2 (9, 11), contained a long stretch of

glycine residues that were deleted during PCR amplification. Consequently, the
VP2a insert was derived by first cloning a large portion of VP2 (a blunt-ended
XcmI-HindIII fragment) into XmnI-HindIII-digested pMAL-c2 and subse-
quently deleting the ADV EcoRI-HindIII portion to generate pVP2a.
The actual sequences of the ADV-specific VP2 protein segments of ADV-G

are shown in Fig. 1 and compared with the corresponding regions of other ADV
isolates, ADV-TR, ADV-Utah, and ADV-Pullman (28, 35). The locations of the
four CPV surface loops, embedded in segments pVP2b, pVP2d, pVP2e, and
pVP2g, are underlined (12, 21).
Colonies positive for ADV by colony hybridization were propagated in 2-ml

broth cultures, and 1-ml aliquots were treated with 1 mM isopropythiogalacto-
pyranoside (IPTG) for 90 min in order to induce fusion proteins under the
control of the pMAL-c2 tac promoter (10, 27, 34). Cell pellets were lysed in
Laemmli sample buffer and analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) (18). Clones expressing inducible fusion pro-
teins of the expected size were selected for further work. The structures of all
constructs were confirmed by sequencing purified plasmid DNA prepared from
clones of interest (11, 12, 35).
For batch preparations of recombinant proteins, 100- to 500-ml broth cultures

were grown at 378C to an optical density at 450 nm of 0.5 and induced with 1 mM
IPTG for 90 min. Cell pellets were lysed, and the MBP-ADV fusion proteins
were captured by affinity chromatography on amylose resin columns and subse-
quently eluted with 10 mM maltose (27, 34). Fractions containing the purified
fusion proteins were identified by SDS-PAGE, pooled, concentrated by dialysis
against dry Sephadex G-50, and stored at 2208C. Final protein concentrations
were determined by using the Bradford assay (Bio-Rad).
Viruses, cells, and sera. The ADV-G isolate of ADV was propagated in CRFK

cells as described previously (17).
Pooled terminal sera from mink infected with either ADV-TR, ADV-Pullman,

or ADV-Utah (28, 35) were used (Fig. 2). To minimize background in immu-
noblots, sera were absorbed with boiled lysates of pMAL-c2-transformed bacte-
ria induced with IPTG. Individual sera were collected from sapphire (Aleutian)
and pastel (non-Aleutian) mink approximately 60 days after mock infection or
intraperitoneal infection with .107 mink 50% infectious doses (ID50) of ADV-
TR, 107 mink ID50 of ADV-Utah, 106 mink ID50 of ADV-Pullman, or 107

fluorescence-forming units of the cell culture ADV-G strain. Other studies
describing the results of infection of these mink have been reported (28, 35).
Heterologous antisera were prepared against purified ADV-MBP fusion pro-

teins by injecting rabbits with 0.1 mg of the recombinant proteins emulsified in
Freund’s complete adjuvant. Booster injections were prepared in Freund’s in-
complete adjuvant and given at monthly intervals. Another antiserum was pre-
pared by similarly inoculating rabbits with ADV-G capsids, purified from Sf9
cells infected with the recombinant baculovirus Ac-ADV-1 (59). The presence of
anti-ADV capsid antibodies was assayed by immunoblotting against lysates of
ADV-G-infected CRFK cells (13). The anti-ADV monoclonal antibody Y-2-9 is
active in immunoblotting against both capsid proteins. An anti-rabies virus
monoclonal antibody (355), graciously provided by Donald Lodmell, served as a
negative control.
SDS-PAGE and immunoblotting. Lysates of bacterial cultures or purified

ADV-MBP fusion proteins were subjected to SDS-PAGE (10% gel) in a Bio-
Rad Mini-PROTEAN II mini-slab gel apparatus. For some applications, Coo-
massie blue was incorporated into the upper running buffer so that staining and
identification of proteins were possible during electrophoresis (51). Proteins
stained in this way could be successfully transferred to the membranes but were
unreactive with antibody.
Proteins in the minigels were subsequently electroblotted onto Hybond-C

Extra membranes as reported previously (3, 12). The membranes were blocked
overnight in phosphate-buffered saline (PBS)–0.5% Tween 20 (PBS-T) contain-
ing 10% fish gelatin (Hipure liquid gelatin; Norland Products Inc., New Bruns-
wick, N.J.) (32, 49). After washing, the membranes were reacted at room tem-
perature for 2 h with the various sera, diluted 1/1,000 (mink sera) or 1/100 (rabbit
sera) in PBS-T. Monoclonal antibody supernatants were used undiluted. Follow-
ing washing in PBS-T, the membranes were incubated with a 1:5,000 dilution of
horseradish peroxidase-conjugated protein A for 1 h. After a final washing, a
chemiluminescence signal was developed by using either the ECL system (Am-
ersham) or the Renaissance system (Dupont-NEN) (56).
Immunoblotting of lysates of uninfected CRFK cells or CRFK cells infected

with ADV-G was performed on SDS–7.5% polyacrylamide gels as previously
noted, using a chemiluminescent reporter system (56).
Anti-ADV antibody determinations. Serum antibody to ADV was detected by

counterimmunoelectrophoresis (16, 35).
For detection of in vitro neutralizing antibody (29, 54), fourfold dilutions of

sera (beginning with a 1/50 dilution) or monoclonal antibodies (beginning with
undiluted supernatant) were prepared in a 96-well tray, using medium as the
diluent. Equal volumes (75 ml) of a 1/20 dilution of ADV-G that had been freshly
ether extracted were added to the same wells and incubated at 378C for 1 h after
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mixing. Antibody-virus mixtures were added to wells of a flat-bottomed 96-well
tray that had been seeded the previous day with 1.53 104 CRFK cells. Following
incubation at 31.88C for 72 h, the monolayers were washed once with PBS, fixed
with a fresh solution of 80% acetone in PBS at room temperature for 20 min, and
stained for 1 h at room temperature with a direct fluorescein isothiocyanate-
conjugated immunoglobulin G (IgG) preparation from ADV-infected mink sera.
After washing and addition of 20 to 50 ml of 90% glycerol in PBS, the prepara-
tions were examined by epifluorescence microscopy using a 103 objective and a
103 ocular lens with the trays inverted on the stage. Any serum dilution in which
fewer than 30% ADV-positive cells (.70% reduction compared to virus alone)
remained was considered to be positive for neutralizing activity. All samples were
assayed in duplicate.
Immune electron microscopy (IEM). Virions were partially purified from

lysates of ADV-G-infected CRFK cells that had been freeze-thawed and soni-
cated. After clarification and extraction of lipids with chloroform, virus-contain-
ing suspensions were layered over 40% sucrose in PBS and ultracentrifuged at
25,000 rpm overnight at 48C in a Beckman SW41 rotor (Beckman Instruments,
Fullerton, Calif.) (23, 59). The pellets were resuspended in PBS by sonication
and passed through a 100-nm-pore-size filter to minimize virus aggregates. An
identical procedure was used to obtain self-assembled empty capsids from Sf9
cells infected with the recombinant baculovirus Ac-ADV-1 (23, 59).
Virions, diluted 1/10 (ADV-G virions) or 1/1,000 (Ac-ADV-1 capsids) in 0.25

M ammonium acetate–0.002 M EDTA, were adsorbed for 30 min at ambient
temperature onto 400-mesh copper grids freshly coated with 2.8% Parlodion.
The grids were blocked by inversion onto a drop of PBS containing 3% bovine
serum albumin (PBS-BSA) for 15 min and then incubated for 2 h on a drop of
test serum diluted in 1:100 in PBS-BSA and filtered immediately prior to use.
After washing in distilled water and reblocking in PBS-BSA, the specimens were
incubated on a drop of goat anti-rabbit IgG labeled with 5-nm gold particles
(1:20 dilution; Ted Pella, Redding, Calif.). After sequential washing in PBS and
distilled water, the samples were stained with 0.3% uranyl acetate and photo-
graphed at a screen magnification of 386,000 in a Hitachi HU-11E1 electron
microscope (Hitachi Instruments, Mountain View, Calif.).
A minimum of 50 virus particles were observed for each serum tested. Samples

in which the 25 nm capsids were consistently decorated with the 5-nm electron-
dense gold particles were scored as positive by a blinded observer.

RESULTS

Reactivity of heterologous antisera and monoclonal anti-
bodies to segments of ADV capsid proteins. After determining
that the capsid protein clones expressed inducible MBP fusion
proteins of the proper sizes, we proceeded to examine the
antigenic nature of the proteins. The fusion proteins were
purified on amylose columns (27, 34) and reacted by immuno-
blotting with a serum directed against MBP (Fig. 2A). A strong
reaction was noted with all clones, indicating that the fusion
proteins all retained MBP antigenic determinants. This serum
did not recognize ADV capsid proteins (data not shown).
We used the fusion protein panel to map the epitope for

anti-ADV-G monoclonal antibody Y-2-9, which recognizes
both VP1 and VP2 in immunoblot assay. The Y-2-9 antibody
reacted only with the ADV-6 VP2d sequence and not the
corresponding sequence in ADV-Utah (Fig. 2A). Thus, the
linear epitope for this monoclonal antibody maps to the puta-
tive homolog of CPV surface loop 2 and is specific for an
ADV-G-like sequence (21, 35).
A rabbit antiserum raised against intact ADV-G capsids

expressed by a recombinant baculovirus (Ac-ADV-1) (59) re-
acted with some but not all of the segments (Fig. 2A). In
particular, reactions were noted against the VP1 unique se-
quence (pVP1), the amino terminus of VP2 (pVP2a), and also
segments pVP2d, pVP2e, pVP2f, and pVP2g. As was found for
Y-2-9, the polyclonal serum reacted only against ADV-G
pVP2d fragment and not the corresponding sequence from
ADV-Utah (pVP2d-Utah). The serum was prepared against
ADV-G capsids; thus, the fact that not all segments were
reactive indicated that not all regions of the capsid protein
contained linear epitopes.
These results showed that the set of fusion proteins was a

suitable panel for analyzing serum reactivities against linear
viral epitopes. Furthermore, they also suggested that a type-
specific linear epitope might be located in the pVP2d segment,

the hypervariable portion of the ADV capsid protein contain-
ing surface loop 2 of CPV (21, 26, 35).
Reactivity of ADV-infected mink sera to segments of ADV

capsid proteins. The panel of fusion proteins was reacted
against pooled terminal sera from mink infected with either
ADV-TR, ADV-Utah, or ADV-Pullman (Fig. 2B) (28, 35). All
of the serum pools reacted strongly with pVP2g (loop 4), pVP1
(VP1 unique), and pVP2f and pVP2e (loop 3) in roughly
descending order of intensity. Despite the fact that the three in
vivo ADV isolates have conserved differences from ADV-G in
the sequences contained in pVP2e, pVP2f, and pVP2g (26, 35),
no difference in reactivity was evident. This finding suggested
that the sequence variation in these portions of the capsid gene
does not define unique antigenic differences among the virus
isolates.
This finding was in sharp contrast to the results with pVP2d,

the segment containing the hypervariable region (Fig. 2B) (11,
12). The ADV-TR serum pool reacted with the ADV-G
pVP2d but not the ADV-Utah sequence. ADV-TR and
ADV-G have identical hypervariable region amino acid se-
quences (Fig. 1B) (35). On the other hand, the ADV-Utah and
ADV-Pullman serum pools reacted strongly with the ADV-
Utah segment but very faintly with the ADV-G pVP2d. Con-
sequently, this finding strongly inferred that the type-specific
epitope identified in pVP2d by the rabbit serum and the mono-
clonal antibody also was recognized by infected mink.
The ADV-TR serum pool reacted strongly with pVP2a,

whereas the ADV-Utah and ADV-Pullman pools were barely
above background. Two residues in the pVP2a segment are
conserved among the in vivo isolates, and it is possible that the
differences define an antigen not present in ADV-G (Fig. 1B).
The pVP2b segment contains both a host range determinant

for permissive growth of ADV in CRFK cells and the portion

FIG. 2. Immunoblot analysis of ADV capsid-MBP fusion proteins. Fusion
proteins were purified from bacteria containing either pMAL-C2 (10, 34) or the
indicated ADV expression constructs. One microgram of each of the proteins
was subjected to SDS-PAGE (10% gel) and transferred onto Hybond-C Extra
membranes prior to immunoblotting. Replicate membranes were reacted with
the following antisera: rabbit anti-MBP, rabbit anti-ADV-G capsid, and murine
anti-ADV-G capsid monoclonal antibody (MAb) Y-2-9 (A) and pooled sera
from mink infected with either ADV-TR, ADV-Utah, or ADV-Pullman (B) (28,
35). Antibody was detected by using horseradish peroxidase-conjugated protein
A, and the signal was developed with chemiluminescence (56).
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of the capsid gene aligning with CPV surface loop 1 (12, 21).
The ADV-TR sequence is similar to the ADV-G sequence and
differs from those of ADV-Utah and ADV-Pullman (Fig. 1B)
(35). The ADV-TR pool reacted well with the ADV-G pVP2b
but weakly with the ADV-Utah sequence, whereas the ADV-
Utah serum pool showed the opposite reactivities.
Several segments were unreactive. None of the sera reacted

with pVP2c, although the ADV-Utah and ADV-TR sequences
are identical with the ADV-G sequence. The segments pVP2h
and pVP2i were also unreactive with the serum pools; however,
in this area, the sequences of ADV-Utah, ADV-TR, and
ADV-Pullman have conserved differences from ADV-G. Con-
sequently, it was not possible to determine if nonreactivity was
due to antigenic differences or to a lack of linear epitopes in
this region of the protein.
We extended these results by assaying the fusion protein

panel against a number of individual terminal sera from trios
of sapphire (Aleutian) and pastel (non-Aleutian) mink either
mock infected or infected with several different isolates of
ADV (28, 35). In brief, the findings confirmed those made with
the serum pools.
A clear pattern of reactivity to the panel of fusion proteins

was apparent among the mink inoculated with ADV-Utah,
ADV-TR, or ADV-Pullman. Furthermore, the general pattern
was the same regardless of virus inoculum or mink genotype.
Sera from all of the mink (18 of 18) had antibodies against
pVP2g, and the anti-pVP2g reactions were also invariably the
strongest. The next most frequently recognized segment was
the VP1 unique sequence, pVP1 (16 of 18 mink). More than
50% also reacted against pVP2e and pVP2f. All six of the
ADV-TR-infected mink reacted with the ADV-G VP2d seg-
ment, whereas only two of six reacted weakly with the corre-
sponding ADV-Utah portion. In contrast, all six of the ADV-
Utah-infected mink reacted with the ADV-Utah VP2d, while
four of six reacted weakly with the ADV-G segment. Although
ADV-TR-infected mink were more likely to react against the
pVP2b sequence, no preferential pattern was apparent with
the ADV-Utah or ADV-Pullman sera. Constructs pVP2c,
pVP2h, and pVP2i were rarely recognized by the mink sera.
None of the mock-infected mink or those infected with the cell
culture ADV-G had any evidence of disease, and their sera did
not contain detectable antibody to ADV. None of these sera
reacted against the panel of fusion proteins by immunoblot-
ting. Thus, results from a number of individual mink infected
with several strains of virus confirmed the findings from the
serum pools that the linear epitopes were concentrated in
certain regions of the capsid proteins.

Characterization of heterologous antisera directed against
capsid protein segments. Rabbits were injected with affinity
chromatography-purified fusion proteins from the VP1 unique
and the ADV segments containing the analogs to the four
surface loops of CPV (pVP2b, pVP2d, pVP2e, and pVP2g).
By immunoblot analysis, all of the rabbit sera reacted with

capsid proteins in ADV-G-infected CRFK cell lysates (9, 14,
15, 18). The anti-VP1 unique serum recognized exclusively
VP1, whereas the others reacted with both capsid proteins,
VP1 and VP2 (Fig. 3). Thus, these segments were capable of
inducing antibodies against the bona fide viral gene products.
To determine if any of these sera were capable of binding to

virions, we performed IEM. Decoration of virus particles was
readily observed with the antisera prepared against intact cap-
sids, pVP2e (loop 3) and pVP2g (loop 4) (Table 1 and Fig. 4).
The anti-pVP2g sera decorated the particles more densely.
The rabbit sera prepared against pVP1 (the VP1 unique re-
gion), pVP2b (loop 1), and pVP2d (loop 2) were negative. The
same results were obtained regardless of whether the virions
were native ADV-G virions (15) or self-assembled capsids
from Sf9 cells infected with the recombinant baculovirus Ac-
ADV-1 (59).
The antibody preparations were also tested for the ability to

neutralize ADV-G infectivity in CRFK cells (29, 54). Sera
from ADV-infected mink contained high levels of neutralizing
antibody, and the rabbit anti-capsid antibody also neutralized
(Table 1). Of the rabbit sera prepared against the ADV seg-
ments, only the two directed against the proteins containing
loop 3 (pVP2e) and loop 4 (pVP2g) contained detectable neu-
tralizing antibody. The other sera, including the anti-VP1-spe-

FIG. 3. Immunoblot analysis of heterologous antisera prepared against ADV
capsid-MBP fusion proteins. Rabbit antisera were prepared against purified
ADV capsid-MBP fusion proteins corresponding to the VP1 unique region
(pVP1) and the four constructions analogous to the variable surface loops 1
through 4 of CPV, pVP2b, pVP2d, pVP2e, and pVP2g, respectively (21). These
sera, along with a heterologous anti-ADV-G capsid serum, normal rabbit serum,
and ADV-infected mink serum, were tested by immunoblotting at a 1/100 dilu-
tion against lysates of ADV-G-infected CRFK cells. Antibody was detected by
using horseradish peroxidase-conjugated protein A, and the signal was devel-
oped with chemiluminescence (56).

TABLE 1. Characterization of antisera prepared against ADV
virion protein-MBP fusion proteinsa

Serum
Immunoblotb Neutralization

titerc IEMd
VP1 VP2

Normal 2 2 ,1/50 2
Anticapsid 1 1 1/50 1
Anti-pVP1 (VP1 unique) 1 2 ,1/50 2
Anti-pVP2b (loop 1) 1 1 ,1/50 2
Anti-pVP2d (loop 2) 1 1 ,1/50 2
Anti-pVP2e (loop 3) 1 1 1/800 1
Anti-pVP2g (loop 4) 1 1 1/800 1
MAb control 2 2 ,1/50 NT
Anti-ADV MAb Y-2-9 1 1 ,1/50 NT
Normal mink 2 2 ,1/50 NT
ADV-infected mink 1 1 1/3,200 NT

a Sera were characterized for reactivity in several assays. The sera included
normal rabbit sera, rabbit antisera prepared against purified ADV virions ex-
pressed by the recombinant baculovirus AcADV-1, or rabbit antisera prepared
against affinity-purified preparations of the indicated ADV virion protein-MBP
fusion proteins. In addition, an anti-ADV-G and a control monoclonal antibody
(MAb) were tested, as were serum pools from normal and ADV-infected mink.
NT, not tested.
b Sera were tested by immunoblotting against lysates of ADV-G-infected

CRFK cells for reactivity against VP1 and VP2 as detailed in the text. Rabbit sera
were diluted 1/100, mink sera were diluted 1/1,000, and monoclonal antibodies
were undiluted.
c Dilutions of sera were incubated with equal volumes of ADV-G at 378C for

1 h. The mixtures were added to CRFK cells in a 96-well tray and incubated at
31.88C for 72 h. The cultures were examined for residual ADV-infected cells as
described in the text. Dilutions of sera exhibiting .70% reduction in number of
ADV-positive cells were considered positive for neutralizing activity.
d The indicated rabbit sera were diluted 1:100 in PBS-BSA and incubated with

ADV capsids adsorbed on copper grids. After washing, the grids were reacted
with anti-rabbit IgG labeled with 5-nm gold particles. After washing and staining
with 0.3% uranyl acetate, specimens were examined by IEM. A positive reaction
was scored when the capsids were consistently decorated with the electron-dense
gold particles. Details are provided in the text.
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cific and the anti-loop 2 (pVP2d) monoclonal antibody, Y-2-9,
failed to neutralize infectivity for CRFK cells. Interestingly,
none of the heterologous antisera nor monoclonal antibody
Y-2-9 was positive in counterimmunoelectrophoresis.

DISCUSSION

We expressed the ADV capsid protein sequence in a panel
of 10 nonoverlapping segments and examined several of their
immunological properties. The design took into account infor-
mation about the crystal structure of CPV and several other
parvoviruses (6, 7, 21). Specifically, the regions likely to be
analogous to the four polypeptide loops represented on the
CPV particle surface were captured in separate expression
constructions (12, 21, 35). Our findings clearly indicated that
mink infected with ADV do not produce antibodies to all re-

gions of the capsid proteins and that, therefore, linear viral epi-
topes are probably localized to specific areas of the proteins.
Several regions of the ADV capsid proteins were consis-

tently immunoreactive with sera from seropositive ADV-in-
fected mink. All animals showing evidence of infection had
antibodies against pVP2g regardless of mink genotype, anti-
body titer, or virus inoculum. The reactions against pVP2g, in
addition to being the most frequent, were also invariably the
strongest. More than 50% of mink also reacted against pVP2e
and pVP2f. In addition, heterologous antisera directed against
pVP2e and pVP2g neutralized ADV-G infectivity for cell cul-
ture (Table 1) and decorated particles in IEM (Table 1 and
Fig. 4). Linear alignment suggests that ADV pVP2e, pVP2f,
and pVP2g tentatively correspond with the CPV linear se-
quence encompassing surface loops 3 and 4 (12, 21).
To relate our findings to the putative virion structure, we

FIG. 5. Proposed locations of variable surface loops on the capsid surface of ADV. A linear sequence alignment was performed between the VP2 amino acid
sequences of ADV and CPV and was used to delineate the locations of several of the ADV VP2 segments corresponding to the segments of CPV. This information
was used to project the ADV sequence onto the roadmap of one asymmetric unit of the capsid (20). Upper roadmap: pVP2b 5 blue, pVP2c 5 green, pVP2d 5 red.
Lower roadmap: pVP2e 5 blue, pVP2f 5 green, pVP2g 5 red.

FIG. 4. IEM analysis of heterologous antisera prepared against ADV capsid-MBP fusion proteins. ADV-G capsids, purified from Sf9 cells infected with the
recombinant baculovirus Ac-ADV-1 (59), were adsorbed onto grids and reacted with 1/100 dilutions of normal rabbit serum or the rabbit sera made against the purified
fusion proteins from pVP1 (VP1 unique), pVP2b (loop 1), pVP2d (loop 2), pVP2e (loop 3), and pVP2g (loop 4). Samples were incubated with goat anti-rabbit IgG
labeled with 5-nm gold particles and examined by electron microscopy. The binding of antibody to the capsids was revealed by the decoration of particles with the
electron-dense gold particles. Although not depicted, antiserum against intact capsids also decorated the capsids.
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constructed a roadmap of the ADV capsid surface based on
the aligned amino acid sequences of ADV and CPV (Fig. 5) (6,
12, 20, 21, 58). Portions of segments pVP2e, pVP2f, and pVP2g
on the capsid surface were localized to the elevated spike and
shoulder contiguous with the threefold axis of symmetry, with
pVP2g forming the apex of the spike. Of course, it must be
noted that precise definition of the sequences forming the
spike must await solution of the atomic structure of ADV.
Nevertheless, the results, taken together, suggested that this
region contains a major ADV linear epitope, which is located
on the exterior of the viral particle and is a target for neutral-
izing antibody.
The area around the threefold spike of the capsid has been

implicated as a major antigenic domain of other parvoviruses
(6, 7, 21, 55, 58), and there are both linear and conformational
epitopes (6, 19, 31, 33, 45, 50, 55). One major CPV epitope on
the threefold spike is specified by the interaction of loops 1, 2
and 4, and another on the shoulder of the threefold spike has
residues from both loop 1 and loop 4 (6, 7). Consequently,
assignment of reactivity to specific linear sequences is difficult
because of this interaction of noncontiguous residues. Never-
theless, epitope mapping studies on CPV identify neutralizing
epitopes to loops 3 and 4 (21, 55). In fact, analysis of CPV
mutants escaping neutralizing monoclonal antibodies (55)
clearly places at least two neutralizing determinants on the
threefold pike region. Therefore, our results suggested that
some of the neutralizing epitopes of ADV may be similarly
localized to loops 3 and 4.
The 42-amino-acid VP1 unique sequence (pVP1) (9) was

recognized by the majority of infected mink, indicating that
epitopes on this polypeptide are regularly antigenic during the
course of ADV infection. However, the monospecific anti-VP1
antibody did not decorate purified virions or neutralize infec-
tivity in vitro. Fewer than 10% of the 60 capsid proteins in each
virion are VP1, which translates to fewer than six copies of the
42-amino-acid sequence per particle (24). The precise location
of VP1 in CPV virions has not been elucidated, although most
of the VP1 sequences are probably internal (21, 58). CPV
epitope mapping studies identifies antigenic sites on VP1, and
there may also be T-cell epitopes in this region (31, 33, 46, 57).
Furthermore, for the human parvovirus B19, antibodies to the
VP1 region also have potent neutralizing activity, and the VP1
sequence can be demonstrated on the surface of the particle
(47, 53). These differing results may be partly due to the fact
that the B19 and CPV VP1 sequences are long (229 and 143
amino acid residues, respectively) (52, 57), whereas that of
ADV is much shorter (42 amino acids) (9, 37). Alternatively,
the portion of the ADV VP1 unique domain recognized by our
antibody may reside internally or in a depression on the virion
which is inaccessible to antibody molecules (6, 7, 21, 58).
Computer alignment indicates that the 11-amino-acid hyper-

variable region of the ADVVP2 captured in pVP2d aligns with
the exposed residues of CPV surface loop 2, another region
implicated in CPV antigenicity (11, 12, 21). The anti-ADV-G
monoclonal antibody Y-2-9 and the rabbit anti-ADV-G capsid
serum reacted exclusively with the ADV-G VP2d segment but
not with the corresponding segment from the ADV-Utah se-
quence (Fig. 2A). Furthermore, although the results were not
as clearcut, sera from mink infected with a particular virus
isolate showed preferential reactivity with the isotypic VP2d
sequence (Fig. 2B). The apparent cross-reactivity that was ob-
served might indicate other epitopes in this fragment outside
the actual hypervariable region or might be due to the fact that
in vivo-derived isolates of ADV often are mixtures of viruses
(26). Nevertheless, the results considered together strongly

suggested that the hypervariable region contains a type-specific
ADV linear epitope for mink.
In spite of the possibility that pVP2d, the ADV homolog for

surface loop 2 (21, 58), was implicated as a linear antigenic
determinant, the rabbit antiserum to pVP2d did not neutralize
ADV-G infectivity or decorate particles by IEM. The pVP2d
sequence also had residues on the capsid surface (Fig. 5). In
fact, superimposition of specific ADV residues on the CPV
roadmap predicted that the hypervariable region residues Q--
--WTGT are surface residues on the shoulder of the threefold
spike overlaying CPV residues T223----S226, G227, T228, P229
(12, 21). Interestingly, the Q-----TGT motif is conserved be-
tween the ADV-Utah and ADV-Pullman sequences (35), and
sera from mink infected with these isolates reacted preferen-
tially against the ADV-Utah construction. If these few amino
acids are in fact part of the linear epitope in this segment, there
may be insufficient representation of the sequence on the viral
surface to mediate antibody binding or neutralization. On the
other hand, failure to mediate in vitro neutralization and IEM
might also mean that the epitopes in this segment are simply
not accessible to antibody for steric reasons (6). Alternatively,
perhaps these residues are also part of an epitope composed of
noncontiguous residues similar to those alluded to previously
for CPV in which several loops interact (6, 7).
Segments pVP2b (analog of CPV surface loop 1) and pVP2c

also have regions that can be tentatively mapped onto the
capsid surface. In fact, CPV VP2 residue 93, aligning with
ADV VP2 residue Q94 (present in pVP2b), is implicated in
CPV host range and antigenicity (12, 21, 37). However, anti-
body against pVP2b did not neutralize infectivity or decorate
particles by IEM. pVP2c was only weakly recognized by the
rabbit anti-capsid antibody (Fig. 2A), none of the mink serum
pools (Fig. 2B), and only 1 of 18 mink tested.
In summary, our results have indicated that selected por-

tions of the ADV capsid proteins are important in the mink
immune response to ADV. In particular, the noncontiguous
sequences that likely constitute the threefold spike on the
virion surface are major targets for antibody from infected
animals and also contain neutralizing epitopes. Although an-
tibody is unable to clear infectious virus from infected animals
(40), antiviral antibody plays an important role in the immu-
nopathogenesis by participating in immune complex genera-
tion (14, 41) and in the mediation of antibody-dependent in-
fection of macrophage target cells (29). It will be interesting to
determine if antibodies to the same regions of the virus are
involved in all of these phenomena.
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